

[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 978-2-83250-924-1
DOI 10.3389/978-2-83250-924-1

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





Detection and characterization of gastrointestinal (early) cancer

Topic editors

Andrej Wagner – Paracelsus Medical University, Austria

Valeria Barresi – University of Verona, Italy

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

Yuming Jiang – Stanford University, United States

Citation

Wagner, A., Barresi, V., Gurzu, S., Jiang, Y., eds. (2022). Detection and characterization of gastrointestinal (early) cancer. Lausanne: Frontiers Media SA.  doi: 10.3389/978-2-83250-924-1





Table of Contents




Editorial: Detection and characterization of gastrointestinal (early) cancer

Andrej Wagner, Simona Gurzu, Valeria Barresi and Yuming Jiang

The Chemokine CXCL7 Is Related to Angiogenesis and Associated With Poor Prognosis in Colorectal Cancer Patients

Longhai Li, Kai Jiang, Dongpeng Li, Dongxiao Li, Zitong Fan, Guosheng Dai, Sheng Tu, Xiangyu Liu and Guangyou Wei

A CpG Methylation Signature as a Potential Marker for Early Diagnosis of Hepatocellular Carcinoma From HBV-Related Liver Disease Using Multiplex Bisulfite Sequencing

Kang Li, Yi Song, Ling Qin, Ang Li, Sanjie Jiang, Lei Ren, Chaoran Zang, Jianping Sun, Yan Zhao and Yonghong Zhang

Elevated Sodium Pump α3 Subunit Expression Promotes Colorectal Liver Metastasis via the p53-PTEN/IGFBP3-AKT-mTOR Axis

Di Wu, Hong-Qiang Yu, Hao-Jun Xiong, Yu-Jun Zhang, Xiao-Tong Lin, Jie Zhang, Wu Wu, Teng Wang, Xiao-Yu Liu and Chuan-Ming Xie

The Prognostic and Predictive Role of Chromogranin A in Gastroenteropancreatic Neuroendocrine Tumors – A Single-Center Experience

Hui-Jen Tsai, Chin-Fu Hsiao, Jeffrey S. Chang, Li-Tzong Chen, Ying-Jui Chao, Chia-Ju Yen and Yan-Shen Shan

Combination of Endoscopic Resection and Radiofrequency Ablation for the Treatment of Esophageal Squamous Cell Neoplasia With Multiple Lugol-Voiding Lesions

Zhihao Chen, Lizhou Dou, Yong Liu, Yueming Zhang, Shun He, Liyan Xue and Guiqi Wang

A Population-Based Study: How to Identify High-Risk T1–2 Esophageal Cancer Patients?

Yiming Qi, Shuangshuang Wu, Linghui Tao, Guoshu Xu, Jiabin Chen, Zhengquan Feng, Chao Lu, Yanli Wan and Jing Li

Comprehensive Analysis to Identify MAGEA3 Expression Correlated With Immune Infiltrates and Lymph Node Metastasis in Gastric Cancer

Jinji Jin, Jianxin Tu, Jiahuan Ren, Yiqi Cai, Wenjing Chen, Lifang Zhang, Qiyu Zhang and Guanbao Zhu

CDKN2A Deletion Leading to Hematogenous Metastasis of Human Gastric Carcinoma

Juanli Qiao, Yuan Tian, Xiaojing Cheng, Zhaojun Liu, Jing Zhou, Liankun Gu, Baozhen Zhang, Lianhai Zhang, Jiafu Ji, Rui Xing and Dajun Deng

A Five-Parameter Logistic Model to Predict the Possibility of Misdiagnosis for Improving the Specificity of Lugol Chromoendoscopy in the Diagnosis of Esophageal Neoplastic Lesions

Zijun Guo, Lingjun Meng, Shuxin Tian, Lan Chen, Huiying Shi, Mengke Fan and Rong Lin

Potential Metabolite Biomarkers for Early Detection of Stage-I Pancreatic Ductal Adenocarcinoma

Yingying Cao, Rui Zhao, Kai Guo, Shuai Ren, Yaping Zhang, Zipeng Lu, Lei Tian, Tao Li, Xiao Chen and Zhongqiu Wang

Exosomes in Pathogenesis, Diagnosis, and Treatment of Hepatocellular Carcinoma

Shuang Li and Limin Che

Plasma Metabolomics Reveals Diagnostic Biomarkers and Risk Factors for Esophageal Squamous Cell Carcinoma

Mengjie Yu, Wei Wen, Xin Yi, Wei Zhu, Jiye Aa and Guangji Wang

Preoperative Systemic Immune–Inflammation Index (SII) as a Superior Predictor of Long-Term Survival Outcome in Patients With Stage I–II Gastric Cancer After Radical Surgery

Kang He, Lixiang Si, Xiaohua Pan, Ling Sun, Yajing Wang, Jianwei Lu and Xiaohua Wang

Comparison of Computed and Acquired DWI in the Assessment of Rectal Cancer: Image Quality and Preoperative Staging

Yihan Xia, Lan Wang, Zhiyuan Wu, Jingwen Tan, Meng Fu, Caixia Fu, Zilai Pan, Lan Zhu, Fuhua Yan, Hailin Shen, Qianchen Ma and Gang Cai

Economic Burden Conferred by Population-Level Cancer Screening on Resource-Limited Communities: Lessons From the ESECC Trial

Fuxiao Li, Yanjun Hu, Chuanhai Guo, Liang Lei, Fenglei Li, Mengfei Liu, Zhen Liu, Yaqi Pan, Fangfang Liu, Ying Liu, Zhe Hu, Huanyu Chen, Zhonghu He and Yang Ke

Diagnosis of Serosal Invasion in Gastric Adenocarcinoma by Dual-Energy CT Radiomics: Focusing on Localized Gastric Wall and Peritumoral Radiomics Features

Li Yang, Junyi Sun, Xianbo Yu, Yang Li, Min Li, Jing Liu, Xiangming Wang and Gaofeng Shi

A Novel Stool Methylation Test for the Non-Invasive Screening of Gastric and Colorectal Cancer

Liang Ma, Jian Gong, Meimei Zhao, Xiaomu Kong, Peng Gao, Yongwei Jiang, Yi Liu, Xiaoyan Feng, Shuang Si and Yongtong Cao

Photodynamic Diagnosis for the Identification of Intestinal-Type Gastric Cancers and High-Grade Adenomas

Hiroki Kurumi, Takuki Sakaguchi, Keiichi Hashiguchi, Taro Yamashita, Masashi Fujii, Yuichiro Ikebuchi, Akira Yoshida and Hajime Isomoto

RNA Sequencing of Tumor-Educated Platelets Reveals a Three-Gene Diagnostic Signature in Esophageal Squamous Cell Carcinoma

Tiejun Liu, Xin Wang, Wei Guo, Fei Shao, Zitong Li, Yang Zhou, Zhihong Zhao, Liyan Xue, Xiaoli Feng, Yin Li, Fengwei Tan, Kai Zhang, Qi Xue, Shugeng Gao, Yibo Gao and Jie He

Identification of Hub Genes Associated With the Development of Stomach Adenocarcinoma by Integrated Bioinformatics Analysis

Kehui Zhang, Jian Wang, YingYing Zhu, Xiaolin Liu, Jiacheng Li, Zhe Shi, Mengxing Cao and Yong Li

Immunohistochemistry and Bioinformatics Identify GPX8 as a Potential Prognostic Biomarker and Target in Human Gastric Cancer

Xiaojie Zhang, Heng Xu, Yunan Zhang, Chongyuan Sun, Zefeng Li, Chunfang Hu, Dongbing Zhao and Chunguang Guo

Construction of a Nomogram Model for Predicting Peritoneal Dissemination in Gastric Cancer Based on Clinicopathologic Features and Preoperative Serum Tumor Markers

Dandan Bao, Zhangwei Yang, Senrui Chen, Keqin Li and Yiren Hu

The Potential Value of Gastric Histopathology for Predicting Colorectal Adenomatous Polyps Among the Chinese Population: A Retrospective Cross-Sectional Study

Weiwei Li, Lin Zhang, Yuanming Jing, Yanfei Yang and Yulong Wang

Genome-Wide Analysis of microRNA and mRNA Expression in Colorectal Intramucosal Neoplasia and Colorectal Cancer With a Microsatellite-Stable Phenotype Based on Adenoma-Carcinoma Sequences

Tamotsu Sugai, Mitsumasa Osakabe, Takeshi Niinuma, Ryo Sugimoto, Makoto Eizuka, Yoshihito Tanaka, Naoki Yanagawa, Koki Otsuka, Akira Sasaki, Takayuki Matsumoto and Hiromu Suzuki

Characterization of the Immune Cell Infiltration Landscape in Esophageal Squamous Cell Carcinoma

Zhilin Sui, Xianxian Wu, Longde Du, Han Wang, Lijuan Yuan, Jian V. Zhang and Zhentao Yu

Postoperative high-density lipoprotein cholesterol level: an independent prognostic factor for gastric cancer

Chenxi Li, Yan Fu, Qiuwen Li, Xuhui Yang, Wenying Wang, Xin Jin, Lihua Bian, Hui Zhao, Donghui Li, Jie Gao, Nan Du and Liang Peng

Detection and Characterization of Early Gastric Cancer

Carlos Noronha Ferreira, Juliana Serrazina and Rui Tato Marinho

Early changes in peripheral blood cytokine levels after the treatment of metastatic hepatic carcinoma with CalliSpheres microspheres drug-eluting beads transcatheter arterial chemoembolization

Ying Liu, Song Liu, Guang Sheng Zhao, Xiang Li, Fei Gao, Zhi Zhong Ren, Jie Bian, Jian Lin Wu and Yue Wei Zhang

Case report: Candidiasis of gastrojejunostomosis after pancreaticoduodenectomy: Preliminary experience from two cases

Thanh Khiem Nguyen, Ham Hoi Nguyen, Cong Long Nguyen, Tuan Hiep Luong, Long Doan Dinh, Van Duy Le, Kim Khue Dang and Thi Lan Tran





EDITORIAL

published: 21 November 2022

doi: 10.3389/fonc.2022.1089612

[image: image2]


Editorial: Detection and characterization of gastrointestinal (early) cancer


Andrej Wagner 1*, Simona Gurzu 2, Valeria Barresi 3 and Yuming Jiang 4


1 Department of Internal Medicine I, University Clinics Salzburg, Paracelsus Medical University, Salzburg, Austria, 2 George Emil Palade University of Medicine, Pharmacy, Sciences and Technology of Târgu Mureş, Târgu Mures, Romania, 3 Department of Diagnostics and Public Health, University of Verona, Verona, Italy, 4 Department of Radiation Oncology, Stanford University School of Medicine, Stanford, CA, United States




Edited and Reviewed by: 

Yun Dai, First Hospital, Peking University, China

*Correspondence: 

Andrej Wagner
 and.wagner@salk.at

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


Received: 04 November 2022

Accepted: 10 November 2022

Published: 21 November 2022

Citation:
Wagner A, Gurzu S, Barresi V and Jiang Y (2022) Editorial: Detection and characterization of gastrointestinal (early) cancer. Front. Oncol. 12:1089612. doi: 10.3389/fonc.2022.1089612



Keywords: neoplasia, endoscopy - methods, invasion depth diagnosis, biomarker, characterization


Editorial on the Research Topic 


Detection and characterization of gastrointestinal (early) cancer



Gastrointestinal carcinomas have the highest incidence and mortality worldwide (1). In this collection consisting of 26 original research articles, two reviews and a clinical case report, we focus on endoscopic characterization of gastrointestinal neoplasias (GN) and the emerging role of circulating biomarkers, commonly known as liquid biopsies. In addition, we present articles on histopathological markers, which may be useful for decision making after endoscopic resection.

Chromoendoscopy with Lugol’s solution is an essential technique for detection and delineation of SCC. Unfortunately, the specificity of this method is low (2). Guo et al. present a clinical study on factors leading to misdiagnosis of SCC after iodine staining. After multivariate analysis, they identified five risk factors independently associated with endoscopic misdiagnosis; these may be used to predict the probability of false positive results and to enhance specificity. Chen et al. also focus on the issue of multiple unstained areas in Lugol chromoendoscopy. In their retrospective analysis of 329 patients, they demonstrated that the endoscopic resection of a primary early SCC lesion combined with radiofrequency ablation of multiple Lugol-voiding lesions significantly reduces metachronous SCC lesions and low-grade dysplasia in the treated areas.

Apart from invasive screening and characterization, the role of non-invasive markers for detection of SCC is emerging. Metabolomics is a promising technology to characterize pathological processes and to explore potential biomarkers for cancer development. Yu et al. explored the metabolic profile of SCC at different stages compared with healthy controls. They concluded that SCC development is accompanied by persistent abnormal changes in oxidative stress. However, they could not identify any specific marker able to differentiate between early and invasive stages of the disease.

Tumors can induce changes in the behavior of platelets (3, 4). In the context of SCC, Liu et al. performed RNA sequencing of tumor-educated platelets to derive an RNA signature to distinguish ESCC patient samples from controls. They constructed a 3-gene platelet RNA signature that could differentiate early SCC from healthy controls with a sensitivity of 87.5% and a specificity of 81.1% in the validation cohort. However, the authors could not exclude smoking, geographic and ethnical differences as confounding factors in this study.

Several articles focus on biomarkers in gastric carcinoma (GC) progression and therapy. Zhang et al. identified Glutathione peroxidase 8 immunohistochemical expression as a negative prognostic marker in 83 patients. Jin et al. report fascinating insights in the role of a cancer testis antigen, Melanoma-associated antigen-A3, which is overexpressed in GC and may be linked to poor response to immunotherapy and poor prognosis. Quiao and his study group from Beijing (Qiao et al.) present results from their study on the role of the CDKN2A in apoptosis, cell cycle arrest and senescence in GC, showing that the inactivation of this gene could be a frequent causal factor and useful predictor for hematogenous spread of GC.

The characterization and risk stratification of gastric lesions before endoscopic resection or surgery could support therapeutic decisions and therefore improve clinical outcomes. In a large retrospective analysis, He et al. compare the prognostic values of different indices and tumor markers in GC at stages I-II. They outline the prognostic value of the systemic immune-inflammation index on patient survival, and propose an interactive web dynamic nomogram to use in clinical practice.

Radiomics is an emerging method combining quantitative features of multimodal imaging techniques and machine learning. Yang et al. used a radiomics model on dual-energy CT to improve accuracy for predicting serosal invasion in GC. This approach led to a high accuracy compared with traditional CT imaging (AUC of the testing set: 0.93 vs. 55.9%–90.8%, respectively (5).

Meticulous magnifying endoscopic evaluation has a high accuracy in detection of early gastric cancer (EGC). However, the distinction between EGC after eradication of H. pylori and gastritis may be challenging even for expert endoscopists (6). Furthermore, synchronous (pre-)malignant lesions are observed in up to 20%. Kurumi et al. report on the diagnostic yield of 5-aminolevulinic acid (5-ALA)-mediated photodynamic diagnosis in a cohort of 43 patients. In comparison with white light magnifying endoscopy, this approach could provide additional diagnostic yields to detect multiple lesions simultaneously.

We conclude the section on gastric cancer with a review on detection and endoscopic characterization of early GC by Ferreira et al.

In the context of colorectal cancer (CRC) screening by multitarget stool DNA methylation tests (7), Ma et al. present a novel stool test for the non-invasive screening of gastric and colorectal Cancer including SDC2, TFPI2, WIF1, and NDRG4 methylation.

To elucidate the function of sodium pumps in CRC, Wu et al. performed immunohistochemical analyses of human CRC tissue specimens and established an orthotopic xenograft mouse model. They bring to light new mechanistical insights in the promotion of cancer cell metastasis. Elevated expression of the sodium pump α3 subunit promoted CRC liver metastasis via the PTEN/IGFBP3-mediated mTOR pathway. The glycoside bufalin could block the metastasis of CRC via this p53-dependent pathway.

In a cohort of 160 CRC patients, Qiao et al. demonstrated that the immunohistochemical expression of the chemokine CXCL7 and VEGF were correlated each other and significantly associated with N and TNM stage.

The use of diffusion-weighted imaging (DWI) for preoperative staging of rectal cancer is recommended by the European Society of Gastrointestinal Abdominal Radiology. Xia et al. demonstrated that a computed DWI post-process method, based on the calculation of random high b-value images, has a significantly higher image quality and diagnostic performance, compared with the conventionally acquired DWI.

Early detection of solid tumors of the liver and the pancreas and of gastroenteropancreatic neuroendocrine tumors (GEP-NET) is of paramount importance for the prognosis of the patients.

In patients with hepatocellular carcinoma (HCC), peripheral blood mononuclear cells show a specific DNA methylation signature, which can serve as a biomarker for the early detection of HCC and for its progression (8). Li et al. applied multiplex bisulfite sequencing to assess the methylation status of multiple CpG sites. In comparison with conventional methods, such as pyrosequencing, bisulfite-conversion-based methylation PCR, PCR cloning, or Sanger sequencing, this method allows effective large-scale analyses. In a cohort of 654 patients, the authors identified a minimal set of CpG sites that can predict the presence of HCC and. developed an individualized six-CpG-scorer-based nomogram as a potential non-invasive diagnostic tool for early HCC. However, external validation of this method is still lacking.

Serum level of carbohydrate antigen 19-9 is commonly used as a non in-invasive marker of pancreatic carcinoma; however, it often gives false positive results. In their paper, Cao et al. identified two metabolites the detection of which seems to predict with a high sensitivity and specificity the presence of stage-I pancreatic cancer. Although these findings were validated in an external cohort, the control group in the study did not include at-risk patients (e.g. those with chronic pancreatitis) and the sample size was relatively small.

In GEP-NET, the prognostic and diagnostic value of chromogranin A (CgA) level is controversial (9). Indeed, the elevation of CgA level is not specific to GEP-NET, as it is found in various other diseases. In their single-center retrospective analysis, Tsai et al. authors suggest that baseline CgA levels are associated with the disease extent and overall survival in GEP-NET patients.

The collection of articles herein presented ends with a review authored by Li and Chen, who discuss on the significant role of exosomes in the progression of HCC and on their potential clinical value as biomarkers and therapeutic targets.

In conclusion, the valuable papers published in this Research Topic have largely contributed to a critical discussion on the diagnostic advances in gastrointestinal tumors. It is our hope that the issues highlighted herein will drive further experimental inquiry ultimately leading to an improved clinical outcome in cancer patients in the future.
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Objective

The present study was designed to investigate the role of the chemokine CXCL7 in angiogenesis and explore its prognostic value in colorectal cancer (CRC).



Methods

A total of 160 CRC patients who had undergone surgery were included in this study, and staged according to the guidelines of the AJCC, 7th Edition. Expression of CXCL7 and VEGF was detected by immunohistochemical (IHC) staining and divided into high and low expression subgroups. The correlation between CXCL7 and VEGF expression was evaluated by Spearman’s rank-correlation coefficient. Prognosis based on CXCL7 and VEGF was evaluated using the Cox proportional hazards regression model and a nomogram of 5-year overall survival (OS) time.



Results

CXCL7 was highly expressed in tumor tissues (65.63% vs 25.00% in paracancerous tissue, P < 0.001), as was VEGF. CXCL7 and VEGF expression correlated well with N and TNM stage cancers (all P < 0.001). Importantly, CXCL7 was positively correlated with VEGF expression in CRC tissues. CXCL7 was an independent predictor of poor OS of CRC patients (HR = 2.216, 95% CI: 1.069-4.593, P = 0.032), and co-expression of CXCL7 and VEGF of predicted poor OS of 56.96 months.



Conclusion

Expression of CXCL7 correlated with VEGF and was associated with poor clinical outcomes in CRC patients.





Keywords: CXCL7, VEGF, angiogenesis, prognosis, colorectal cancer



Introduction

Colorectal cancer (CRC) is one of the deadliest malignant tumors with over 1.8 million new cases worldwide each year, and contributes to about 10% of tumor-related deaths (1). In fact, 746,000 men and 614,000 women were diagnosed with CRC in developed countries, accounting for 55% of all cancer cases (2). Although the incidence of CRC has been stable and has actually declined in some developed countries owing to the improvements in lifestyle, environmental factors, medical and health conditions (3), new cases of CRC are expected to increase to 2.2 million and deaths to 1.1 million globally by 2030 (4). Therefore, it is vital to control the occurrence and development of CRC to better manage the substantial health burden. The incidence and mortality of CRC are increasing in China due to the aging population and advanced stages of the disease (5–7). Patients aged 75 years and over constitute a large proportion of new CRC cases (above 40%), and about 45% patients are in advanced stages when first diagnosed (8, 9). The 5-year survival rate is 92% in stage I CRC patients, but drops to 10% when patients are in advanced stage IV (10). Although progress in CRC diagnosis and treatment, including traditional surgical resection, radiotherapy, chemotherapy, and newly targeted immunotherapy, has been achieved, the long-term prognosis, especially in terms of 5-year survival rate, has not improved significantly in recent decades (11).

Angiogenesis is a physiological process whereby new blood vessels are generated from existing vessels, and is regulated by a variety of signaling pathways that dynamically balance pro- and anti-angiogenic responses under normal physiological conditions (12). However, angiogenesis can become abnormally active in response to injuries, the menstrual cycle, and some metabolic diseases (13). Many studies have shown that angiogenesis plays an important role in cancer by providing oxygen, nutrients and other factors in the tumor microenvironment to stimulate tumor growth and accelerate disease progression (14). Numerous factors are involved in angiogenesis, being roughly divided into two types: proangiogenic and antiangiogenic. Vascular endothelial growth factor (VEGF) and its corresponding receptors play an extremely important role in tumor angiogenesis. VEGF is a secreted glycoprotein dimer that promotes angiogenesis by binding to its receptors (15). VEGF exerts its biological functions by activating tyrosine protein kinase. Meanwhile, VEGF can increase capillary permeability, which allows fibrinogen and other proteins to diffuse into the extracellular matrix where they crosslink into a fibrous gel, thus effectively promoting formation of a capillary network (15, 16). VEGF is highly expressed in many tumors where it is the strongest driver of angiogenesis, thus contributing to tumor growth and metastasis (17, 18).

Chemokines are low-molecular-weight signaling proteins (8–12 kDa) that can regulate many biological processes, including cellular immune response, glucose metabolism and angiogenesis (19–22). Chemokines play important regulatory roles by binding to their specific receptors (23). Recently, numerous studies have shown that various chemokines play important roles in tumorigenesis, including regulation of proliferation, tumor metastasis, angiogenesis, among others (24–27). Chemokines also affect cancer diagnosis and treatment by interacting with tumor cells and the tumor immune environment (28, 29). CXCL7, also called neutrophil activating peptide 2, functions by binding to its receptors CXCR1 and CXCR2, and plays important roles in a variety of tumor processes (30–32).

Our previous study showed that CXCL7 is highly expressed in CRC with poor prognosis (30, 33). However, the role of CXCL7 in angiogenesis is unknown. In the current study we probed the function of CXCL7 in angiogenesis and evaluated its prognostic value by analyzing clinical data from a total of 160 CRC patients, including 2 in Stage I, 67 in Stage II, 69 in Stage III and 22 in Stage IV CRC. We assessed the correlation between CXCL7 and VEGF expression and systematically explored the value of CXCL7 for prognosis in CRC.



Materials and Methods


Patient Selection and Tissue Sample Collection

The subjects were enrolled according to the following criteria. (1) Patients were firstly diagnosed in Bozhou Hospital of Anhui Medical University from July 2013 to July 2018. (2) Patients whose condition met the criteria for surgical resection were enrolled in the study. (3) Preoperative clinical diagnosis was consistent with postoperative pathological diagnosis in indicating colorectal cancer. (4) Patients had not received radiotherapy and chemotherapy prior to surgery. (5) The patient’s clinical data was relatively complete. Other terms and selection criteria for healthy participants were described in our previous study (30, 33). These criteria were met by 200 patients. However, 40 people were not eligible during the follow-up. Therefore, 160 patients were included in this study finally (Supplementary Figure 1). Patient data included demographic characteristics and clinical pathology results. All patients were staged according to AJCC (American Joint Committee on Cancer) guidelines, 7th Edition (34). The study was approved by the Institutional Research Ethics Committee of our hospital, and 160 written informed consents were obtained. Tumor and adjacent non-tumor tissues were collected from all 160 patients, then fixed by formalin and embedded in paraffin.



Immunohistochemical Staining Assay

Serial sections of 4 μm thickness were cut from each of the 320 paraffin blocks. IHC staining was performed according to the manufacturer’s instructions using anti-CXCL7 mouse monoclonal antibody (1:200, Abcom Ltd., Cam-bridge, UK) and anti-VEGF rabbit monoclonal antibody (1:300, Abcom Ltd., Cam-bridge, UK). The IHC process made use of an automated immunostainer (Thermo Fisher Scientific, MA, USA). IHC staining was scored by two pathologists, and scores were only accepted when they were in agreement. Light microscopy images were obtained from each slice at 40× magnification. Overall IHC staining was scored as either 0 (none), 1 (weak), 2 (moderate), or 3 (strong). The percentage of positively-stained cells was recorded as either 0 (≤5%), 1(6%–25%), 2(26%–75%), or 3(>75%). The final score was 0–9, calculated as the product of the scores for overall IHC staining and percentage positive staining. The cutoff value for IHC staining was calculated using the receiver operating characteristic (ROC) curve and the Youden Index (sensitivity+specificity-1). The final score was taken to represent high expression when it was greater than the cutoff value, and low expression when less than or equal to the cutoff.



Methods of Postoperative Follow-Up and Collection of Related Information

Two doctors were responsible for follow-up and collection of patient information. Postoperative survival times of CRC patients were collected at 3 months and 1, 2, 3, 5, and 8 years after surgery; follow-up was halted if the patient died. Patient data was categorized according to (1) CXCL7 and VEGF staining in cancer and adjacent normal tissues, (2) age and gender, and (3) pathological parameters (30).



Statistical Analysis

The results of categorical variables were presented as frequencies (n) and percentages (%) in this study. The mean (M) and standard deviation (SD) were used to represent numerical variables. Expression of CXCL7 and VEGF were sequentially tested in different variables by Pearson’s chi-square test. Differences between CXCL7 and VEGF expression were analyzed by the Mann-Whitney U-test. Spearman’s rank-correlation test was used to evaluate the correlation between CXCL7 and VEGF expression. The 5-year overall survival (OS) time was calculated using Kaplan-Meier analysis, and graphs of survival rate are shown in Results. Cox proportional hazard regression models were used for analyzing risk factors used in prognoses for CRC patients. First, statistically significant indicators were selected by univariate analysis. Then, multivariate regression models were employed to seek out independent prognostic factors. R 4.0.0 software was used to draw a nomogram of 5-year OS. In addition, the concordance index (C-index), the area under the ROC curve (AUC), and the calibration curve were used to evaluate the predictive ability of the nomogram model. SPSS 22.0 software (IBM; Armonk, NY, USA) was used to analyze all data in this study. Statistical differences were significant for P value < 0.05.




Results


General Clinical Information of CRC Patients

One hundred and sixty patients who had been definitively diagnosed with CRC were recruited, including 73 women (45.63%, 73/160) and 87 men (54.37%, 87/160). The average age was 59.46 ± 9.13 years for women and 58.17 ± 11.24 years for men (Table 1). Patients were classified into two groups based on age: ≤ 60 (55.00%, 88/160) and > 60 (45.00%, 72/160). Other CRC patient information was shown in Table 1.


Table 1 | Association of CXCL7 and VEGF with clinical pathological characteristics and the correlation between two markers in CRC patients.





Expression of CXCL7 and VEGF in CRC Tissues

IHC was used to monitor expression of CXCL7 and VEGF in CRC tumors and adjacent normal tissues. Based on the ROC curve, a score of 3.5 was selected as the cutoff value for CXCL7, and 2.8 for VEGF. Similar to our previous research, CXCL7 was highly expressed in tumor tissues (65.63%, 105/160) but not in paracancerous tissue (25.00%, 40/160, P < 0.001; Figures 1A, B). Positive staining was mainly concentrated in the cytoplasm and membranes of CRC cells (Figure 1A). Similarly, we found that VEGF was also highly expressed in CRC tissues (64.38%, 103/160 vs. 26.25%, 42/160 in normal tissues, Figures 1C, D). Number of ICH score was shown in Figure 1E.




Figure 1 | Expression of CXCL7 and VEGF in CRC patients. (A) Expression of CXCL7 in tumor tissues (magnification: 40× and 200×). (B) Expression of CXCL7 in normal tissues (40× and 200×). (C) Expression of VEGF in tumor tissues (40× and 200×). (D) Expression of VEGF in normal tissues (40× and 200×). (E) Patients were classified according to CXCL7 and VEGF IHC score from 0 to 9. Scale bar, 50 μm.





Associations Between CXCL7, VEGF and Clinicopathological Characteristics in CRC Patients

In order to probe the clinical significance of CXCL7 and VEGF in CRC, associations between these two markers and clinicopathological information were analyzed by the chi-square (χ2) test, and differences in expression were assessed by the Mann-Whitney U test. CXCL7 was correlated with N- and TNM-stage cancer (both P < 0.001; Figures 2A, B and Table 1), as was VEGF (both P < 0.001; Figures 2C, D and Table 1). However, there were no significant correlations between CXCL7 or VEGF and other clinicopathological characteristics (all P > 0.05; Table 1).




Figure 2 | Associations between CXCL7 and VEGF and clinicopathological characteristics. (A) Expression of CXCL7 in different N-stage tumors. (B) Expression of CXCL7 in different TNM stages. (C) VEGF in N0 and N1-N2 stage tumors. (D) VEGF in I-II and III-IV stages. The Mann‐Whitney U-test was used for analysis. ***P < 0.001.





Clinical Correlation Between CXCL7 and VEGF in CRC Patients

To analyze whether expression of CXCL7 was related to the level of VEGF in CRC tissue, Spearman’s test was used to evaluate the correlation. Interestingly, there was a significant correlation between CXCL7 and VEGF in all CRC tissues (correlation coefficient: 0.796, P < 0.001, Figure 3A). We then explored whether there were correlations with other clinical features. Scatter plots were used to visualize results for the two markers. As shown in Figure 3, the correlation coefficients ranged from 0.523 to 0.842 (all P < 0.01), with the highest being for the female subgroup (r= 0.842) and the lowest for the M1 subgroup (r= 0.523, Figures 3A–Y and Table 1). These results illustrated a strong correlation between CXCL7 and VEGF in CRC tissues.




Figure 3 | CXCL7 positively correlated with VEGF in CRC patients grouped according to various clinical features. (A) All CRC patients. (B) Male subgroup. (C) Female subgroup. (D) Age ≤ 60 years subgroup. (E) Age > 60 years subgroup. (F) Colon subgroup. (G) Rectum subgroup. (H) Left subgroup. (I) Right subgroup. (J) Tumor size <4 cm subgroup. (K) Tumor size ≥4 cm subgroup. (L) T1-T2 subgroup. (M) T3-T4 subgroup. (N) N0 subgroup. (O) N1-N2 subgroup. (P) M0 subgroup. (Q) M1 subgroup. (R) I-II subgroup. (S) III-IV subgroup. (T) Non-neural invasion subgroup. (U) Neural invasion subgroup. (V) Non-vascular invasion subgroup. (W) Vascular invasion subgroup. (X) Well differentiated subgroup. (Y) Moderately-poorly differentiated subgroup. The non-parametric Spearman’s test was used for these analyses.





High Expression of CXCL7 and VEGF Related to Poor Prognosis in CRC Patients

For the purpose of establishing the prognostic significance of CXCL7 and VEGF in CRC, the 160 patients were observed to have a median OS time of 67.00 (95% confidence interval [CI]: 61.37–72.63) months and a 5-year survival rate of 62.60% (Figure 4A). Interestingly, OS time was affected by extent of tumor invasion. There were significant differences in OS among the tumor stages: T (hazard ratio [HR]: 1.711; 95% CI: 1.048–2.793; P =0.032; Figure 4G), N (HR: 3.717; 95% CI: 2.160-6.397; P <0.001; Figure 4H), M (HR: 3.696; 95% CI: 1.991–6.862; P <0.001; Figure 4I), TNM (HR: 3.765; 95% CI: 1.828–7.756; P <0.001; Figure 4J), and level of CXCL7 (HR: 2.343; 95% CI: 1.431–3.837; P =0.001; Figure 4N) and VEGF (HR: 1.931; 95% CI: 1.189–3.136, P = 0.008; Figure 4O). Details are shown in Table 2. However, no significant differences were found among the other factors (Figures 4B–F, K–M and Table 2; all P >0.05). Multivariate analysis showed that high CXCL7 in tissues was independent of factors associated with poor OS of CRC patients (HR=2.363; 95% CI: 1.359–4.108; P = 0.002; Table 2). Patients with high levels of both CXCL7 and VEGF had poor outcomes (OS: 56.96 months vs 78.00 months in patients with low levels of each, HR: 2.410; 95% CI: 1.405-4.132; P = 0.001; Figure 4P).




Figure 4 | Kaplan-Meier curves for CRC patients stratified on the basis of CXCL7, VEGF and clinicopathological features. (A) OS in all 160 patients. (B) OS in male vs. female patients (P = 0.133). (C) OS in age ≤60 vs. age >60 patients (P = 0.117). (D) OS in colon vs. rectum patients (P = 0.899). (E) OS in left side vs. right side patients (P = 0.252). (F) OS in tumor size <4 cm vs. ≥4 cm patients (P = 0.740). (G) OS in T1-T2 vs. T3-T4 patients (P = 0.032). (H) OS in N0 vs. N1-N2 patients (P < 0.001). (I) OS in M0 vs. M1 patients (P < 0.001). (J) OS in I-II vs. III-IV patients (P < 0.001). (K) OS in non-neural invasion vs. neural invasion patients (P = 0.271). (L) OS in non-vascular invasion vs. vascular invasion patients (P = 0.859). (M) OS in well differentiated vs. moderately-poorly differentiated patients (P = 0.271). (N) OS in CXCL7 low expression (CXCL7L) vs. CXCL7 high expression (CXCL7H) patients (P = 0.001). (O) OS in VEGF low expression (VEGFL) vs. VEGF high expression (VEGFH) patients (P = 0.008). (P) OS in CXCL7H + VEGFH vs. CXCL7L +VEGFL patients (P = 0.001).




Table 2 | Cox proportional hazard regression models for CXCL7, VEGF and clinical pathological characteristics.





A Prognostic Nomogram for Comprehensively Evaluating OS in CRC Patients

As nomograms are widely used in prognostic assessments, especially for cancer, we generated a nomogram using the R software package to analyze the value of CXCL7, VEGF and various pathological features in making a CRC prognosis (Figure 5A). First, a standard point-scale reference line was established on the top of the nomogram. Then, CXCL7, VEGF and related clinical and pathological information were listed in order. The total point score was then calculated for prediction of 5-year OS (only 5-year OS was evaluated in this study). From the nomogram, patients could be provided with a personalized evaluation for guiding clinical treatment following surgery. The length of each variable was associated with patient survival. TNM stage, neural invasion, CXCL7 expression and differentiation had the greatest impact on prognosis.




Figure 5 | Nomogram of CRC patients’ 5-year survival time following surgery. (A) Nomogram for 5‐year OS on the basis of CXCL7 and VEGF expression and basic clinical data. (B) ROC curve for developing the nomogram. (C) Calibration curve of the nomogram.



The nomogram was also quantitatively assessed using the concordance index (C-index), area under the ROC curve (AUC), and calibration curve. The C-index was 0.747 (95% CI: 0.701–0.826). The 5‐year survival AUC was 0.734 (95% CI: 0.672–0.797; Figure 5B), and the calibration curve was shown in Figure 5C. Overall, the nomogram for 5-year OS could be used to make a reliable prognosis for CRC patients.




Discussion

CRC is a serious public health challenge associated with high mortality and morbidity worldwide, especially in developing countries such as China (35). Although numerous improvements related to diagnosis and treatment have been applied in clinical practice, the number of tumor-related deaths has continued to rise over the past few years (36). Surgery and postoperative radiotherapy and chemotherapy are standard treatments for CRC. Improvement of OS following surgery for CRC requires systematic evaluation and management (37). TNM stage has been used as a predictor of survival time in recent decades (38), although it is not always accurate. For this reason, recurrence and metastasis after treatment are usually included as risk factors for prognosis. Of course, a great many studies in the past few decades have identified novel prognostic biomarkers (39–41). Various studies have found that angiogenesis plays an important role in recurrence and metastasis (42, 43). Even though many proteins and signaling molecules have been associated with angiogenesis in CRC cells (44, 45), the connection between CXCL7 and angiogenesis has not previously been explored. In this study, we performed series of experiments to evaluate the association of CXCL7 with angiogenesis, and assess its value in prognosis of CRC patients.

CXCL7, a neutrophil-activating chemokine, is primarily derived from peripheral platelets (46). Traditionally, CXCL7 has been considered to be involved in regulating glycolysis, mitosis, and prostaglandin synthesis, among other processes (46, 47). Recently, several studies have reported that CXCL7 is associated with many types of tumors, and plays important roles in tumor proliferation and metastasis (48, 49). We used IHC to show that CXCL7 was significantly over-expressed in CRC tumor cells, correlated with N-stage and TNM-stage cancer, and associated with poor patient outcomes. CXCL7 was evaluated as a CRC biomarker in our previous study (30), and together with the present study has been shown be a potentially reliable marker for making prognoses in CRC patients.

Angiogenesis, an important physiological process, also plays a pivotal role in tumor proliferation, invasion and metastasis (12, 13). A variety of proteins are involved in regulation of angiogenesis, including VEGF and other cytokines and chemokines (13, 14). Here, VEGF was highly expressed in CRC tumors and correlated with poor prognosis. As the role of VEGF in angiogenesis is widely known, anti-VEGF treatment drugs such as bevacizumab and many traditional plant polysaccharides (50, 51) are commonly used in anti-cancer treatments.

Previously we have focused on CXCL7 in serum from CRC patients (30), and its potential application to prognosis of obstructive colorectal cancer (33); however, the relationship between CXCL7 and angiogenesis has not previously been evaluated. In recent years, the role of chemokines in regulating angiogenesis has been revealed in several studies (52, 53), including the ability of CCL19 to suppress angiogenesis by downregulating VEGF-A expression in CRC cells (53). So, numerous studies have provided us with data upon which to base an investigation of the role of CXCL7 in angiogenesis in CRC patients. We chose VEGF as a marker of angiogenesis and used IHC to evaluate its expression in CRC cells. Then, the relationship between CXCL7 and VEGF expression was analyzed, and we found that the two were positively correlated. Based on these results, we conclude that CXCL7 prominently correlates with VEGF and clinicopathological features in CRC patients. Furthermore, univariate analysis showed that high expression of CXCL7 with VEGF is a risk factor that can be considered in prognosis of CRC patients. However, VEGF was not an independent risk factor in CRC patients. The nomogram and its corresponding evaluation index also showed that CXCL7 was associated with outcome in CRC patients. Based on the above results, we suggest that CXCL7 may regulate expression of VEGF in CRC tissues, maybe for the reason that angiogenic functions can be induced by chemokine-regulated inflammatory stimuli (48, 54–56). Because the treatment methods are also very important for the patient’s prognosis, the related surgery, radiotherapy and chemotherapy methods will be taken into consideration for comprehensively exploring the factors which could affect patient survival time in future study. Furthermore, the relationship between CXCL7 and VEGF should be further studied in vivo and in vitro, including in CRC serum and cell lines.

In summary, this study analyzed the correlation between CXCL7 and VEGF, and illustrated that co-expression of the two markers leads to a poor prognosis in CRC patients. As chemokines have been suggested to be therapeutic targets in many studies (57, 58), CXCL7 may be a new target for regulating angiogenic signaling pathways, especially those controlling VEGF expression.
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Background

Aberrant methylation of CpG sites served as an epigenetic marker for building diagnostic, prognostic, and recurrence models for hepatocellular carcinoma (HCC).



Methods

Using Illumina 450K and EPIC Beadchip, we identified 34 CpG sites in peripheral blood mononuclear cell (PBMC) DNA that were differentially methylated in early HCC versus HBV-related liver diseases (HBVLD). We employed multiplex bisulfite sequencing (MBS) based on next-generation sequencing (NGS) to measure methylation of 34 CpG sites in PBMC DNA from 654 patients that were divided into a training set (n = 442) and a test set (n = 212). Using the training set, we selected and built a six-CpG-scorer (namely, cg14171514, cg07721852, cg05166871, cg18087306, cg05213896, and cg18772205), applying least absolute shrinkage and selection operator (LASSO) regression. We performed multivariable analyses of four candidate risk predictors (namely, six-CpG-scorer, age, sex, and AFP level), using 20 times imputation of missing data, non-linearly transformed, and backwards feature selection with logistic regression. The final model’s regression coefficients were calculated according to “Rubin’s Rules”. The diagnostic accuracy of the model was internally validated with a 10,000 bootstrap validation dataset and then applied to the test set for validation.



Results

The area under the receiver operating characteristic curve (AUROC) of the model was 0.81 (95% CI, 0.77–0.85) and it showed good calibration and decision curve analysis. Using enhanced bootstrap validation, adjusted C-statistics and adjusted Brier score were 0.809 and 0.199, respectively. The model also showed an AUROC value of 0.84 (95% CI 0.79–0.88) of diagnosis for early HCC in the test set.



Conclusions

Our model based on the six-CpG-scorer was a reliable diagnosis tool for early HCC from HBVLD. The usage of the MBS method can realize large-scale detection of CpG sites in clinical diagnosis of early HCC and benefit the majority of patients.





Keywords: multiplex bisulfite sequencing, CpG methylation, early HCC, diagnostic model, enhanced bootstrap validation



Introduction

Hepatocellular carcinoma (HCC) is the most common primary liver tumor with high morbidity and mortality. It has been estimated that hepatitis B virus (HBV) infection causes 50%–80% of HCC cases worldwide (1). The progression of multi-stage hepatocarcinogenesis from chronic HBV infection (CHB) to HBV-related liver cirrhosis (LC) and finally to HBV-related HCC is complex. There is 2%–7% incidence of LC per year in CHB patients (2), and 2%–4% annual incidence of HCC in LC patients (3). Meanwhile, CHB patients can also develop HCC without cirrhosis. The new data show that annual HCC rates ranged 0.03%–1.57% among non-LC Asian CHB male patients (4). In involving 34,952 patients, the study suggested that 2.29% of CHB patients would develop HCC despite hepatitis B surface antigen (HBsAg) seroclearance (5). There are several mechanisms related with HBV-related hepatocarcinogenesis progression including viral regulatory HBV × protein interrupting liver cell proliferation and increasing HBV replication (6), integration of HBV DNA into the host cell genome provoking host cell chromosomal alterations and insertional mutagenesis of cancer genes (7), and host genomic and epigenetic aberrant variation induced by inflammation (8).

The high mortality rate of HCC is mostly due to its discovery at advanced stages. There is an urgent unmet need for biomarkers that can detect early HCC development in CHB and LC liver background. DNA methylation profiles for early stage of HCC in peripheral blood mononuclear cells (PBMC) are different from healthy controls as well as CHB. HCC has a specific DNA methylation signature in easily accessible PBMC and can serve as “noninvasive” biomarkers for detection of early HCC as well as HCC progression (9). Several studies have demonstrated CpG methylation prepared for constructing diagnostic, prognostic, and recurrence models for HCC (10–12).

However, in these models, measurement methylation of CpGs was performed by pyrosequencing or methylation specific PCR. These methods were laborious and involved fussy work (13) for detection methylation of dozens of CpGs and inevitable increase of inter-batch differences in large samples. This could cause adverse effects on the diagnostic efficacy of the model.

Therefore, in this study, we applied multiplex bisulfite sequencing (MBS), which is based on the next-generation sequencing (NGS) method to assess the methylation status of 34 CpGs in 654 samples at the same time. Multivariable methods identified a minimal set of CpGs to achieve optimal prediction. Meanwhile, we handled multiple imputation to complete missing data and bootstrapped training datasets for backward feature selection. The model incorporated both the six-CpG-scorer methylation panel and demographic and clinical characteristics risk factors for early diagnosis onset of HCC from HBV-related liver disease (HBVLD) including CHB and LC.



Materials and Methods


Data Processing for CpG Selection

The raw IDAT files of Illumina 450K Beadchip data including CHB patients (n = 10) and Barcelona clinic liver cancer staging system (BCLC) 0 (n = 10), BCLC-A (n = 10), BCLC-B (n = 10), and BCLC-C (n = 9) were obtained from Gene Expression Omnibus (accession number: GSE67170) (9), which was prepared to obtain differentially methylated CpGs between CHB and each HCC stage. Forty-four paired PBMC samples were taken from 22 patients before and again after diagnosis of HCC. The 22 patients were diagnosed as LC prior to HCC, and then 5 were diagnosed as HCC BCLC-0 and 17 were BCLC-A. Twenty-two LC and 22 early HCC PBMC samples were subjected to genome-wide DNA methylation assay by using Illumina EPIC Beadchip (data did not published). The R package ChAMP was applied for methylation raw data processing and the paired t tests were used to analyze the differentially methylated CpGs between LC and HCC BCLC-0 and -A. The differentially methylated CpGs with |delta beta|≥ 0.2 and remaining significant after Bonferroni-corrected p value < 0.05 were selected.



Patient Study Population

The cross-sectional retrospective study, using the convenient sampling method, was conducted from August 2010 to July 2019 at Beijing You’An Hospital, which is an infectious diseases specialist tertiary hospital in China. A total of 654 patients were included in this study. The demographic and clinical characteristic data of patients with CHB, LC, and early HCC were collected from hospital electronic medical records. The inclusion criterion of CHB was that hepatitis B surface antigen (HBsAg) seropositive status lasted at 6 months or beyond according to the Asia-Pacific clinical practice guidelines on the management of hepatitis B: a 2015 update (14). Diagnosis of hepatitis B-related LC was based on a combination of clinical, laboratory, imaging features, and liver biopsies according to the guideline of prevention and treatment for chronic hepatitis B (2010 Version). Diagnosis of HCC was based on the radiological/histological criteria according to 2012 EASL clinical practice guidelines: Management of chronic hepatitis B virus infection, Barcelona clinic liver cancer staging system (BCLC) (15). Exclusion criteria were as follows: less than 18 years old; co-infection with human immunodeficiency virus, hepatitis C virus, or hepatitis D virus; coexistence of liver injury caused by drug intake, alcohol consumption, and autoimmune hepatitis; pregnancy; and lactation. The study was approved by the Institutional Ethics Committee of the Beijing You’An Hospital. All participants signed written informed consent on enrolment.



DNA Bisulfite Converted and Multiplex Bisulfite Sequencing

After extraction, PBMC DNA bisulfite was converted with sodium bisulfite according to the protocol of EZ DNA Methylation-Direct Kit (ZYMO Research, Irvine, USA), whose bisulfite conversion rate was >99.5%. Bisulfite-transformed DNA was a single strand and we measured the concentration of the single-strand DNA using a Qubit 2.0 (Thermo, USA, catalog Q10212) to ensure that adequate amounts of single-template DNA were invested for library construction. A panel contained 34 “CpG-free” primer pairs designed to target all candidate CpGs. Library preparation was performed by nest-PCR. First-round PCR reaction was set up as follows: bisulfite converted DNA 5 μl; forward primer mix (10 μM) 1 μl; reverse primer mix (10 μM) 1 μl; 2×PCR Ready Mix 15 μl (total 25 μl) (KAPA HiFi HotStart ReadyMix PCR). The plate was sealed and PCR was performed in a thermal instrument (BIO-RAD, T100TM) using the following program: 1 cycle of denaturing at 98°C for 3 min, then 27 cycles of denaturing at 98°C for 20 s, annealing at 60°C for 4 min, and final elongation at 72°C for 2 min. Finally, hold at 10°C. The PCR products were checked using electrophoresis in 1% (w/v) agarose gels in TBE buffer (Tris, boric acid, EDTA) stained with ethidium bromide (EB) and visualized under UV light. Then, we used AMPure XP beads to purify the amplicon product. After that, the second-round PCR was performed. PCR reaction was set up as follows: first-round PCR amplicon product (10 ng/μl) 2 μl; universal P7 primer with barcode (10 μM) 1 μl; universal P5 primer with barcode (10 μM) 1 μl; 2×PCR Ready Mix 15 μl (total 30 μl) (Kapa HiFi Ready Mix). The plate was sealed and PCR was performed in a thermal instrument (BIO-RAD, T100TM) using the following program: 1 cycle of denaturing at 98°C for 1 min, then eight cycles of denaturing at 98°C for 20 s, annealing at 60°C for 20 s, elongation at 72°C for 30 s, and a final extension at 72°C for 2 min. Then, we used AMPure XP beads to purify the second-round PCR amplicon product. The libraries were then quantified and pooled. Paired-end sequencing of the library was performed on the HiSeq XTen sequencers (Illumina, San Diego, CA).



Data QC and SNP Calling

MBS raw data were processed by Sangon Biotech. Briefly, raw reads were filtered according to three steps: (a) removing adaptor sequence if reads contains by cutadapt (v 1.2.1); (b) removing low quality bases from reads 3’ to 5’ (Q < 20) by PRINSEQ-lite (v 0.20.3); (c) Bismark (version v0.22.1) (www.bioinformatics.babraham.ac.uk/projects/) was used for CpGs detected with default parameters.



CpG Selection and Assessment

A multi-CpG-based scorer was constructed to diagnose the early HCC patients from HBVLD in the training dataset. The least absolute shrinkage and selection operator (LASSO) with cross-validation method was applied to select the most significant CpGs from the 34 described in Supplementary Table S1. The process was mainly performed using the “glmnet” package (16) based on the R software (Version 4.0.3) and depicted in Figure 1A.




Figure 1 | Study design and analysis protocol. (A) Study design and flow diagram. A total of 654 PBMC samples were prospectively collected. Thirty-four CpGs were investigated using multiplex bisulfite sequencing in 341 HBVLD (CHB: 168, LC: 173) and 313 early HCC group (BCLC-0:148, BCLC-A: 165). The least absolute shrinkage and selection operator method (LASSO) cross-validation was introduced to selected six CpGs and built a six-CpG-scorer in the training dataset (n = 442, 212 early HCC and 230 HBVLD). (B) Schematic representation of statistical analysis. The analyses were performed on 18 selected predictors measured on 442 parents involved in the training set. Twenty complete datasets were created after 20 times missing imputation, and 17 candidate variables were detected the possible nonlinear dependency of the relationship with early HCC, of which 7 variables were transformed in a non-linear fashion. Resampling 500 times were from each of the 20 complete datasets, leading to a total number of 10,000 bootstrap datasets. A backward feature selection with AIC was repeated on each of the 10,000 bootstrap datasets for selecting the most relevant risk variables for early HCC. The factors chosen at least once during the feature selection procedure constituted the final mode, whose coefficients were estimated using Rubin’s Rule from the 20 complete datasets. In internal validation, the model predictiveness and correcting overfit were assessed using 10,000 separate enhanced bootstrapped datasets. The nomogram presented the final mode. Decision curve analysis and clinical impact curves were performed to determine the final model clinical usefulness. The final mode also showed an obvious diagnosis potential in test set (n = 212, 101 early HCC and 111 HBVLD). HBVLD, HBV-related liver disease; HCC, hepatocellular carcinoma; BCLC, Barcelona Clinic Liver Cancer staging system.





Statistical Analysis

Firstly, the restricted cubic splines (RCS) were applied to detect the possible nonlinear dependency of the relationship between early HCC and 17 continuous variables, using three knots at the 25th, 50th, and 75th percentiles of the corresponding variable. There were potential threshold associations between early HCC and five indices [age, direct bilirubin (DBil), total protein (TP), albumin (ALB), and hemoglobin] (p-value for nonlinear < 0.001). We have categorized age to the following groups:<43 years and ≥43 years, DBil to <7 μmol/L and ≥7 μmol/L, TP to <65 g/L and ≥65 g/L, ALB to <42 g/L and ≥42 g/L, and hemoglobin to <140 g/L and ≥140 g/L based on the RCS curve. The other four indices [total bilirubin (TBil), γ-glutamyltranspeptidase (γ-GT), platelet count (PLT), and lymphocyte count (LYM)] were categorized to normal and abnormal groups based on the medical reference value, respectively. The other seven indices [alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), white blood cell count (WBC), monocyte count (MONO), neutrophil count (NUET), and alpha-fetoprotein (AFP)] were log-transformed, respectively (Supplementary Table S1).

Missing values in original dataset were imputed 20 times using imputation with predictive mean matching (“mice” package) (17). For each of the 20 complete dataset, 500 bootstrapping datasets were generated, and backwards feature selection with the Akaike Information Criterion (AIC) was performed on the 10,000 datasets (“rms”) (18). Second-order interaction terms were also tested for inclusion. The selected predictors constructed the final model, whose regression coefficients were calculated using “psfmi” package according to “Rubin’s Rules” (19, 20). The enhanced bootstrap method was to evaluate the stability of the diagnosis model. Discrimination ability was assessed by the area under the receiver operating characteristic curve (AUROC) and C-statistics. Calibration was applied for assessment of agreement between predicted and observed risks across of the population. The nomogram presented the results of the modeling process. Decision curve analysis (DCA) was performed to determine the model clinical usefulness. The construction process referred to this report (21) and the model analysis conforms to the reporting standards of STARD (22) and was depicted in Figure 1B.




Results


Demographic and Characteristics of the Patients

After a strict pathological diagnosis and exclusion process, 168 patients with CHB, 173 patients with liver cirrhosis, 148 patients with HCC BCLC-0 stage, and 165 patients with HCC BCLC-A stage were collected in Beijing You’An hospital and included into this study (Figure 1A). A total of 654 patients were randomly assigned to the training set (n = 442) and test set (n = 212). Demographic and clinical characteristics of patients are shown in Table 1.


Table 1 | Clinical characteristics of the enrolled participants in this study (n = 654).





CpG Selection and Panel Signature Building for Early HCC Diagnosis

On the basis of our previous studies (9), we portrayed differentially methylated CpGs between CHB and each of the HCC phases utilizing Limma package with Bonferroni correction. The number of specifically methylated CpGs between CHB and each of the HCC phases included 2,285 for BCLC-0; 2,233 for BCLC-A; 3,345 for BCLC-B; and 23,596 for BCLC-C. There were 326 differentially methylated CpGs that could specifically distinguish early HCC (BCLC-0 and BCLC-A stages) from CHB (Figure 2A). Moreover, 20 robust CpG differentially methylated sites were used in this study from 33 CpGs (|delta beta |≥0.2). Meanwhile, 36 differentially methylated CpGs (|delta beta |≥0.2) could specifically distinguish early HCC from LC using paired t tests with Bonferroni correction, and 17 CpGs were selected for this study (unpublished work). In all, methylation ratios of 34 CpGs (three CpGs overlap) were investigated using MBS in the HBVLD and early HCC samples (Supplementary Tables S2, S3).




Figure 2 | Construction of the six-CpG-scorer in training set. (A) Venn diagram of the overlap between differentially methylated CpGs between different HCC BCLC stages (0-C) and CHB. (B) Fivefold CV LASSO coefficients of 34 candidate CpGs. The first black vertical dotted line corresponds to the λmin that minimized binomial deviance during CV. The second black vertical dotted line corresponds to λ1se, used for the selection of six biomarker CpGs. (C) LASSO coefficient profile of the 34 early HCC-associated CpGs. A vertical line was drawn at the value chosen by fivefold cross-validation. (D) The six-CpG-scorer of each participant from the liver disease, early HCC group in the training dataset was calculated, and the score was significantly increased in the early HCC versus the HBV-related liver disease (HBVLD) samples (Wilcoxon rank sum test was used to compare six-CpG risk score between two groups). (E) Area under the receiver operating characteristic curve (AUROC) of the six-CpG-scorer and its component CpGs. Data were AUROC (95% CI). HCC, hepatocellular carcinoma; BCLC, Barcelona Clinic Liver Cancer staging system; LASSO, least absolute shrinkage and selection operator method.



Thirty-four CpGs were reduced to six potential predictors using the LASSO regression model. The cross-validated error plot and a coefficient profile plot of the LASSO regression model were produced (Figures 2B, C). The logistic regression was used for building the six-CpG-scorer: where risk score = −0.87 – 3.73 × cg14171514 + 2.58 × cg07721852 + 6.91 × cg05166871 − 9.85× cg18087306 + 4.50 × cg05213896 + 4.39 × cg18772205, where values of each CpG were methylation ratio measured from MBS. We then applied this formula to calculate the risk score for early HCC of each patient based on their individual six CpG methylation ratio. The risk score was significantly increased in the early HCC samples versus the HBVLD samples (p < 2.22 × 10−16) (Figure 2D). The six CpGs and their combination six-CpG-scorer also showed diagnostic accuracy (Figure 2E and Supplementary Table S4). According to determining of maximum Youden index, 0 severed as the optimal cutoff point of risk score. Therefore, we classified those patients with risk score < 0 as low-risk group, and those with risk score ≥ 0 as high-risk group. The distribution of demographic and clinical characteristics did not vary significantly between the high-risk and low-risk group (Supplementary Table S5).



Six-CpG-Scorer Signature Was Independent of Clinical Factors

The univariate logistic analysis was performed in 10,000 bootstrap datasets. Six of the 18 candidate variables indicated a higher early HCC risk; among these were higher age (≥43 years), male, individuals with higher AFP, higher six-CpG-scorer, lower TP (<65 g/L), and lower TBil (Table 2).


Table 2 | All 18 variables included in the backwards feature selection analysis.



Four variables were selected by the backward feature selection procedure in 10,000 bootstrap datasets (Table 2). Age, sex, AFP, and six-CpG-scorer signature were independent risk factors for early HCC. The six-CpG-scorer also showed significantly higher predictive accuracy than AFP (Supplementary Table S6) and other demographic and clinical risk factors.



Development of an Individualized Early HCC Diagnosis Nomogram

The early HCC diagnosis model incorporated the four risk predictors and estimated on the 20 complete datasets according to Rubin’s Rule. The prognostic index X (based on logistic regression model coefficients) was: X = −1.0944708 – 0.7183741 × Sex (Male = 0, Female = 1) + 1.7286974 × Age [(<43 years) = 0, (≥ 43 years) = 1)] + 0.2761166 × lg(AFP) + 0.7902764 × six-CpG-scorer. The calculation of the predicted risk of early HCC from HBVLD was as follows: risk of  . It presented as the early HCC nomogram (eHCC nomogram) (Figure 3A).




Figure 3 | Performance evaluation and clinical usefulness of the eHCC nomogram. (A) Nomogram was based on age, sex, alpha-fetoprotein (AFP), and the six-CpG-scorer. (B) Calibration curves of the eHCC nomogram in the training dataset. The x-axis represented the predicted probability of early HCC risk from nomogram. The y-axis represented the actual early HCC rate. The blue diagonal dotted line represented a perfect performance by an ideal nomogram. The red dotted line represented the performance of the eHCC nomogram; the green solid line represented bootstrap-corrected performance of eHCC nomogram. (C) Area under the receiver operating characteristic curve (AUROC) of eHCC nomogram in training dataset. Data were AUROC (95% CI). (D) Decision curve analysis (DCA) of the nomogram predicted early HCC in the training set. The x-axis indicated the threshold probability and the y-axis indicated the net benefit. The blue curve represented the eHCC nomogram. The red line indicated the assumption that all patients were early HCC. The horizontal green line indicated the assumption that there were early HCC. eHCC, early hepatocellular carcinoma.





Estimation for the C-Statistics and Brier Score by Bootstrap Validation

Internal validation was performed using the 500 times resampling enhanced bootstrap method from each of the 20 complete datasets. The result showed negligible model optimism. The apparent C-statistics and apparent Brier score was 0.805 and 0.200, respectively. The optimism of the C-statistics and Brier score was −0.0042 and 0.00164, respectively. The adjusted C-statistics and Brier score was 0.809 and 0.199, respectively.



Diagnostic Performance and Clinical Usefulness of eHCC Nomogram

The AUROC of the model was 0.81 (95% CI, 0.77–0.85) in the training set. The sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) when used in differentiating the early HCC from HBVLD were 70.0%, 77.8%, 74.4%, and 73.6%, respectively. The calibration curve of the eHCC nomogram for the probability of early HCC demonstrated good agreement between prediction and observation in the training set (Figure 3B). The decision curve analysis of the eHCC nomogram and that for the model without the six-CpG-scorer is presented in Figure 3C. The DCA showed that if the threshold probability of a patient or doctor was >10%, using eHCC nomogram to predict early HCC adds more benefit than either the treat-all-patients scheme or the treat-none scheme (Figure 3D).



Diagnostic Performance of the eHCC Nomogram in the Test Set

We further enrolled 212 patients including 111 HBVLD and 101 early HCC to serve as the test set for validation of the diagnostic potential. The risk score was significantly increased in the early HCC versus the HBVLD group in the test set (p = 2.7×10–7) (Figure 4A). The eHCC nomogram achieved an AUROC value of 0.84 (95% CI 0.79–0.88) between the early HCC and HBVLD (Figure 4B). The calibration curve demonstrated good agreement between prediction and observation in early HCC (Figure 4C). The sensitivity, specificity, PPV, and NPV were used in differentiating the early HCC from HBVLD and were 68.9%, 82.9%, 80.0%, and 71.8%, respectively. The nomogram also indicated good clinical benefits in DCA, which suggested an obvious diagnosis efficacy for early HCC from HBVLD (Figure 4D).




Figure 4 | Diagnostic performance of the eHCC nomogram in the test set. (A) The risk score was significantly increased in the early HCC samples versus the HBVLD group (p = 2.7×10–7). (B) Area under the receiver operating characteristic curve (AUROC) of eHCC nomogram in the test set. Data were AUROC (95% CI). (C) Calibration curves of the eHCC nomogram in the test set. The x-axis represented the predicted probability of HCC risk from nomogram. The y-axis represented the actual HCC rate. The blue diagonal dotted line represented a perfect performance by an ideal nomogram. The red dotted line represented the performance of the eHCC nomogram, and the green solid line represented bootstrap-corrected performance of eHCC nomogram. (D) Decision curve analysis (DCA) of the nomogram predicted early HCC in the test set. The x-axis indicated the threshold probability, and the y-axis indicated the net benefit. The blue curve represented the eHCC nomogram. The red line indicated the assumption that all patients were HCC. The horizontal green line indicated the assumption that there were early HCC. eHCC, early hepatocellular carcinoma.






Discussion

The identification of differentially methylated CpG genome-wide from the Methylation Chip (450K and EPIC) often required a test and/or replication in extra cohorts. The pyrosequencing, bisulfite-conversion-based methylation PCR, PCR cloning, and Sanger sequencing method were laborious and involved fussy work for detection methylation of each CpG site and inevitable increase of inter-batch differences in large samples. The deep sequencing of specific target CpGs often called for MBS, which is based on the NGS method to assess the methylation status at target DNA regions and with very high coverage (13). The important and commendable characteristics of MBS were low cost, low DNA input, and high repeatability and scalability. In addition, the MBS was compatible with common NGS platforms using standard equipment, making it available to most laboratories (23). Construction of amplicon libraries according to a target CpG panel was a key step of MBS. In multiplex PCR using bisulfite converted DNA as template, mixed-base primers, whose pyrimidine base Y contains a “mixture” of cytosines and thymines at the cytosine site and whose purine base R contains a mixture of guanines and adenines at the guanine site, greatly affected the amplification efficiency and led to a decrease in library quality. In the design of this study, we applied 34 “CpG-free” primer pairs (i.e., primers that do not bind to a region containing CpG dinucleotides) targeting each region covering candidate CpGs, which had been considered to produce “non-preferential” amplification of bisulfite-converted DNA genome (24). We successfully establish a version of the “CpG-free” primer pair panel applied in MBS to simultaneously investigate the methylation status of 34 candidate CpGs across a large sample size (n = 654). The complete and accurate methylation data of 34 candidate CpGs allowed us to screen out and integrate into a six-CpG-scorer with application of LASSO regression.

CpG methylation served as an apparatus focused on non-invasive biomarkers for chronic diseases {age-related diabetes (25), diabetic embryopathy (26), coronary heart disease (27), nonalcoholic fatty liver disease (28), or cancer [bladder cancer (29), rectal cancer (30), and HCC (31)]} and had been set up by compelling studies. Our recent study looked at CpG methylation alterations of HBV-related liver disease and developed a model discriminating compensated cirrhosis patients from CHB and decompensated cirrhosis ones based on two CpG biomarkers (32). Our previous study also supported the feasibility of using 350 CpGs for detection of each stages of HCC from healthy control (9). In this study, we successfully established and validated a novel diagnostic nomogram based on the six-CpG-scorer to distinguish early HCC patients from CHB and LC ones. Furthermore, this proposed six-CpG-scorer can diagnose the early HCC better than other demographic and characteristics risk factors. Meanwhile, eHCC nomogram validated considerable diagnostic potential to early HCC and indicated good clinical benefits in DCA.

The CpGs serving as independent risk factors of HCC from mining analysis of Methylation Chip data might point out a novel trace for the exploration of HCC progress mechanism. Based on the Illumina Human Beadchip 27K array, sphingomyelin phosphodiesterase 3 (SMPD3) and neurofilament, heavy polypeptide (NEFH) were found to behave as tumor suppressor genes in HCC after validation in vitro and in vivo (33). Gentilini et al. applied the Methylation 450K BeadChip array and showed that four epigenetically regulated candidate genes [adherens junctions associated protein 1 (AJAP1), adenosine deaminase RNA specific B2 (ADARB2), protein tyrosine phosphatase receptor type N2 (PTPRN2), and sidekick cell adhesion molecule 1 (SDK1)] were potentially involved in the pathogenesis of HCC (34). The finding of AJAP1 was consistent with clinical observation of low AJAP1 expression as an independent factor for predicting disease-free survival (DFS) (35). Mechanically, AJAP1 could block epithelial-to-mesenchymal transition (EMT) via suppressing β-catenin/zinc finger E-box binding homeobox 1 (ZEB1) signaling.

In this study, cg14171514 was located within the 5’UTR of the neuroblast differentiation-associated protein (AHNAK) gene, and significantly hypomethylated both in the PBMC DNA of early HCC patients compared with HBVLD ones in this study. Consistently, the aberrant hypomethylation status in the AHNAK gene promoter region from HCC patients’ PBMC DNA was verified in methylation-specific PCR (MSP) results of our previous studies (36). Aberrant AHNAK methylation level in PBMC DNA was associated with HCC. In addition, AHNAK mRNA had been reported to be overexpressed in liver cancer tissues by qPCR (36) and the cancer genome atlas (TCGA) data (Supplementary Figure S1). Our novel results from immunoprecipitation in combination with mass spectrometry (IP-MS) analysis strongly indicated that AHNAK protein was involved in and promoted HCC progress (data not published). The cg18087306 was located within the body of Lamin B2 (LMNB2) gene, whose expression level in HCC tissue was higher relative to peritumor tissue. LMNB2 was a promising HCC prognostic and diagnostic biomarker (37).



Conclusions

We had shown characteristic changes of 34 CpGs in HBVLD and early HCC across a clinical cohort, identified the six-CpG-scorer, and validated their diagnostic efficacy. Thus, we proposed that the six-CpG-scorer-based nomogram is a potential non-invasive diagnostic tool for early HCC from HBVLD, and performed internal validation using the 500 times resampling enhanced bootstrap method from each of the 20 complete datasets to evaluate the stability and then applied it to the test set for validation. The external validation of the monogram will be needed in much larger cohorts from different centers or regions to promote the efficacy and stability to further benefit HCC populations.



Data Availability Statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.



Ethics Statement

The studies involving human participants were reviewed and approved by Ethics Committee of the Beijing You’An Hospital. The patients/participants provided their written informed consent to participate in this study.



Author Contributions

YHZ and KL conceived and designed the experiments. KL, YS, LQ, and AL performed all of the experiments. YS designed multiplex bisulfite sequencing and acquired raw data. KL, LR, and SJ conducted the statistical analysis. KL, LQ, CZ, JS, and YZ contributed to collection and processing of samples. All authors contributed to the article and approved the submitted version.



Funding

This project was supported by grants from the National Key R&D Program of China (2020YFE0202400), Beijing Natural Science Foundation (7202069 and 7191004), Capital’s Funds of Health Improvement and Research (CFH2020-1-2182 and CFH2020-2-1153), Beijing Municipal Science & Technology Commission (Z171100001017078), and Beijing Key Laboratory (BZ0373).



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2021.756326/full#supplementary-material



References

1. Venook, AP, Papandreou, C, Furuse, J, and Ladrón de Guevara, L. The Incidence and Epidemiology of Hepatocellular Carcinoma: A Global and Regional Perspective. Oncol (2010) 15(S4):5–13. doi: 10.1634/theoncologist.2010-S4-05

2. Hsu, YS, Chien, RN, Yeh, CT, Sheen, IS, Chiou, HY, Chu, CM, et al. Long-Term Outcome After Spontaneous HBeAg Seroconversion in Patients With Chronic Hepatitis B. Hepatology (2002) 35(6):1522–7. doi: 10.1053/jhep.2002.33638

3. El-Serag, HB. Hepatocellular Carcinoma. N Engl J Med (2011) 365(12):1118–27. doi: 10.1056/NEJMra1001683

4. Liu, M, Tseng, T-C, Jun, DW, Yeh, M-L, Trinh, H, Wong, GLH, et al. Transition Rates to Cirrhosis and Liver Cancer by Age, Gender, Disease and Treatment Status in Asian Chronic Hepatitis B Patients. Hepatol Int (2021) 15:71–81. doi: 10.1007/s12072-020-10113-2

5. Liu, F, Wang, X-W, Chen, L, Hu, P, Ren, H, and Hu, H-D. Systematic Review With Meta-Analysis: Development of Hepatocellular Carcinoma in Chronic Hepatitis B Patients With Hepatitis B Surface Antigen Seroclearance. Aliment Pharmacol Ther (2016) 43(12):1253–61. doi: 10.1111/apt.13634

6. Guerrieri, F, Belloni, L, D'Andrea, D, Pediconi, N, Le Pera, L, Testoni, B, et al. Genome-Wide Identification of Direct HBx Genomic Targets. BMC Genomics (2017) 18(1):017–3561. doi: 10.1186/s12864-017-3561-5

7. Buendia, MA, and Neuveut, C. Hepatocellular Carcinoma. Cold Spring Harb Perspect Med (2015) 5(2):a021444. doi: 10.1101/cshperspect.a021444

8. Gehring, AJ, Ho, ZZ, Tan, AT, Aung, MO, Lee, KH, Tan, KC, et al. Profile of Tumor Antigen-Specific CD8 T Cells in Patients With Hepatitis B Virus-Related Hepatocellular Carcinoma. Gastroenterology (2009) 137(2):682–90. doi: 10.1053/j.gastro.2009.04.045

9. Zhang, Y, Petropoulos, S, Liu, J, Cheishvili, D, Zhou, R, Dymov, S, et al. The Signature of Liver Cancer in Immune Cells DNA Methylation. Clin Epigenetics (2018) 10(1):8. doi: 10.1186/s13148-017-0436-1

10. Long, J, Chen, P, Lin, J, Bai, Y, Yang, X, Bian, J, et al. DNA Methylation-Driven Genes for Constructing Diagnostic, Prognostic, and Recurrence Models for Hepatocellular Carcinoma. Theranostics (2019) 9(24):7251–67. doi: 10.7150/thno.31155

11. Sceusi, EL, Loose, DS, and Wray, CJ. Clinical Implications of DNA Methylation in Hepatocellular Carcinoma. HPB (Oxford) (2011) 13(6):369–76. doi: 10.1111/j.1477-2574.2011.00303.x

12. Jiang, HY, Ning, G, Wang, YS, and Lv, WB. 14-CpG-Based Signature Improves the Prognosis Prediction of Hepatocellular Carcinoma Patients. BioMed Res Int (2020) 8:9762067. doi: 10.1155/2020/9762067

13. Rainbow, DB, Yang, X, Burren, O, Pekalski, ML, Smyth, DJ, Klarqvist, MD, et al. Epigenetic Analysis of Regulatory T Cells Using Multiplex Bisulfite Sequencing. Eur J Immunol (2015) 45(11):3200–3. doi: 10.1002/eji.201545646

14. Sarin, SK, Kumar, M, Lau, GK, Abbas, Z, Chan, HL, Chen, CJ, et al. Asian-Pacific Clinical Practice Guidelines on the Management of Hepatitis B: A 2015 Update. Hepatol Int (2016) 10(1):1–98. doi: 10.1007/s12072-015-9675-4

15. Liver EAFTSOT. EASL Clinical Practice Guidelines: Management of Chronic Hepatitis B Virus Infection. J Hepatol (2012) 57(1):167–85. doi: 10.1016/j.jhep.2012.02.010

16. Friedman, J, Hastie, T, and Tibshirani, R. Regularization Paths for Generalized Linear Models via Coordinate Descent. J Stat Software (2010) 33(1):1–22. doi: 10.18637/jss.v033.i01

17. van Buuren, S, and Groothuis-Oudshoorn, K. Mice: Multivariate Imputation by Chained Equations in R. J Stat Software (2011) 45(3):1–67. doi: 10.18637/jss.v045.i03

18. Harrell, FE. Regression Modeling Strategies: With Applications, to Linear Models, Logistic and Ordinal Regression, and Survival Analysis, 2nd Ed. Heidelberg: Springer. Biometrics (2016) 72:1006. doi: 10.1111/biom.12569

19. Heymans, MW, van Buuren, S, Knol, DL, van Mechelen, W, and de Vet, HC. Variable Selection Under Multiple Imputation Using the Bootstrap in a Prognostic Study. BMC Med Res Methodol (2007) 7(33):1471–2288. doi: 10.1186/1471-2288-7-33

20. Eekhout, I, van de Wiel, MA, and Heymans, MW. Methods for Significance Testing of Categorical Covariates in Logistic Regression Models After Multiple Imputation: Power and Applicability Analysis. BMC Med Res Methodol (2017) 17(1):129. doi: 10.1186/s12874-017-0404-7

21. Markaki, M, Tsamardinos, I, Langhammer, A, Lagani, V, and Hveem, K. Røe OD. A Validated Clinical Risk Prediction Model for Lung Cancer in Smokers of All Ages and Exposure Types: A HUNT Study. EBioMedicine (2018) 31:36–46. doi: 10.1016/j.ebiom.2018.03.027

22. Bossuyt, PM, Reitsma, JB, Bruns, DE, Gatsonis, CA, Glasziou, PP, Irwig, L, et al. STARD 2015: An Updated List of Essential Items for Reporting Diagnostic Accuracy Studies. BMJ (2015) 28(351):h5527. doi: 10.1136/bmj.h5527

23. Korbie, D, Lin, E, Wall, D, Nair, SS, Stirzaker, C, Clark, SJ, et al. Multiplex Bisulfite PCR Resequencing of Clinical FFPE DNA. Clin Epigenetics (2015) 7(1):15–67. doi: 10.1186/s13148-015-0067-3

24. Clark, SJ, Harrison, J, Paul, CL, and Frommer, M. High Sensitivity Mapping of Methylated Cytosines. Nucleic Acids Res (1994) 22(15):2990–7. doi: 10.1093/nar/22.15.2990

25. Grant, CD, Jafari, N, Hou, L, Li, Y, Stewart, JD, Zhang, G, et al. A Longitudinal Study of DNA Methylation as a Potential Mediator of Age-Related Diabetes Risk. Geroscience (2017) 39(5-6):475–89. doi: 10.1007/s11357-017-0001-z

26. Schulze, KV, Bhatt, A, Azamian, MS, Sundgren, NC, Zapata, GE, Hernandez, P, et al. Aberrant DNA Methylation as a Diagnostic Biomarker of Diabetic Embryopathy. Genet Med (2019) 21(11):2453–61. doi: 10.1038/s41436-019-0516-z

27. Horvath, S, Gurven, M, Levine, ME, Trumble, BC, Kaplan, H, Allayee, H, et al. An Epigenetic Clock Analysis of Race/Ethnicity, Sex, and Coronary Heart Disease. Genome Biol (2016) 17(1):016–1030. doi: 10.1186/s13059-016-1030-0

28. Hyun, J, and Jung, Y. DNA Methylation in Nonalcoholic Fatty Liver Disease. Int J Mol Sci (2020) 21:8138. doi: 10.3390/ijms21218138

29. Kitchen, MO, Bryan, RT, Emes, RD, Luscombe, CJ, Cheng, KK, Zeegers, MP, et al. HumanMethylation450K Array-Identified Biomarkers Predict Tumour Recurrence/Progression at Initial Diagnosis of High-Risk Non-Muscle Invasive Bladder Cancer. biomark Cancer (2018) 8(10):1179299–17751920. doi: 10.1177/1179299X17751920

30. Exner, R, Pulverer, W, Diem, M, Spaller, L, Woltering, L, Schreiber, M, et al. Potential of DNA Methylation in Rectal Cancer as Diagnostic and Prognostic Biomarkers. Br J Cancer (2015) 113(7):1035–45. doi: 10.1038/bjc.2015.303

31. Villanueva, A, Portela, A, Sayols, S, Battiston, C, Hoshida, Y, Méndez-González, J, et al. DNA Methylation-Based Prognosis and Epidrivers in Hepatocellular Carcinoma. Hepatology (2015) 61(6):1945–56. doi: 10.1002/hep.27732

32. Li, K, Qin, L, Jiang, S, Li, A, Zhang, C, Liu, G, et al. The Signature of HBV-Related Liver Disease in Peripheral Blood Mononuclear Cell DNA Methylation. Clin Epigenetics (2020) 12(1):81. doi: 10.1186/s13148-020-00847-z

33. Revill, K, Wang, T, Lachenmayer, A, Kojima, K, Harrington, A, Li, J, et al. Genome-Wide Methylation Analysis and Epigenetic Unmasking Identify Tumor Suppressor Genes in Hepatocellular Carcinoma. Gastroenterology (2013) 145(6):1424–35. doi: 10.1053/j.gastro.2013.08.055

34. Gentilini, D, Scala, S, Gaudenzi, G, Garagnani, P, Capri, M, Cescon, M, et al. Epigenome-Wide Association Study in Hepatocellular Carcinoma: Identification of Stochastic Epigenetic Mutations Through an Innovative Statistical Approach. Oncotarget (2017) 8(26):41890–902. doi: 10.18632/oncotarget.17462

35. Ezaka, K, Kanda, M, Sugimoto, H, Shimizu, D, Oya, H, Nomoto, S, et al. Reduced Expression of Adherens Junctions Associated Protein 1 Predicts Recurrence of Hepatocellular Carcinoma After Curative Hepatectomy. Ann Surg Oncol (2015) 22(3):015–4695. doi: 10.1245/s10434-015-4695-9

36. Sun, L, Li, K, Liu, G, Xu, Y, Zhang, A, Lin, D, et al. Distinctive Pattern of AHNAK Methylation Level in Peripheral Blood Mononuclear Cells and the Association With HBV-Related Liver Diseases. Cancer Med (2018) 7(10):5178–86. doi: 10.1002/cam4.1778

37. Kong, W, Wu, Z, Yang, M, Zuo, X, Yin, G, and Chen, W. LMNB2 is a Prognostic Biomarker and Correlated With Immune Infiltrates in Hepatocellular Carcinoma. IUBMB Life (2020) 72(12):2672–85. doi: 10.1002/iub.2408




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 Li, Song, Qin, Li, Jiang, Ren, Zang, Sun, Zhao and Zhang. 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: 12 November 2021

doi: 10.3389/fonc.2021.743824

[image: image2]


Elevated Sodium Pump α3 Subunit Expression Promotes Colorectal Liver Metastasis via the p53-PTEN/IGFBP3-AKT-mTOR Axis


Di Wu 1†, Hong-Qiang Yu 1†, Hao-Jun Xiong 1, Yu-Jun Zhang 1, Xiao-Tong Lin 1, Jie Zhang 1, Wu Wu 1,2, Teng Wang 3, Xiao-Yu Liu 3,4 and Chuan-Ming Xie 1*


1 Key Laboratory of Hepatobiliary and Pancreatic Surgery, Institute of Hepatobiliary Surgery, Southwest Hospital, Third Military Medical University (Army Medical University), Chongqing, China, 2 Department of Hepatobiliary Surgery, The Second Affiliated Hospital of Chongqing Medical University, Chongqing, China, 3 Department of Oncology, Affiliated Hospital of Jiangnan University, Wuxi, China, 4 School of Medicine, Southern University of Science and Technology, Shenzhen, China




Edited by: 

Yuming Jiang, Stanford University, United States

Reviewed by: 

Devanjan Sinha, Banaras Hindu University, India

Lei Zhang, Sun Yat-sen University, China

Zhengshui Xu, The First Affiliated Hospital of Xi’an Jiaotong University, China

*Correspondence: 

Chuan-Ming Xie
 chuanming506@126.com; cmxie@tmmu.edu.cn

†These authors have contributed equally to this work

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


Received: 19 July 2021

Accepted: 26 October 2021

Published: 12 November 2021

Citation:
Wu D, Yu H-Q, Xiong H-J, Zhang Y-J, Lin X-T, Zhang J, Wu W, Wang T, Liu X-Y and Xie C-M (2021) Elevated Sodium Pump α3 Subunit Expression Promotes Colorectal Liver Metastasis via the p53-PTEN/IGFBP3-AKT-mTOR Axis. Front. Oncol. 11:743824. doi: 10.3389/fonc.2021.743824



The sodium pump α3 subunit is associated with colorectal liver metastasis. However, the underlying mechanism involved in this effect is not yet known. In this study, we found that the expression levels of the sodium pump α3 subunit were positively associated with metastasis in colorectal cancer (CRC). Knockdown of the α3 subunit or inhibition of the sodium pump could significantly inhibit the migration of colorectal cancer cells, whereas overexpression of the α3 subunit promoted colorectal cancer cell migration. Mechanistically, the α3 subunit decreased p53 expression, which subsequently downregulated PTEN/IGFBP3 and activated mTOR, leading to the promotion of colorectal cancer cell metastasis. Reciprocally, knockdown of the α3 subunit or inhibition of the sodium pump dramatically blocked this effect in vitro and in vivo via the downregulation of mTOR activity. Furthermore, a positive correlation between α3 subunit expression and mTOR activity was observed in an aggressive CRC subtype. Conclusions: Elevated expression of the sodium pump α3 subunit promotes CRC liver metastasis via the PTEN/IGFBP3-mediated mTOR pathway, suggesting that sodium pump α3 could represent a critical prognostic marker and/or therapeutic target for this disease.
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Introduction

Colorectal cancer (CRC) is one of the most common malignancies and the third most common cause of cancer-related mortality in the world (1, 2). Metastasis is the major cause of poor outcomes in CRC patients. The liver is frequently the most common site of metastasis in more than 50% of patients with CRC (3, 4). Surgical resection remains the only potential curative therapeutic option, but less than 20% of patients are eligible for surgical resection because they do not meet the criteria (5). The underlying mechanisms of CRC liver metastasis are not well understood, which limits the efficacy of chemotherapy.

Na+/K+-translocating adenosine triphosphatase (Na+/K+-ATPase, also named sodium pump) belongs to the P-type ATPase family that transports sodium and potassium across the plasma membrane (6, 7). The sodium pump is an oligomeric protein composed of α subunits, β subunits and FXYD proteins. Humans express four isoforms of α subunits, three isoforms of β subunits and seven isoforms of FXYD proteins (8–10). These four α isoforms are expressed in a tissue-dependent manner in mammalian cells. α1 is expressed in all cells, while α2 is predominantly expressed in the heart, skeletal tissue, smooth muscle and brain (11–13). α3 is detected in neurons and heart. α4 is primarily expressed in testis (11, 12, 14). Numerous studies have indicated that sodium pumps are abnormally expressed in various cancers, including CRC, lung cancer, breast cancer, and liver cancer (8, 15–17). The sodium pump is a main target of cardiac glycosides, including bufalin and digoxin (18). Cardiac glycosides, which are therapeutic agents for heart failure treatment, are natural compounds derived from plants and animals, such as Digitalis lanata and Bufo arenarum (19, 20). These compounds display higher selectivity for the α2 and α3 isoforms over the α1 isoform (21). Previous studies by our group and others have demonstrated that the α3 subunit is the most highly expressed subunit in colorectal cancer (22, 23). Taken together, cardiac glycosides may be potential therapeutic drugs for CRC patients with high α3 expression.

The tumor suppressor protein p53 plays an important role in the prevention of carcinogenesis. p53 regulates cell proliferation and metastasis via regulation of its downstream targets PTEN, IGFBP3, TSC2, AMPK1, or PHLDA3 (24, 25). PTEN, TSC2 and AMPK1 are negative regulators of mTOR activation. IGFBP3 and PHLDA3 inactivate mTOR via PI3K/AKT (26, 27). mTOR is a critical pathway related to metastasis (28). Current studies have reported that more than 40-50% of CRC patients have wild-type p53 (29, 30). In this study, we found that elevated expression of sodium pump α3 promoted CRC liver metastasis via downregulation of p53-PTEN/IGFBP3 and upregulation of mTOR activity. Targeting sodium pumps with the cardiac glycoside bufalin significantly attenuated CRC liver metastasis.



Materials and Methods


Reagents and Antibodies

Bufalin (S7821) was obtained from Selleck Industries LLC (Shanghai, China). Fetal bovine serum (FBS; 16000-044), Dulbecco’s modified Eagle’s medium DMEM (C11995500bt), McCoy’s 5A medium (16600082) and L15 medium (11415064) were purchased from Gibco (Thermo Fisher Scientific, Inc., Waltham, MA, USA). Anti-mouse IgG-HRP (7076), anti-rabbit IgG-HRP (7074), anti-mTOR (2972S), anti-p-mTOR [(Ser2448) 5536S], anti-p-AKT [(Ser473) 4060S], anti-PTEN (9188S), anti-p-S6K [(Thr389) 9234S], anti-E-cadherin (14472S), and anti-p-4EBP1 [(Thr37/46) 2855S] antibodies were obtained from Cell Signaling Technology, Inc. (Danvers, MA, USA). Anti-vimentin (10366-I-AP), anti-IGFBP3 (10189-2-AP), anti-p53 (10442-I-AP), anti-sodium pump α3 (10868-I-AP), and anti-β-actin (60008-I-Ig) antibodies were obtained from Proteintech (Wuhan, China). Anti-mouse Flag (F1804) antibody was obtained from Sigma.



Human Subjects

In total, 91 human CRC tissue specimens and paired adjacent paraffin tissue specimens were obtained from the Affiliated Hospital of Jiangnan University, Jiangsu, P.R. China. The tissue samples were used for immunohistochemical (IHC) analyses. This study was approved by the Ethics Committee of Affiliated Hospital of Jiangnan University, and all of the patients provided informed consent. Detailed clinical and pathological data were obtained from each patient.



Cell Culture

Human colon cancer HCT-116, HT29, SW620, and SW480 cells and normal colon CCD841 cells were purchased from American Type Culture Collection (ATCC). HCT-116 cells were cultured in McCoy’s 5 A medium, HT29 and CCD841 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM), and SW620 and SW480 cells were cultured in L15 medium. All the experiments were carried out in medium containing 10% FBS, 100 U/ml penicillin and 100 mg/ml streptomycin (Invitrogen) at 37°C in 5% CO2.



Reverse Transcription PCR

Total RNA was extracted using RNAiso plus (9109, Takara). Complementary DNA was synthesized using the Prime Script™ RT Reagent Kit with gDNA Eraser (RR047A, Takara) according to the manufacturer’s instructions. Quantitative real-time PCR (qPCR) was performed using TB Green™ Premix Ex Taq™ II (Tli RNaseH Plus; RR820A, Takara). The PCR cycle parameters were as follows: 95°C for 30 s, followed by 40 cycles at 95°C for 5 s and 60°C for 1 min. The results were obtained with CFX96™ Real-time System 3.0 software (Applied Bio-Rad) and further analyzed by the 2–ΔΔct method. Anti-β-actin was used as a loading control. The results are shown as the fold-change relative to the control group. The primer-specific sequences were as follows:

	α1- Forward: 5’- AGTACACGGCAGTGATCTAAAGG-3’;

	α1- Reverse: 5’-CAGTCACAGCCACGATAGCAC-3’;

	α2- Forward: 5’-GGAGATGCAAGATGCCTTTCA3’;

	α2- Reverse: 5’-GCTCATCCGTGTCGAATTTGA3’;

	α3- Forward: 5’- GACCTCATTTGACAAGAGTTCGC-3’;

	α3-Reverse: 5’- GGGCAGACTCAGACGCATC-3’;

	β1-Forward: 5’-CGGGAAAGCCAAGGAGGAG-3’

	β1- Reverse: 5’-TCTGTGTTAATCCTGGCGGG-3’

	β2-Forward: 5’-CGTGCTTTTGGGTGTGTGGA-3’

	β2- Reverse: 5’-AGAAGAGGAGGATAAAGGCCCA-3’

	β3-Forward: 5’-TCGAGTACTCCCCGTAACGA-3’

	β3- Reverse: 5’-GAGCAAGATCAAACCCCAGC-3’

	PTEN-Forward: 5’-CTCAGCCGTTACCTGTGTGT-3’;

	PTEN-Reverse: 5’-AGGTTTCCTCTGGTCCTGGT-3’;

	TSC2-Forward:5’-TACGAGTGCAACCTGGTGTC-3’;

	TSC2-Reverse:5’-GAGGCCATATTTGCGTGCAG-3’;

	Ampk1-Forward:5’-AAAGTCGGCGTCTGTTCCAA-3’;

	Ampk1-Reverse:5’-GGGCCTGCATACAATCTTCCT-3’;

	IGFBP3-Forward:5’-TGTGGCCATGACTGAGGAAA-3’;

	IGFBP3-Reverse:5’-TGCCGACCTTCTTGGGTTT-3’;

	PHDLA3-Forward:5’-CAGTAGGGGCTGAGCATGAA-3’;

	PHDLA3-Reverse: 5’-GCAGTCTGCAGAACCCAGAA-3’;

	β-actin-Forward: 5’GAGAAAATCTGGCACCACACC-3’; and

	β-actin-Reverse: 5’GGATAGCACAGCCTGGATAGCAA -3’;





Western Blotting

The procedure for Western blotting analysis was described in a previous report (31). Briefly, cells were lysed with lysis buffer (20 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM DTT, 1 mM sodium orthovanadate, 1 lg/ml leupeptin, 1 mM phenylmethylsulfonyl fluoride) on ice for 1 h. The protein concentration was determined with the Coomassie Protein Assay reagent. Equal amounts of protein extracts (10-50 μg) were separated by 10-12% sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) and transferred to nitrocellulose filter (NC) membranes. The membranes were blocked in 5% nonfat milk in Tris-buffered saline containing 0.1% Tween 20 (TBST) for 2 h at room temperature and then incubated with primary antibodies (1:1000) overnight at 4°C. After washing three times with TBST, the membrane was incubated with a peroxidase-conjugated secondary antibody for 1 h, developed with ECL reagent and analyzed by densitometric analyses using the Bio-Rad Imaging System. The intensity of each band was quantified using ImageJ and normalized to β-Actin. The data are expressed as relative changes.



Small Interfering RNA Transfection

The cells were transfected with a negative control siRNA or siRNA targeting α3 or p53 at a 90 nM concentration for each siRNA duplex in Opti-MEM via Lipofectamine 2000 according to the manufacturer’s protocol. The siRNA oligos were purchased from Shanghai Gene Pharma Co., Ltd. (Shanghai, China), and their sequences were as follows: siα3#1, 5’-ACGACAACCGAUACCUGCUGGUGAU-3’; siα3#2, 5’-GCGUGCUUGGUUUCUGCCAUUAUUA-3’; sip53#1, 5’-GAAAUUUGCGUGUGGAGUATT-3’; sip53#2, 5’-GACUCCAGUGGUAAUCUACTT-3’; a nontarget siRNA (siControl), 5’-UCUACGAGGCACGAGACUU-3’.



Transwell Assay

Cell migration and invasion were evaluated by Transwell assay. Briefly, the cells were adjusted to a concentration of approximately 1×105 cells/ml in serum-free medium, 200 μl of the cell suspension was added to the upper chamber with (for cell invasion) or without (for cell migration) matrigel, and 600 μl of DMEM containing 20% FBS was added to the lower chamber. The cells were incubated in the Transwells for 24 or 48 h. A cotton-tipped applicator was used to carefully remove the cells that had not migrated/invaded from the top of the membrane. The membrane was washed twice with PBS, fixed with 4% formaldehyde for 15 min, and then stained with 0.5% crystal violet. The migrated cells were observed and photographed under a light microscope.



Immunohistochemistry Staining

The procedure for immunohistochemistry staining was described in a previous report (32). Paraffin-embedded tissues were sectioned to a thickness of 3 μm. After routine deparaffinization, rehydration, blocking with hydrogen peroxide, and tissue antigen retrieval with a microwave, the samples were incubated with rabbit anti-α3 polyclonal antibody (sc-365744, 1:300, Santa Cruz Biotechnology) or rabbit anti-p-4EBP1 antibody (#2855, 1:300, Cell Signaling Technology) overnight at 4°C. The slides were stained with secondary antibody, incubated with DAB (ZSGB-BIO, China), and then counterstained with hematoxylin. The stained slides were evaluated independently by 2 investigators who were unaware of the clinical parameters.



Tumor Orthotopic Xenograft Mouse Model

To investigate the role of sodium pump α3 on the metastatic effect of CRC in vivo, we established a liver metastasis model using 8-week-old female, specific pathogen-free BALB/c nude mice. All the mice were housed in a specific pathogen-free environment in the Animal Laboratory Unit. HCT-116 cells (5×106 cells in 100 μl serum-free DMEM medium) were subcutaneously inoculated into the right flank of the nude mice. After two weeks, the tumors were isolated and cut into 2-3 mm2 pieces and implanted into the cecum of 8-week-old female nude mice to generate an orthotopic xenograft mouse model. For the α3 decreased expression model, HCT-116 cells stably expressing shRNA-control or shRNA α3 were used. For the drug treatment model, HCT-116 cells were used to generate an orthotopic xenograft mouse model, and the mice were treated with the sodium pump inhibitor bufalin (1.5 mg/kg) every other day for six weeks. Finally, the mice were euthanized, and liver samples were collected. The metastatic nodules were counted. All the animal experiments were approved by the Institutional Animal Care and Use Committee of Third Military Medical University.



Statistical Analysis

The Pearson χ2 test or Fisher’s exact test was used to analyze the correlation between α3 expression and the clinicopathological features of the CRC patients. OS was estimated using the Kaplan-Meier method. Student’s t-test was used for comparison of two groups or one-way analysis of variance (ANOVA) for comparison of more than two groups followed by Tukey’s multiple comparison test. For multiple testing, a Bonferroni post hoc test of p-values was used using GraphPad Prism 6 (GraphPad, Inc., San Diego, CA, USA). The data are expressed as the mean ± SEM of at least three independent experiments. A p value <0.05 was considered to be statistically significant.




Results


High Expression of α3 Is Associated With Metastasis of CRC

To investigate the function of sodium pumps in CRC, we examined the expression levels of the α and β isoforms of sodium pumps in CRC cell lines by qPCR. We found that α3 expression levels in HCT-116 cells were much higher than those in other CRC cell lines (HT29, SW620 and SW480 cells) and the normal colon cell line CCD841 (Figure 1A). Consistent with this finding, the migration and invasion rates were significantly higher in the HCT-116 cell line than in other colorectal cancer cell lines (Figure 1B). We wanted to know whether the expression level of α3 was associated with metastasis in CRC. We next knocked down α3 in HCT-116 cells with high α3 expression and found that knockdown of α3 could significantly inhibit cell migration and invasion (Figures 1C, D). Consistent with this finding, the sodium pump inhibitor bufalin also blocked the migration of HCT-116 cells in a dose-dependent manner (Figure 1E). Reciprocally, we transfected HT29 cells with empty vector or pcDNA3.1-α3(Supplementary Information). Overexpression of α3 in HT29 cells with low α3 expression dramatically promoted cell migration and invasion (Figures 1F, G). Taken together, the expression levels of the sodium pump α3 subunit are positively associated with metastasis of CRC.




Figure 1 | Sodium pump α3 subunit promotes CRC cell migration. (A) The relative mRNA expression levels of sodium pump α and β subunits in colon cancer HCT-116, HT29, SW620 and SW480 cells and normal colon CCD841 cells were examined by qPCR. β-actin was used as an endogenous control. (B) Transwell assays were used to test the migration and invasion ability of HCT-116, HT29, SW480 and SW620 cells. Scale bar, 100 μm. (C, D) HCT-116 cells were transfected with non-targeting siRNA (siCont) or siRNA targeting α3 (siα3) for 48 h. A portion of cells was harvested for Western blotting (C). The other portion was plated into Transwell plates overnight, and migration and invasion were quantified after crystal violet (0.5% w/v) staining (D). n=3-4, biological replicates. (E) HCT-116 cells were treated with bufalin (0, 50, or 100 nM) for 48 h and then plated into Transwell plates overnight. The migrated cells were quantified after crystal violet (0.5% w/v) staining. n=3-4, biological replicates. (F, G) HT29 cells were transfected with empty vector or Flag-α3 plasmids for 48 h. A portion of cells was harvested for Western blotting (F). The other portion was plated into Transwell plates overnight, and migration and invasion were quantified after crystal violet (0.5% w/v) staining (G). n=3-4, biological replicates. Scale bar, 100 µm. The error bars represent SEM from two or three independent experiments. One-way ANOVA with Tukey’s multiple comparisons test was used (B, D, E). Two-way ANOVA with Bonferroni’s multiple comparisons test was used (A). Unpaired student t-test was used in (G), **p ≤ 0.01, ***p ≤ 0.001.





The α3-p53-PTEN/IGFBP3-mTOR Axis Is Associated With Metastasis of CRC

Previous studies indicated that p53 played a critical role in the negative regulation of metastasis (33, 34). As HCT-116 cells express wild-type p53, we therefore wanted to know whether sodium pump α3 promotes CRC metastasis via downregulation of p53-dependent pathways. The p53 downstream targets PTEN, IGFBP3, TSC2, AMPK1 and PhLDA3 were analyzed by qPCR. As shown in Figure 2A, silencing α3 in HCT-116 cells upregulated the transcript levels of PTEN and IGFBP3 but not the levels of TSC2, AMPK1 and PhLDA3, indicating that PTEN and IGFBP3 may be involved in α3-mediated metastasis of CRC. Reciprocally, overexpression of α3 in HT29 cells with low α3 expression downregulated the transcript levels of PTEN and IGFBP3 (Figure 2B). Consistent with these findings, silencing α3 increased p53 expression and that of its downstream targets PTEN and IGFBP3 at the protein level, which was followed by downregulation of the active form of mTOR and AKT and upregulation of the metastatic biomarker E-cadherin (Figure 2C); however, overexpression of α3 attenuated these actions (Figure 2C). Here, we further confirmed that p53 negatively regulated the PTEN/IGFBP3-mediated mTOR-E-cadherin pathway in colon cancer cells (Figure 2D). Furthermore, knockdown of p53 significantly attenuated the effect of silencing α3 on the protein expression of PTEN/IGFBP3/p-mTOR/p-AKT/E-cadherin and migration (Figures 2E, F). The mTOR inhibitors rapamycin and sapanisertib dramatically inhibited the migration of HCT-116 cells (Figure 2G). Together, α3 promotes metastasis of CRC via the p53-PTEN/IGFBP3-mTOR axis.




Figure 2 | α3 promotes CRC cell migration via p53-PTEN/IGFBP3-mediated mTOR. (A, B) The mRNA expression levels of p53 downstream targets PTEN, TSC2, AMPK1, IGFBP3 and PhLDA3 were analyzed by qPCR in HCT-116 cells after knockdown of α3 for 48 h (A) or in HT29 cells upon overexpression of α3 for 48 h (B). (C, D) HCT-116 or HT29 cells were transfected with the indicated plasmids or siRNAs for 48 h. The protein levels of α3, P53, PTEN, IGFBP3, p-AKT, mTOR, p-mTOR, and E-cadherin were analyzed by Western blotting. (E, F) HCT-116 cells were transfected with the indicated siRNAs for 48 h. A portion of cells was harvested for Western blotting (E). The other portions were replated into Transwell plates overnight and stained with crystal violet (0.5% w/v) (F). (G) HCT-116 cells were treated with the mTOR inhibitors rapamycin (Rapa, 0.1 µM) and sapanisertib (Sapa, 0.5 µM) for 48 h, followed by crystal violet (0.5% w/v) staining to test cell migration. Scale bar, 100 µm. The data are expressed as the mean ± SEM (n=3). Two-way ANOVA with Bonferroni’s multiple comparisons test was used in (A, B). One-way ANOVA with Tukey’s multiple comparisons test was used in (F, G). *p ≤ 0.05, ***p ≤ 0.001.





Bufalin Inhibits α3-Mediated CRC Metastasis via the p53-PTEN/IGFBP3-mTOR Pathway

To validate the mechanisms underlying the effects of sodium pump α3 on the migration of CRC cells, we subsequently examined the role of the sodium pump inhibitor bufalin on cell migration. We first observed that bufalin increased the expression of p53 and its targets PTEN and IGFBP3 and decreased the expression p-AKT (Ser473), and p-mTOR (Ser2448), which was followed by upregulation of E-cadherin and downregulation of vimentin in a dose-dependent manner (Figure 3A). We next determined whether the role of bufalin in CRC is dependent on p53. As shown in Figure 3B, silencing p53 partly blocked the bufalin-induced upregulation of PTEN and IGFBP3 expression and then promoted AKT and mTOR activation. Consistent with this finding, silencing p53 dramatically attenuated the bufalin-mediated inhibition of cell migration in HCT-116 cells (Figure 3C). These data demonstrated that bufalin could block the metastasis of CRC via the p53-dependent PTEN/IGFBP3-mTOR pathway.




Figure 3 | Bufalin inhibits the migration of CRC cells via the p53-PTEN/IGFBP3-mTOR axis. (A) HCT-116 or HT29 cells were treated with the sodium pump inhibitor bufalin (0, 10, 25, 50, 100, 200 nM) for 48 h and then harvested for Western blotting analysis. (B, C) HCT-116 cells were transfected with siRNAs targeting p53 in the presence or absence of bufalin (25 nM) for 48 h. A portion of cells were harvested for Western blotting analysis. The other portions were plated into Transwell plates overnight and then stained with crystal violet (0.5% w/v) for cell migration analysis. Scale bar, 100 μm. One-way ANOVA with Tukey’s multiple comparisons test was used. *p ≤ 0.05, **p ≤ 0.01.





Knockdown of α3 or Targeting Sodium Pumps Protects Against Liver Metastasis of CRC In Vivo

To determine the role of sodium pump α3 in CRC liver metastasis, we established an HCT-116 orthotopic xenograft mouse model. As shown in Figure 4A, representative images showed that knockdown of α3 could significantly block HCT-116 cell growth at cecum wall and metastasis to liver compared with the control group, as indicated by decreased primary tumor weight and volume and metastatic nodules in the α3-knockdown group (Figures 4B–D). The tissues were stained by H&E and revealed the decreased CRC liver metastasis in the α3-knockdown group (Figure 4E). Furthermore, the activity of mTOR was analyzed in tissue samples. Knockdown of α3 significantly decreased mTOR activity, as indicated by downregulation of p-mTOR and its target p-4EBP1 (Figure 4F). To validate these findings, we determined the effect of the sodium pump inhibitor bufalin on HCT-116 cell liver metastasis. We found that bufalin significantly inhibited CRC cell growth and the metastasis of the tumor from the cecum to the liver, as indicated by the decrease of tumor weight, tumor volume, and metastatic nodules on liver after bufalin treatment (Figures 5A–E). In addition, consistent with the knockdown effect of α3, bufalin reduced the expression of p-mTOR and p-4EBP1 (Figure 5F). Taken together, interfering with or targeting α3 protects against CRC liver metastasis.




Figure 4 | Knockdown of α3 protects against CRC liver metastasis in vivo. (A–F) An HCT-116 orthotopic xenograft mouse model was established using 8-week-old female mice. Mice were observed for 6 weeks and then euthanized. Knockdown of α3 decreased liver metastasis of HCT116 cells (A). Arrows indicate metastatic nodules. Dashed lines delineate primary xenograft colon tumor grown in the cecum wall. The primary tumor weight and volume were quantified (B, C). The nodule number on the liver surface was also counted (D). n=7 for each group. Student t-test was used. *p < 0.05; **p < 0.01. The liver metastatic nodules were stained by H&E (E). The scale bar represents 50 μm. The expression levels of α3, p-mTOR, and p-4EBP1 in liver tissues were analyzed by Western blotting (F).






Figure 5 | Bufalin inhibits α3-mediated CRC liver metastasis in vivo. (A–F) HCT-116 orthotopic xenograft mice were treated with bufalin (1.5 mg/kg) every other day for six weeks. Inhibition of the sodium pump by bufalin inhibited liver metastasis of HCT116 cells (A). Arrows indicate metastatic nodules. Dashed lines delineate primary xenograft colon tumor grown in the cecum wall. The primary tumor weight and volume were quantified (B, C). The tumor nodule number on the liver surface was counted (D). n=6 for each group. Student t-test was used. *p < 0.05. The liver metastatic nodules were stained by H&E (E). The scale bar represents 50 μm. The expression levels of p-mTOR and p-4EBP1 in liver tissues were analyzed by Western blotting (F).





Correlation Between α3 Expression and mTOR Activity in CRC Tissues

To determine whether α3 is related to CRC, we analyzed the relationship between α3 expression and clinicopathologic characteristics in 91 CRC patients. The results indicated that α3 was highly expressed in 58.24% (53/91) of tumor tissues, and its expression was positively associated with TNM stage and metastasis of CRC patients (Figures 6A–C and Table 1). Furthermore, we used IHC staining to measure α3 expression in CRC tissues and correlated this staining with p-4EBP1 staining in the same 91 CRC tissues (Figure 6D). We found that α3 and p4EBP1were stronger in CRC tumors with metastasis than without metastasis. In total, 43.96% (40/91) of CRC tissues exhibited α3-positive and p4EBP1-positive staining, which was statistically significantly different compared to the staining rate in the adjacent normal tissues, suggesting possible mTOR activation by α3 in CRC (Figure 6E). Taken together, our results demonstrated that elevated expression of α3 in the CRC of mice or patients promoted metastasis via downregulation of p53-PTEN/IGFBP3 and subsequent activation of mTOR, and bufalin inhibited this action (Figure 6F).




Figure 6 | Correlation between α3 and mTOR activity in 91 CRC tissues. (A) Representative images of IHC staining for α3 in CRC tissues and matched adjacent normal tissues. (B, C) The relationships between α3 and TNM stage (B) and metastasis (C) were determined. (D, E) The correlation between α3 and p-4EBP1 was evaluated in 91 CRC tissues and matched adjacent normal tissues. (F) A model of CRC cell metastasis driven by elevated α3 expression via the p53-PTEN/IGFBP3-mTOR axis, which is blocked by bufalin. Scale bar, 50 μm.




Table 1 |  Relationships between α3 protein expression and clinicopathologic characteristics in 91 CRC patients.






Discussion

Colorectal carcinoma is the 3rd most common morbidity and the 4th leading cause of cancer-related death in the world (35). Every year, approximately 1.2 million cases of colorectal carcinoma (CRC) are newly diagnosed worldwide (36). Metastasis is the process by which tumor cells spread from the original site to the secondary sites, resulting in increased mortality in CRC (37, 38). The unclear mechanisms of CRC metastasis inhibit the development of treatment and prevention strategies. Recent studies have reported that the sodium pump α3 subunit exhibits increased expression in CRC and is associated with liver metastasis (8), but the underlying mechanism is not yet known.

There are 50-60% CRC patients with p53 mutation (39). p53 plays a critical role in the regulation of cell migration (34, 34, 38). Our study also demonstrated that p53 negatively regulated cell migration in CRC cells. p53 loss or mutation activates mTOR via a reduction in PTEN accumulation and AKT activation in mouse liver tumorigenesis (40). Consistent with this finding, we found that p53 downregulated mTOR activity via PTEN/IGFBP3 in CRC cells. Furthermore, we also found that the expression of p53 is negatively associated with the expression of sodium pump α3. This finding is consistent with a previous report that the sodium pump inhibitor bufalin upregulated p53 expression in 40-50% CRC patients with wild-type p53 (41, 42).

Cardiac glycosides such as digoxin and bufalin, which are used to treat heart diseases, have been demonstrated to kill various cancers. Recent studies indicated that cardiac glycosides were more susceptible to inhibiting sodium pump α3 subunit activity than any other subunit (43). Here, we found that bufalin could significantly inhibit cell migration in HCT-116 cells with high α3 expression, suggesting that bufalin may be a potential drug for CRC cell metastasis. Regarding the anticancer mechanisms of bufalin in CRC, our previous studies demonstrated that bufalin induced cell cycle arrest at prometaphase and cell death via autophagy or apoptosis (23, 44). In addition, our previous study indicated that sodium pump a3 and its inhibitor bufalin regulated CRC cell proliferation via PI3K-Akt-Aurora A/B pathway (45). Here, we reported that bufalin inhibited CRC liver metastasis via the p53-PTEN/IGFBP3 axis, which enriched our current understanding of the mechanism of bufalin in CRC. As IGFBP3, a well known protein, negatively regulates Akt activation (26, 27), it is possible that bufalin may regulate CRC cell proliferation via p53-IGFBP3-Akt-Aurora A/B pathway.

Previous studies demonstrated that sodium pumps are associated with cell metastasis in CRC (8), lung cancer (15), and breast cancer (16). Sodium pump-mediated metastasis remains unclear. Here, we reported that sodium pump α3 promoted CRC liver metastasis via p53-PTEN/IGFBP3-mTOR. However, there are 2 major issues worthy of further investigation: 1) how α3 regulates p53 expression and 2) how activated mTOR promotes metastasis and regulates EMT.

In conclusion, the sodium pump α3 subunit is highly expressed in CRC tissues and positively associated with poor prognosis in CRC patients. α3 promotes CRC liver metastasis via the p53-PTEN/IGFBP3-mTOR axis, and the sodium pump inhibitor bufalin can inhibit this action. α3 is a poor prognostic marker of CRC and/or a potential therapeutic target for CRC patients with wild type p53.
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Chromogranin A (CgA) is a non-specific biomarker excreted by neuroendocrine tumor (NET) cells. Elevation of circulating CgA level can be detected in gastroenteropancreatic (GEP)-NET patients and has been shown to correlate with tumor burden. The prognostic and predictive roles of CgA level and the change of CgA level are controversial. In this study, we retrospectively analyzed 102 grade 1/2 GEP-NET patients with available baseline or serial follow-up CgA levels from the National Cheng Kung University Hospital to evaluate the association between circulating CgA level and the tumor extent, overall survival (OS), and tumor response prediction. The baseline characteristics, baseline CgA level, and change of CgA level during follow-up and their association was analyzed. Sixty cases had baseline CgA levels available prior to any treatment and ninety-four cases had serial follow-up CgA levels available during treatment or surveillance. Baseline CgA levels were associated with stage and sex. Higher baseline CgA levels were associated with worse OS after adjusting for sex, stage, grade, primary site, and functionality (hazard ratio=13.52, 95% confidence interval (CI), 1.06-172.47, P=0.045). The cross-sectional analysis for the change of CgA level during follow-up showed that a ≥ 40% increase of CgA meant a higher probability of developing tumor progression or recurrence than those with a < 40% increase of CgA level (odds ratio=5.04, 95% CI, 1.31-19.4, P=0.019) after adjusting for sex, age, grade, stage, and functionality. Our study results suggest that CgA may be a predictive marker for tumor burden, OS, and tumor progression in GEP-NET patients.
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Introduction

Neuroendocrine tumors (NETs) are relatively rare neoplasms with neuroendocrine differentiation. NETs may arise from anywhere in the body with gastroentero-pancreatic (GEP) sites being the most common origins of NETs (1–3). The incidence of NETs has been increasing rapidly in recent decades (1–5). NETs are divided into two categories, functioning and non-functioning tumors. Functioning tumors secret substances causing specific symptoms. The substances produced by non-functioning tumors do not cause specific symptoms (6). The presence of specific symptoms may facilitate early diagnosis of NETs. For example, NETs excreting insulin (insulinoma) may induce hypoglycemia and cause dizziness, weakness, sweating, or consciousness disturbance that can be easily identified and diagnosed at an early stage. However, early diagnosis of non-functioning tumors is difficult due to the lack of specific symptoms. Because NETs are of a heterogeneous nature, the secreted substances differ among different NETs. The specific substances secreted by functioning GEP-NETs include insulin, glucagon, gastrin, serotonin, somatostatin, and vasoactive intestinal peptide (6). However, most tumor cells produce non-specific substances, such as chromogranin A (CgA) and neuro-specific enolase (NSE). These circulating biomarkers may play a diagnostic, prognostic, or predictive role for GEP-NETs; however, there are also limitations noted for these biomarkers (6).

CgA is a member of granins, which are abundantly distributed in endocrine, neuroendocrine, and immune cells. CgA can be proteolytically cleaved into biologically active peptides, such as vasostatin, pancreastatin, catestatin, and serpinins, by various enzymes, such as prohormone convertases, cathepsin L, plasmin, and kallikrein. CgA and its fragments can be detected in the blood of patients of various non-cancer diseases, such as heart failure, hypertension, thyroid disease, renal failure, liver disease, inflammatory bowel disease, rheumatoid disease, and cancers. They may also play roles in cardiovascular, immunometabolic, and cancer regulation (7–9). CgA is the most commonly used circulating biomarker for NETs in clinical practice. The sensitivity of circulating CgA is considered acceptable for the diagnosis of functional and advanced NETs whereas the specificity of circulating CgA for the diagnosis of NETs is not ideal. In addition to non-cancer disease, many other factors may interfere with the CgA level, such as food and drugs. CgA level can also be elevated in other non-NET cancers, such as breast cancer, thyroid cancer, pancreatic cancer, hepatocellular carcinoma, gastric cancer, colon cancer, and prostate cancer (8, 9). Therefore, the use of circulating CgA in diagnosis or screening has been limited. Nevertheless, circulating CgA has been commonly used for the follow-up of NETs (7–9). CgA level has been associated with the disease extent of GEP-NETs (10–12). Circulating CgA has been shown to be a biomarker for predicting survival and treatment response in advanced NET patients, but fewer studies were conducted for early-stage NETs (13–16). We retrospectively identified grade 1 (G1) and grade 2 (G2) GEP-NET patients with available baseline CgA or with serial follow-up CgA levels to correlate CgA levels with the clinical characteristics and outcomes.



Patients and Methods


Patient Identification and Data Collection

Patients diagnosed with G1 or G2 GEP-NETs at the National Cheng Kung University Hospital and with CgA levels available were included in this study. The data of patients’ demographic characteristics, including sex and age at diagnosis, and clinical information, including grade, stage, primary site, and functionality of the tumor, baseline CgA levels, serial follow-up of CgA levels during treatment or surveillance, treatment response, and survival status were collected by chart review. The study protocol was reviewed and approved by the Institutional Review Board of National Cheng Kung University Hospital. Because this study is a retrospective review of the chart, no informed consent is needed.



Evaluation of Response and Survival

The patients received serial image examination for evaluation of disease status. The advanced-stage patients who received systemic treatment had serial image follow-ups every 2 to 6 months. The early-stage patients who had curative resection of the tumors had serial image follow-ups every 3-12 months. Tumor response was evaluated retrospectively according to the Response Evaluation Criteria In Solid Tumors (RECIST) v1.1. Overall survival (OS) was defined as the time from the diagnosed date to death or the last follow-up date.



Evaluation of CgA level

The CgA levels were measured every 1-12 months for the patients. The frequency of CgA measurement was determined by the disease status and duration of each visit. The measurement frequency of CgA levels was every 1 to 3 months for the advanced-stage patients under treatment. The measurement frequency of CgA levels was every 3 to 12 months for the patients who had received curative resection without residual disease. The blood samples were sent to the Union Clinical Laboratory (Taipei, Taiwan) for the measurement of CgA levels. An automated immunofluorescent assay was used to detect the CgA levels by using Kryptor, Brahms. The baseline CgA level was defined as the CgA level detected prior to any treatment of NET. A CgA level more than 2-fold the upper normal limit of CgA (101.9 ng/ml) was defined as high whereas a CgA level less than 2-fold the upper normal limit of CgA was defined as low. The change of CgA level (ΔCgA) was determined by subtracting the first CgA level detected prior to or during the treatment of NET from the last CgA level detected prior to the disease progression or recurrence. The value of ΔCgA divided by the first CgA level detected prior to or during the treatment of NET was defined as the ratio of change of CgA.



Statistical Analysis

All statistical analyses were performed using SAS statistical software (Version 8.2, SAS Institute Inc., Cary, NC, U.S.A). Summary statistics, including mean and standard deviation, were provided for continuous variables. Frequencies and proportions were used to summarize categorical data. The differences between high and low baseline CgA levels in NET patients were analyzed by Pearson’s chi-square test or exact test for variables including sex, grade, functionality, stage, and primary site. The relationship between OS and the potential explanatory factors was determined using the Cox proportional hazards model. In addition, the survival probabilities were all estimated by the Kaplan-Meier method for each group. Logistic regression analyses were performed to assess the effects of variables on the risk of progressive disease (PD) events. All tests were two-tailed. A p value <0.05 was considered significant.




Results


Patient Characteristics

There were 102 patients diagnosed with G1 or G2 GEP-NETs at the National Cheng Kung University Hospital from 2008 to 2020 with baseline CgA or serial follow-up CgA levels available. The patient characteristics are listed in Table 1. The mean age of all patients was 53.7 (range: 18-82) years old. There were 55 (53.9%) men and 47 (46.1%) women. Sixty-three (61.8%) cases were G1 and thirty-nine (38.2%) cases were G2. The percentages of stages I, II, III, and IV of the cases were 47.1%, 17.6%, 7.8%, and 27.5%, respectively. According to the site, 68, 9, 8, and 7 cases were located in the pancreas, stomach, rectum, and duodenum, respectively. The other cases included NETs of ampulla of Vater (N=4), liver (N=3), colon (N=2), and appendix (N=1). Thirty (29.4%) cases were functioning tumors. Among these 102 cases, 60 cases had baseline CgA levels available prior to any treatment and 94 cases had serial follow-up of CgA levels available before and after treatment for further analysis.


Table 1 | Baseline characteristics.





Baseline CgA Level Was Associated With OS of NET Patients

The distributions of the 60 cases with available baseline CgA levels by various variables, including sex, primary site, grade, stage, and functionality of the tumor are shown in Table 2. The high or low baseline CgA levels in NET patients were not associated with the primary site, grade, and functionality of the tumors. A higher proportion of women had high baseline CgA levels than the men in our NET patients (P=0.045). The distribution of baseline CgA levels was associated with stage (P=0.023). Stage I patients had a lower percentage with high baseline CgA levels (low versus high, 21:6) than stage IV patients (low versus high, 12:10).


Table 2 | The distribution of baseline CgA level in GEP-NETs.



We analyzed the association between baseline CgA levels and the OS of the NET patients (Table 3). The Kaplan Meier survival curves of the patients are shown in Figure 1. The OS was better in the patients with low baseline CgA levels. The survival rate in the patients with low baseline CgA levels was 97.4% whereas the survival rate in the patients with high baseline CgA levels was 68.2% (P=0.001). We further analyzed the association between OS and baseline CgA level by sex, primary site, grade, stage, and functionality of the tumors. The significant association between OS and baseline CgA levels in subgroup analysis was still present as shown in Table 3. Men with low baseline CgA levels had better OS than men with high baseline CgA levels (survival rate 100% vs 62.5%, P=0.001). The difference was not observed in women (survival rate 92.9% vs 71.4%, P=0.126). The patients with low baseline CgA levels had significantly better OS in pancreatic NETs (survival rate 96.6% vs 57.1%, P=0.0002) but not in non-pancreatic NETs (survival rate 100% vs 87.9%, P=0.317). The OS was significantly better in G2 (survival rate 92.3% vs 45.5%, P=0.007) patients with low baseline CgA levels than those with high baseline CgA level but the difference was not observed in G1 (survival rate 100% vs 90.9%, P=0.145) patients. The OS was high in G1 patients irrelevant of the baseline CgA levels. The OS was better for patients with functioning tumors who had low baseline CgA levels than those with high baseline CgA levels (survival rate 100% vs 63.6%, P=0.004). However, the OS was not significantly different in the NET patients with non-functioning tumors irrespective of their baseline CgA levels (P=0.098). The association between OS and the baseline CgA levels was significantly different in patients with stage I/II or III/IV tumors. The OS was better for the patients with stage I/II tumors who had low baseline CgA levels than those with high baseline CgA levels (survival rate 100% vs 81.8%, P=0.034). The survival rate of the stage III/IV patients with low baseline CgA levels was 93.8% but the survival rate of those with high baseline CgA levels was only 54.6% (P=0.019). The Cox proportional hazard ratio analysis for OS was performed by baseline CgA level, sex, age, grade, stage, and functionality (Table 4). Because there were fewer case numbers in stage II and III, we analyzed stage I and II combined versus stage III and IV combined. In the univariate analysis, patients with high baseline CgA levels had a worse OS than those with low baseline CgA levels (hazard ratio (HR) =14.31, 95% confidence interval (CI): 1.76-116.48). The G2 patients had a worse OS than those of G1 (HR = 11.71, 95% CI: 1.44-95.39). In multivariate analysis, significantly worse OS persisted for the patients with high baseline CgA levels versus low baseline CgA levels (HR = 13.52, 95% CI: 1.06-172.47) and for the patients of G2 NET versus G1 NET (HR = 41.81, 95% CI: 1.68-1041.72). The OS of the GEP-NET patients did not differ by age, sex, stage, and functionality.


Table 3 | The overall survival rate of NET patients with low or high baseline CgA levels.






Figure 1 | The Kaplan Meier survival curves of the GEP-NET patients by baseline CgA level in the overall patients and by sex, grade, stage, primary site, and functionality of the tumors.




Table 4 | The Cox proportional analysis for OS of NETs by baseline CgA level, sex, age, grade, stage, and functionality.





The Change of CgA Level May Be a Predictor for Tumor Progression

Ninety-four cases had serial follow-up of CgA levels available during the follow-up. The ΔCgA for each patient was calculated. For the patients without PD, including complete response, partial response or stable disease, or without tumor recurrence, the ΔCgA was the value of the last CgA level detected prior to the last evaluation of tumor response subtracted by the first CgA level before or during treatment or surveillance of NET. The ratio of ΔCgA divided by the first CgA level before or during treatment or surveillance of NET was calculated. The cut off value of the ratio of change of CgA levels in the NET patients was 0.4 based on the significance of correlation with PD events (17). Specifically, logistic regression was performed to evaluate the correlation between the dichotomized variable and PD event. The optimal cut off was determined as the point with the most significant split. An increase of CgA level greater than 40% of the CgA level in the follow-up after treatment may predict tumor progression (Table 5). Patients with a change of CgA level greater than a 40% increase had a higher risk of tumor progression or recurrence than those with a change of CgA level less than a 40% increase (OR= 3.22, 95% CI: 1.11-9.34 in the univariate analysis; OR = 5.04, 95% CI: 1.31-19.4 in the multivariate analysis, adjusted for the age of diagnosis, grade, stage, functionality, and sex).


Table 5 | Logistic regression analysis for odds ratio of tumor progression by ratio of change of CgA level, sex, age, grade, stage, and functionality.






Discussion

Our study showed that high baseline CgA levels were associated with advanced stage in GEP-NETs. High baseline CgA levels and G2 were independent factors to predict the poor OS for GEP-NET patients. A 40% or greater increase of CgA level during follow-up might be a predictive factor for tumor progression or recurrence of GEP-NETs.

CgA level has been shown to be elevated in various diseases, including benign and malignant diseases. Mild elevation of CgA level has been shown in a variety of systemic diseases, such as cardiovascular disease (hypertension, congestive heart failure, myocardial infarction), renal disease (renal failure), liver disease (liver dysfunction, liver cirrhosis), lung disease (chronic obstructive pulmonary disease), inflammatory diseases (inflammatory bowel disease, rheumatoid arthritis), and sepsis (8). Mild elevation of CgA has also been detected in some benign or malignant cancers, such as parathyroid adenoma, thyroid cancer, hepatocellular carcinoma, and lung cancer (small cell carcinoma and non-small cell carcinoma) (8). Marked elevation of CgA was noted in neuroendocrine tumors (8). Elevation of CgA can also be related to acid suppressive medications (9). The non-oncologic and non-NET oncologic conditions impair the specificity of CgA for the diagnosis or the prognosis of NETs. NETest, a PCR-based 51-transcript signature for NETs, has been shown to have a higher sensitivity and specificity than CgA for the detection of NETs or prediction of tumor progression (18–20). However, it is still not routinely used in clinical practice probably due to cost and technical concerns. Although the specificity of CgA is not good, CgA is the most common non-specific circulating biomarker used for the follow-up of neuroendocrine tumors.

The sensitivity of CgA was reported to be related to the functionality and the extent of the NETs. Nehar et al. have shown that the sensitivity in patients with secreting tumors and non-secreting tumors was 73% and 45%, respectively (P <0.004) at the cut off value of 130 ng/ml of CgA. Significantly higher levels of CgA were noted in patients with metastatic disease (3444±16256 ng/ml) than those without (174±233 ng/ml, P<0.001) (11). Campana et al. have also shown that CgA levels were higher in NET patients than those with chronic active gastritis or healthy participants (12). Higher levels of CgA were observed in NET patients with diffuse disease compared to those with local or hepatic disease, and those that were disease-free (12). Jason et al. have shown that the CgA levels were significantly higher in GEP-NET patients with more than five liver metastases than those with fewer than five liver metastases or lymph node metastases (10). Advanced age and a CgA level greater than 5000 ng/ml were independent prognostic factors for worse OS in midgut NETs (10). Raoof et al. have reported that 79% of 445 small pancreatic NET (≤2 cm) patients were categorized with low CgA at a cut off value of 420 ng/ml (21). In our study, 21 of the 27 stage I patients (77.8%) had low baseline CgA levels whereas 12 of the 22 stage IV patients (54.5%) had low baseline CgA levels. Our result also showed an association between the baseline CgA levels and the extent of NETs and this is compatible with the findings of the previous studies. However, we did not observe any differences in the baseline CgA levels in GEP-NETs by grade (G1 vs G2), functionality, or primary site (pancreas vs non-pancreas) in our study. Different from other studies, we observed that lower baseline CgA levels were noted in men (75%) than in women (50%, P=0.045).

The CgA level was also reported to be associated with the prognosis of NET patients. Yao et al. analyzed and reported the prognostic role of CgA and NSE in patients with low- to intermediate-grade advanced pancreatic NET from the RADIANT-1 phase II study. Elevated baseline CgA levels were associated with a shorter progression-free survival (PFS, 8.34 months in the elevated CgA group vs 15.64 months in the non-elevated CgA group, P=0.03) and OS (16.95 months vs not reached, P <0.001). The prognostic role was also observed in NSE (14). Yao et al. also evaluated the impact of several biomarkers (baseline levels of CgA, NSE, and multiple soluble angiogenetic biomarkers) on the OS of advanced, progressive, low- or intermediate-grade pancreatic NET patients who received everolimus or placebo in the RADIANT-3 trial. The lower baselines of CgA, NSE, placental growth factor (PIGF), and soluble vascular endothelial growth factors 1 were associated with better OS. However, only NSE and PIGF remained significantly associated with OS in the multivariate analysis. The effect of CgA was borderline significant (HR=0.76, 95% CI, 0.57-1, P=0.05) in the multivariate analysis (13). Ahmed et al. analyzed the data of 360 patients with midgut NETs with liver metastases from the UKI NET group. They reported that increasing age at diagnosis, higher Ki-67, increasing urinary hydroxyindole acetic acid levels, higher CgA levels, high tumor volume, and resection of primary tumor were associated with a worse OS in the univariate analysis (22). However, only age, Ki-67, and resection of primary tumor were identified as the independent predictors of survival in multivariate analysis (22). Chou et al. have reported that Eastern Cooperative Oncology Groups performance score 0-1, G1-2, single organ metastasis, and baseline CgA level less than twice the upper normal range were independent prognostic factors for OS of advanced GEP-NET patients (15). Most studies demonstrated the prognostic role of CgA in advanced GEP-NETs whereas some studies showed no significant role of CgA as the predictor for OS. Fewer studies analyzed the prognostic role of CgA level in early-stage cases. Raoof et al. showed that CgA level (high vs low at a cut off value of 420 ng/ml) was an independent predictive factor for OS in small pancreatic NET (tumor ≤ 2 cm) patients in multivariate analysis after adjusting for tumor size, grade, nodal status, and academic status of the facility (HR=7.9, 95% CI, 2.34-26.69, P=0.001) (21). They also observed that the OS was not significantly different between patients with low CgA levels receiving or not receiving tumor resection. But the OS was worse for the patients with high CgA levels who had not received tumor resection than those who had received tumor resection.21 In our study, we observed that the patients with low baseline CgA levels had significantly better OS than those with high baseline CgA levels. The significance persisted in multivariate analysis after adjusting for age, sex, grade, stage, and functionality. The result supported the prognostic role of baseline CgA levels in GEP-NETs, including early-stage and advanced-stage patients.

Circulating CgA during the follow-up of GEP-NET patients receiving systemic treatment or surveillance has also been investigated. Yao et al. reported that early CgA and NSE response (≥ 30% decrease of CgA or NSE from baseline or normalization at week 4) were predictors for longer PFS and OS in advanced pancreatic NET patients receiving everolimus treatment (RADIANT-1 study). The median PFS for the patients with early CgA response was 13.31 months whereas the median PFS for those without early response was only 7.52 months (P<0.001). The median OS for the patients with an early CgA response was 24.9 months whereas the median OS for those without an early CgA response was 12.71 months (P=0.01) (14). Jensen et al. retrospectively analyzed the change of CgA level during treatment for CgA-producing ileo-cecal NET patients. They demonstrated a cut off of 25% for the prediction of tumor response after treatment with a 25% or greater increase predicting tumor progression and a 25% or greater decrease predicting tumor regression (23). Chou et al. also analyzed the change of CgA level and tumor response for advanced GEP-NET patients during treatment. They demonstrated that a change of CgA level >17% distinguished partial response and stable disease from progressive disease with a sensitivity and specificity of 91.2% and 82.9%, respectively (15). However, some studies did not validate CgA as a surrogate marker for tumor progression of NETs. Vezzosi et al. prospectively analyzed the concordance between CgA variation and RECIST criteria for tumor response in 39 metastatic well-differentiated GEP-NET patients. They showed that change of CgA at the 6-month follow-up (≥ 25% increase versus < 25% increase) had a sensitivity and a specificity of 71% and 50%, respectively, for changes of tumor burden. The study did not validate CgA as a surrogate marker of tumor progression (24). Dam et al. prospectively monitored CgA levels for GEP-NET patients with metastasis or residual tumors and analyzed the predictive role of change of CgA level for tumor progression and regression. They reported an overall Spearman’s rank correlation coefficient of 0.17 (P=0.003) by analyzing the “matching pairs” of CgA and CT/MRI assessment. The diagnostic sensitivity and specificity of an increased CgA level for tumor progression were 36% and 82%, respectively. The diagnostic sensitivity and specificity of a decreased CgA level for tumor regression were 79% and 69%, respectively. They concluded a weak association between change of CgA and change in tumor burden (25). In our study, we observed that the patients with a 40% or greater increase of CgA during treatment or surveillance had a higher risk of developing tumor progression than those with less than a 40% increase of CgA during follow-up with an OR of 5.04 (95% CI, 1.31-19.4, P=0.019) by multivariate logistic regression. The result supported the predictive role of change of CgA level for tumor progression in advanced GEP-NETs. Our patient population included early and advanced stages. The results suggested that an increase of CgA may also predict recurrence of early-stage GEP-NET after complete resection.

This is a retrospective study and the frequency and timing of measurement and follow-up of CgA level and tumor response varied according to their disease status and treatment. Therefore, we could not use repeated measurements of CgA to evaluate longitudinal change of CgA for tumor response prediction. However, we used cross-sectional analysis for the change of CgA to predict tumor progression that was not interfered with by the fluctuation of CgA level during serial follow-up. Furthermore, to gain acceptance as a clinically meaningful observation, the change of CgA level would require testing in multi-center clinical therapeutic trials. Most importantly, the method of matching should be performed to reduce or eliminate the effects of confounding.



Conclusions

Our results suggested that baseline CgA level is associated with the disease extent and OS of GEP-NET patients. A 40% or greater increase of change of CgA level may predict tumor progression or recurrence during treatment or surveillance of GEP-NETs.
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Background

Local recurrence of esophageal squamous cell neoplasia (ESCN) and metachronous ESCN was associated with severe background esophageal multiple Lugol-voiding lesions (LVLs) even though the primary early ESCNs were treated with endoscopic resection (ER). The aim of this study is to explore the feasibility and effectiveness of combination treatments of ER and radiofrequency ablation (RFA) in patients with early ESCNs with synchronous multiple LVLs.



Methods

A total of 329 patients with early ESCNs and synchronous multiple LVLs received ER combined with RFA from September 2010 to September 2020. Clinical and pathological features and treatment outcomes were retrospectively reviewed using medical records. Factors associated with background esophageal multiple LVLs before combined treatment were analyzed.



Results

The proportion of complete response (CR) was 96.7% after primary RFA, while 90.3% patients achieved CR for the last endoscopic examinations regardless if inside or outside the treatment area (TA). Degeneration of background esophageal multiple LVLs occurred in 70.2% of patients. The grade of background esophageal multiple LVLs before combined treatment was closely related to gender, smoking, and drinking. The incidence of metachronous ESCNs outside the TA of ER and local recurrence in the TA of ER was 3.9% and 1.2%, respectively.



Conclusions

Prophylactic RFA treatment of multiple LVLs together with ER treatment of the primary ESCNs may be effective in reducing the incidence of metachronous ESCNs and local recurrence through improving the background esophageal mucosa.





Keywords: endoscopic resection, radiofrequency ablation, multiple Lugol-voiding lesions, esophageal squamous cell neoplasia, background esophageal mucosa



Introduction

Esophageal cancer is the sixth most common cause of cancer death worldwide (1). In the Asian region, esophageal squamous cell carcinoma (ESCC) is the major histologic type of the disease (2). Recent advances in image-enhanced endoscopy have enabled an early accurate diagnosis of esophageal squamous cell neoplasia (ESCN). Besides, chromoendoscopy with Lugol’s solution is highly sensitive for identifying dysplasia and superficial ESCC. The iodine-unstained mucosa reveals dysplastic changes of varying severity that often represent Lugol-voiding lesions (LVLs), whereas normal esophageal mucosa stains brown (3, 4). The size and the number of LVLs were associated with the risk for development of second primary cancers (5). Keisuke et al. (5) found that most of the LVLs with size less than 5 mm were diagnosed as non-neoplastic lesion (42.1%) or low-grade intraepithelial neoplasia (LGIN) (54.0%) according to pathological results of the biopsy or resected specimens. Patients with dysplasia and superficial ESCC (intramucosal or submucosal carcinoma) exhibit an overall 5-year survival rate of >90% (6).

The minimally invasive technique of endoscopic resection (ER), including endoscopic mucosal resection (EMR) and endoscopic submucosal dissection (ESD), is recommended to treat early ESCNs (7, 8). Previous studies have proved that ER for early ESCNs could achieve a high curative resection (CuR), and the long-term follow-up results showed that the 5-year cause-specific survival could reach 90% (7, 8), especially for patients with isolated lesions. However, ER alone in the treatment of early ESCNs with synchronous multiple LVLs often leads to excessive resection range due to unclear and irregular boundary, which has increased the surgical complications, such as bleeding, perforation, and stenosis. In addition, it was difficult to ensure negative lateral margin.

Recently, radiofrequency ablation (RFA) has been widely used in early ESCNs, especially for those flat lesions with irregular boundary, scattered or large range (9, 10). However, disadvantages also existed, such as small indication range, low complete response (CR) rate (ranges from 50% to 100%), and higher local recurrence or progressive rate (0%–50%) (11–13).

Both ER and RFA have their advantages and disadvantages in the treatment of early ESCNs. Guidelines regarding the management of early ESCNs with synchronous multiple LVLs have not been established. Therefore, we designed clinical study to explore the feasibility and effectiveness of combination treatments of ER and RFA for patients with early ESCNs with synchronous multiple LVLs.



Materials and Methods


Patients’ Characteristics and Indications

This retrospective study was conducted at the Cancer Institute and Hospital, Chinese Academy of Medical Sciences (CICAMS), Beijing, China, from September 2010 to September 2020. Patients were eligible if they met all of the following inclusion criteria: 1) aged 18–85 years; 2) high-resolution Lugol’s chromoendoscopy showing at least one unstained lesion (USL) containing high-grade intraepithelial neoplasia (HGIN) or early ESCC combined with multiple LVLs; 3) endoscopic ultrasound (EUS) with no submucosal invasion or lymphadenopathy; and 4) CT chest/abdomen (HGIN/ESCC patients) with no metastasis or lymphadenopathy (14, 15).

Patients were excluded if any one of the following exclusion criteria was present: 1) esophageal stricture preventing passage of therapeutic endoscope; 2) prior ER in other hospital; 3) previous RFA or argon plasma coagulation (APC) to the esophagus; 4) N- or M-positive ESCC; 5) chemotherapy or radiotherapy to the esophagus; 6) previous esophageal surgery, except fundoplication; 7) salvage surgery for patients with non-CuR; 8) no endoscopic follow-up; or 9) no Lugol’s solution staining during endoscopic follow-up (15–17). Flowchart depicting patient selection and follow-up in the study is presented in Figure 1.




Figure 1 | Flowchart depicting patient selection and follow-up in the study.





Lugol’s Chromoendoscopy

Endoscopy examinations were performed with Olympus GIF-H260, GIF-H260Z, GIF-H260J, GIF-H290, or GIF-HQ290 (Olympus, Tokyo, Japan) high-resolution endoscopes (Lucera Systems). After a conventional examination, approximately 10 ml of a 1.25% Lugol’s iodine solution was sprayed over the entire esophageal mucosa using a catheter, and the esophagus was inspected again. Mucosal biopsy specimens were collected from lesions that remain distinctly unstained by iodine (18).

The pattern of LVLs was classified in accordance with the classification system proposed by Muto et al. (3) Patients were divided into four groups, based on the number and multiform pattern of LVLs in the background esophageal mucosa, namely, group A, no LVLs; group B, several (≤10) small LVLs; group C, many (>10) small LVLs; and group D, many irregular-shaped multiform LVLs (Figure 2). LVLs less than 5 mm in diameter were defined as small, whereas LVLs more than 5 mm in diameter and with irregular rims were defined as irregular-shaped multiform LVLs (Figure 2). Iodine staining was performed for every endoscopic examination, and experienced endoscopists assessed the pattern of LVLs according to the classification system above and recorded them in the endoscopic reports.




Figure 2 | Endoscopic views of Lugol’s chromoendoscopy. (A) Absence of LVL. (B) Several (10 or less) small LVLs. (C) Many (more than 10) small LVLs. (D) Numerous irregular-shaped multiform LVLs. LVLs, Lugol-voiding lesions.





Endoscopic Treatment and Histopathology Examination

Experienced endoscopists in CICAMS conducted all endoscopic procedures. All preoperative ESCN lesions with HGIN or worse histologic grade in biopsy specimens that met the Japan Esophageal Society guideline or the European Society of Gastrointestinal Endoscopy (ESGE) guidelines received ER (ESD or EMR) (14, 19). The ESD/EMR procedures included Lugol’s iodine staining, marking, submucosal injection, submucosal dissection/mucosal incision, and wound treatment (7, 8). The ER specimens were examined by at least two experienced pathologists based on the Japanese Classification of Esophageal Cancer (14, 20, 21).

However, the multiple LVLs containing LGIN outside the resected lesion were radiofrequency ablated through the Barrx™ Ablation System (Medtronic, Sunnyvale, CA, USA). The multiple LVLs of which the range was more than 3/4 of the circumference were treated with circumferential RFA regimens (BARXX360 system), while the scattered multiple LVLs were dealt with focal RFA (BARRX90, 3 × 12 J/cm2; Medtronic). The locations of all lesions and all treatment area (TA) (both ER and RFA) were determined by their distance from the incisor and their clock position on the circumferential esophagus. All data were recorded in the endoscopic reports.



Follow-Up Strategy

After ER, the patients who had a CuR were subjected to upper-gastrointestinal (GI) endoscopy 3 and 12 months after ER, and annual surveillance was performed thereafter. For patients who had a non-CuR, surgical resection or chemoradiotherapy was carried out in the normal fashion, while some who refused additional treatment were followed-up with endoscopy, in addition to CT every 3 to 6 months. White light, narrow-band imaging (NBI) and Lugol’s iodine staining were required to find suspicious dysplastic lesions during the endoscopic follow-up, and biopsy sampling was done if there existed USLs or suspicious positive LVLs. Patients with lesions diagnosed as HGIN or worse histologic grade in biopsy specimens who met the Japan Esophageal Society guideline or the ESGE were treated with ER (14, 19). If subsequent biopsy samples showed LGIN, RFA treatment was repeated if patients agreed (22).



Outcome Measures

The primary endpoint of this study was 1) the proportion of CR after primary RFA, defined as the absence of LGIN or worse in all TAs from biopsy samples at the 3-month visit; 2) degradation of background esophageal multiple LVLs, defined as the improvement of esophageal background mucosa at the last endoscopic follow-up after operation than before operation. Secondary study outcomes were 1) the proportion of patients without CR in the TA, defined as multiple LVLs persisting LGIN histologic grade in the TA at the last endoscopic follow-up; 2) the proportion of patients with recurrent disease in the TA of ER/progressive disease in the TA of RFA, defined as any USLs with HGIN or a worse histologic grade in the TA; 3) the proportion of patients with the development of metachronous LGIN or metachronous ESCN outside the TA; and 4) the total proportion of recurrent disease, progressive disease, metachronous disease, and LGIN persisting for the last endoscopic examination regardless if inside or outside the TA. Besides, the comparison of patient characteristics and clinical results in different groups of background esophageal multiple LVLs before combined treatment were explored in this study.



Statistical Analyses

All statistical analyses were performed using SPSS 24.0 (SPSS, Chicago, IL, USA). Means ± SD or median deviation was computed for continuous variables, and frequencies and percentages were computed for categorical variables. The differences in the distribution between the groups were analyzed by using the X2 test. The mean quantitative values were compared by using Student’s t-test, chi-square test, and Fisher’s exact test, as appropriate. The 5-year survival was assessed using the Kaplan–Meier survival curves. A p-value of <0.05 was considered statistically significant.




Results


Study Population and Lesion Outcomes

From September 2010 to September 2020, 329 patients with ESCNs and synchronous multiple LVLs who received ER combined with RFA were included in the baseline analysis. Baseline characteristics of the patients and operation details of endoscopic treatment are shown in Table 1.


Table 1 | Patient characteristics and operation details of endoscopic treatment.



Besides, the tumor characteristics and pathological results of endoscopic treatment are also analyzed in this study (see Table 2). Three hundred patients were en bloc resected, and 80.9% of all included patients achieved CuR. Among 72 patients who did not achieve CuR, 12 patients (3.6%) underwent additional radiotherapy or chemotherapy or chemoradiotherapy (see Supplementary Table).


Table 2 | Tumor characteristics and pathological results of endoscopic treatment.





Primary Outcomes

During the follow-up after primary RFA, the proportion of CR was 96.7%. Among 11 patients without CR in the TA of RFA, three patients (0.9%) with neoplastic progression received additional ER, two patients (0.6%) with persistent LGIN were treated with focal RFA and subsequently achieved CR, and the remaining six patients (1.8%) with persistent LGIN refused any treatment. Besides, the incidence of metachronous ESCNs was 3.9% outside the TA of ER, and the probability of local recurrence in the TA of ER was 1.2% (see Table 3).


Table 3 | Clinical results of postoperative follow-up.



After combined treatment of ER and RA, degeneration of background esophageal multiple LVLs occurred in 70.2% of patients. The background esophageal multiple LVLs reduced by one grade in 193 patients (58.7%), 37 (11.2%) by two grades, and one (0.3%) by three grades. The comparison of background esophageal multiple LVLs before and after combined treatment is shown in Table 4.


Table 4 | Comparison of background esophageal multiple LVLs before and after combined treatment.





Secondary Study Outcomes

In this study, 90.3% patients achieved CR for the last endoscopic examinations regardless if inside or outside the TA. However, inside the TA of ER, the proportion of local recurrence was 1.2%, while 8.6% of all included patients were found local LGIN recurrence, and 13 of them agreed to receive focal RFA. The number of patients with metachronous ESCNs and LGIN outside the TA was 10 (3%) and 27 (8.2%) respectively (see Table 3).

The total proportion of progressive diseases (HGIN or a worse histologic grade) regardless if inside or outside the TA was 5.1%, and all of them were treated with additional ER. There were 71 patients with recurrence or residual LGIN after the combination treatments of ER and primary RFA during follow-up, 42 of whom received additional RFA, and most of them (39/42, 92.9%) were completely healed, while the remaining selected regular endoscopic surveillance.



Comparison of Different Groups of Background Esophageal Multiple Lugol-Voiding Lesions Before Combined Treatment

According to the grading standard of background esophageal multiple LVLs before combined treatment, 82 (24.9%) patients were assessed as Grade B, 116 (35.3%) patients as Grade C, and 131 (39.8%) as Grade D. Results of the comparison of patient characteristics and clinical results among different groups are shown in Table 5. There were no significant differences in age, body mass index (BMI), history of any cancer, history of any cancer in a first-degree relative, and additional RFA after primary RFA.


Table 5 | Comparison of patient characteristics and clinical results among different groups of background esophageal multiple LVLs.



The grade of background esophageal multiple LVLs before combined treatment was closely related to gender, smoking, and drinking. In Grade D, 98.5% patients were male, 80.9% were smokers, and 84.7% were drinkers, which were significantly higher compared with 88.8%, 63.8%, and 62.1% in Grade C and 64.6%, 39.0%, and 35.4% in Grade B, respectively (p < 0.001). Compared with the patients Grade B and Grade C, the patients in Grade D were more likely to have multiple synchronous ESCNs (13.4% vs. 19.8% vs. 36.6%, p < 0.001). Besides, the proportion of patients with synchronous or metachronous head and neck neoplasm in Grade C and Grade D was significantly higher than that in Grade B (10.3% vs. 18.3% vs. 2.4%, p = 0.002).

In terms of treatment, Grade B and Grade C can achieve both higher CuR rate and higher CR rate after primary RFA than Grade D (84.1% vs. 82.8% vs. 70.2%, p = 0.019; 100% vs. 97.4% vs. 93.9%, p = 0.046). However, Grade C and Grade D were associated with greater benefits in combination therapy of ER and RFA, as evidenced by a significantly higher percentage of background esophageal multiple LVL degradation than Grade B (75.9% vs. 80.2% vs. 46.3%, p < 0.001).



Follow-Up Outcomes

Adverse events occurred in 38 patients (11.6%), namely, bleeding (n = 10, 3%), suspicious microperforation (n = 2, 0.6%), and stricture (n = 29, 8.8%). Both delayed bleeding and postoperative esophageal stenosis occurred in two patients, and another one patient suffered from both delayed bleeding and perforation. All adverse events were handled endoscopically, without leaving any serious consequences.

During a median follow-up period of 37 months (range 6–125 months), nine patients (2.7%) died, and only one of them died of ESCC. Thus, the 5-year overall survival and 5-year cause-specific survival were 97.3% and 99.7%, respectively.




Discussion

Previous studies (3, 5, 18) have shown that smoking and drinking are closely related to the background esophageal multiple LVLs. This study confirmed the conclusion above and also found that the heavier the smoking and drinking is, the more severe the background esophageal mucosa will be. However, the management of early ESCNs with dense, scattered, and irregular background esophageal multiple LVLs has been bothering clinicians for a long time. Guidelines regarding this area have not been established. This research is the first to explore the feasibility and effectiveness of the combined treatment of ER and RFA in patients with early ESCNs and synchronous multiple LVLs.

Several studies (3, 5, 18) have proved that the severity of background esophageal multiple LVLs is closely correlated with synchronous or metachronous ESCNs, and head and neck tumor. This study also confirmed that the patients in Grade D were more likely to have a second primary squamous cell carcinoma (synchronous or metachronous) in the esophagus, head, and neck than the patients in Grade C and Grade B (36.6% vs. 19.8% vs. 13.4%, p < 0.001, 18.3% vs. 10.3% vs. 2.4%, p = 0.002). Even after ER treatment of the primary early ESCNs, Katada et al. (23) and Urabe et al. (24) respectively demonstrated that local recurrence and metachronous ESCNs were associated with severe background esophageal mucosa. A cohort study targeted at patients who had undergone ER for early ESCC demonstrated a strong association between the cumulative incidence of multiple metachronous ESCNs and the grade of esophageal LVLs (25). Urabe et al. (26) then established a predictive model and have proved that multiple LVLs were one of the independent risk factors for multiple metachronous development in early ESCN patients after ER treatment. Besides, Suzuki et al. (27) demonstrated in a controlled trial that additional chemoradiotherapy for ESCC patients with non-CuR can reduce the incidence of metachronous ESCC by improving the background esophageal mucosa. Therefore, it seems necessary to conduct prophylactic treatment of multiple LVLs while delivering ER treatment of the primary ESCNs.

In clinical practice, for patients with poor background esophageal mucosa who received ER treatments, the incidence of metachronous ESCNs was significantly higher than that of patients with isolated ESCNs (24, 26). The rate of developing metachronous ESCC and local recurrence in the ESCNs patients after ER was reported to range from 12% to 35% and from 3.9% to 20%, respectively (22, 23, 26, 28–31). Although RFA has been proved to have a relatively large therapeutic advantage in background esophageal multiple LVLs with dispersion, and irregular and unclear boundary, the indications for RFA in the treatment of ESCNs are very limited (9, 10, 12, 16). Yu et al. (12) have demonstrated that RFA was not suitable for USL with a pink-color sign or ESCC in the biopsy samples. In addition, CR could only reach 86% in 5 years, and 14% of lesions showed local recurrence or pathological progression during the follow-up (12). However, in this study, the incidence of metachronous ESCNs (3.9%) outside the TA of ER and the probability of local recurrence in the TA of ER (1.2%) were lower than those in the present studies (22, 23, 26, 28–31). The decrease in the incidence of metachronous ESCNs and local recurrence may be attributed to the LGIN treated with the primary RFA and emerging LVLs treated with additional RFA during subsequent follow-up. However, another 9.7% of the included patients were still found LGIN persisting in the last endoscopic examination, and the patients refused further intervention. These lesions may be a potential risk factor for metachronous ESCNs (5.1%) outside the TA of ER and local recurrence in the TA of ER (4.6%). Thus, more close endoscopic follow-up is required for timely detection and management of early lesions for these patients. Moreover, through the combined therapy of ER and RFA, the background esophageal mucosa was significantly improved postoperatively (70.2%), especially for patients with preoperative background esophageal mucosa assessed as Grade D (80.2%). Besides, compared with that of previous studies (6, 7, 15, 32), the additional RFA for multiple LVLs on the basis of ER of early ESCNs did not increase the incidence of postoperative complications. Thus, this combination treatments for patients with early ESCNs and synchronous multiple LVLs not only can give full play to the advantages of complete resection of the primary lesions and pathological evaluation postoperatively but also can leverage the advantages of RFA in the treatment of dense, scattered, and irregular multiple LVLs.

During the follow-up after the combination treatments (median 37 months, range 6–125 months), there were 71 patients with recurrence or residual LGIN, 42 of whom received additional RFA, and most of them (39/42, 92.9%) were completely healed, while the remaining selected regular endoscopic surveillance, and no lesion progression was observed. In addition, the probability of persisting LGIN and metachronous ESCN in TA of primary RFA was lower than that outside the TA of ER and primary RFA (2.4% vs. 11.5%, p < 0.001, 0.9% vs. 3%, p = 0.05) (see Table 3), which indicated that RFA treatment for multiple LVLs may prevent the occurrence of metachronous ESCNs. What is more, the 5-year overall survival rate and 5-year cause-specific survival rate in this study were 97.3% and 99.7%, respectively, which were slightly higher than those of patients treated with ER alone in the previous studies (6, 33).

There are also several limitations in this study. Firstly, referral bias may not be excluded in this retrospective analysis, which was based on records at a single center and without a control group, due to the different and unmatched inclusion criteria between the experimental group and control group. Secondly, the median follow-up time of the patients was 37 months, which may be not long enough for evaluation of the long-term outcomes. The most important limitation of this study is that endoscopists were unlikely to biopsy all LVLs in the esophagus, especially for scattered and small LVLs, but experienced endoscopists tried their best to examine the esophagus accurately by using white light, NBI, and iodine staining; and all suspected dysplastic lesions were biopsy sampled. Last but not least, this study is the first research to explore the clinical effectiveness of prophylactic treatment of multiple LVLs together with ER treatment of the primary ESCNs with large sample size.

In summary, this study preliminarily revealed that the combined therapy of RFA and ER in the treatment of patients with early ESCNs and synchronous multiple LVLs can reduce the incidence of metachronous ESCNs and local recurrence through improving the background esophageal mucosa and may slightly improve the 5-year cause-specific survival rate. However, additional prospective, randomized, controlled, multicenter studies with a larger number of cases will be needed to confirm the feasibility and effectiveness of combination therapy in the treatment of patients with early ESCNs and synchronous multiple LVLs.
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Background

Due to individualized conditions of lymph node metastasis (LNM) and distant metastasis (DM), the following therapeutic strategy and diagnosis of T1–2 esophageal cancer (ESCA) patients are varied. A prediction model for identifying risk factors for LNM, DM, and overall survival (OS) of high-risk T1–2 ESCA patients is of great significance to clinical practice.



Methods

A total of 1,747 T1–2 ESCA patients screened from the surveillance, epidemiology, and end results (SEER) database were retrospectively analyzed for their clinical data. Univariate and multivariate logistic regression models were established to screen out risk factors for LNM and DM of T1-2 ESCA patients, while those of OS were screened out using the Cox regression analysis. The identified risk factors for LNM, DM, and OS were then subjected to the establishment of three nomograms, respectively. The accuracy of the nomograms was evaluated by depicting the calibration curve, and the predictive value and clinical utility were evaluated by depicting the clinical impact curve (CIC) and decision curve analysis (DCA), respectively.



Results

The age, race, tumor grade, tumor size, and T-stage were significant factors for predicting LNM of T1–2 ESCA patients (p < 0.05). The age, T-stage, tumor grade, and tumor size were significant factors for predicting DM of T1–2 ESCA patients (p < 0.05). The age, race, sex, histology, primary tumor site, tumor size, N-stage, M-stage, and surgery were significant factors for predicting OS of T1–2 ESCA patients (p < 0.05). The C-indexes of the three nomograms constructed by these factors were 0.737, 0.764, and 0.740, respectively, suggesting that they were clinically effective.



Conclusions

The newly constructed nomograms can objectively and accurately predict the LNM, DM, and OS of T1–2 ESCA patients, which contribute to the individualized decision making before clinical management.





Keywords: lymph node metastasis, distant metastasis, overall survival, nomogram, SEER database, T1–2 esophageal cancer



Introduction

Esophageal cancer is a common malignant tumor of the digestive tract, with about 572,000 new cases and 508,000 deaths in 2018. Globally, ESCA ranks the 7th and 6th leading causes of cancer morbidity and mortality, respectively (1). According to the NCCN Guidelines for Esophageal and Esophagogastric Junction Cancers (Version 3. 2021), T1–2 ESCA has been defined to invade lamina propria, muscularis mucosae, submucosa, or muscularis propria, but not to invade fibrous membrane (2). For patients with newly diagnosed esophageal space-occupying lesions, their pathological diagnosis is often made by endoscopic biopsy (3). Most of T1–2 ESCA patients do not have LNM and DM at the initial diagnosis, but some of them suffer LNM and/or DM (4–6). Therapeutic strategies of ESCA are made according to individualized conditions of LNM and DM. For T1aN0M0 patients, only endoscopic mass resection is required, such as endoscopic submucosal dissection (ESD) (7), which is featured by a short length of stay, less complications, and high quality of life (8). However, early-stage ESCA is usually found during endoscopy, in which T-stage can be immediately judged, while LNM and DM cannot be clearly determined (9). LNM may occur after mass resection by endoscopy, and as a result, a following surgery is needed (10). Esophagectomy is recommended for cT1b-T2N0M0 ESCA patients, and neoadjuvant concurrent chemoradiotherapy plus esophagectomy is preferred to cT1b-T2N+M0 patients. The presence of DM significantly influences the clinical decision making, and therefore, LNM and DM should be monitored with the following examinations (2). Lymph node puncture can be performed when cervical LNM is suspected by clinical or ultrasound. Abdominal CT or MRI is performed for abdominal metastasis. Suspected metastases adjacent to the trachea and bronchus can be determined by ultrasonic bronchoscopy. PET-CT can be used to detect DM (2). In clinical practice, some gastroenterologists believed that T1–2 ESCA lesions do not break through the muscle layer, which are urgently resected under endoscopy. However, transferring to thoracic surgery once the endoscopic operation is unable to completely remove the tumor lesions can easily cause adverse consequences by empirical tumor resection and lymph node dissection under the circumstances where preoperative examinations are lacking. An early determination of LNM and DM of T1–2 ESCA patients based on their clinical data is beneficial to make individualized therapeutic strategies, reduce medical cost, and enhance the outcomes. In addition, the prognosis of T1–2 ESCA is largely influenced by LNM and DM. Therefore, predicting LNM and DM benefits the judgment of the prognosis of T1–2 ESCA earlier and more accurately.

The nomogram is an intuitive graphical prediction tool to calculate the risk of a clinical event in a patient (11). Compared with the widely used TNM staging system, the nomogram has better predictive ability for many malignant tumors (12). However, an accurate nomogram to predict LNM, DM, and OS in T1–2 ESCA patients is lacking. In this study, we intend to establish nomograms to predict LNM, DM, and OS of T1-2 ESCA patients by analyzing relevant clinical data in the SEER database.



Methods


Data Resources and Subjects

In this study, data of T1–2 ESCA patients were extracted from the SEER database, which is a publicly available database providing authorization information for cancer-related records of about 35% of the US population (13). Therefore, our research did not need ethical approval, with a large amount of data and guaranteed quality. A total of 49,527 T1–2 ESCA patients from 1975 to 2018 were obtained from the database. Exclusion criteria were as follows: (1) lack of clinical data the race, tumor grade, tumor position, and tumor size; (2) lack of survival data like vital status, survive time, and reason of death; (3) T0, T3–4, or unclear TNM staging (TX, NX, or MX); and (4) two or more primary tumors. Given the evidence that patients with DM are considered as advanced stage, lymph node status is not a decisive factor in the treatment (14). Recruited T1–2 ESCA patients were divided into group N (n = 1,290, T1–2M0 ESCA patients for predicting risk factors of LNM) and group M (n = 1,747, T1–2 ESCA patients for predicting risk factors of DM). Inclusion and exclusion criteria are shown in Figure 1.




Figure 1 | Case screening flow chart.





Variable Declaration

Fifteen clinicopathological variables were obtained from the SEER database, including the year of diagnosis, age, race, sex, tumor grade, histology, primary site, tumor size, T-stage, N-stage, M-stage, vital status, reason of death, surgery (primary site), and survival month. OS was defined as the span from the date of diagnosis to that of death from any cause. Cancer-specific survival (CSS) was defined as the time span from the date of diagnosis to that of death due to ESCA. For demographic variables, the optimal cutoff values for the year of diagnosis, age, and tumor size were assessed by plotting Kaplan–Meier curves using the X-tile software (Yale University, New Haven, Connecticut, USA) (15). Specifically, the year of diagnosis was categorized into 2004–2009, 2010–2012, and 2013–2015 (Figure 2). The age of T1–2 ESCA patients was categorized into ≤67, 68–81, and ≥82 years (Figure 3). The tumor size of ESCA was categorized into 0–21, 22–47, and 48+ mm (Figure 4). In addition, according to the arrangement of the SEER database and the needs of this study, other data were also classified. The pathological subtype of ESCA was categorized into adenocarcinoma, squamous cell carcinoma, and others according to the International Classification of Disease for Oncology 3rd Edition, (ICD-O-3) hist/behav, malignant. According to the primary site labeled in SEER, the tumor site of ESCA was categorized into cervical esophagus, thoracic esophagus, abdominal esophagus, and overlapping lesion of esophagus. Since different AJCC versions were used for diagnosis, we carefully compared the 6th, 7th, and 8th, edition AJCC staging, and finally the 8th edition was adopted as follows: T1a/T1b was merged into T1, T4A/T4b (7th and 8th edition AJCC) was merged into T4, and N1–3 were merged into N+. The above modifications would not affect the accuracy of the research results.




Figure 2 | The optimal cutoff values were assessed by plotting Kaplan–Meier curves using the X-tile software. The age of T1–2 ESCA patients was categorized into ≤67, 68-81, and ≥82 years.






Figure 3 | The optimal cutoff values were assessed by plotting Kaplan–Meier curves using the X-tile software. The year of diagnosis was categorized into 2004-2009, 2010-2012, and 2013-2015.






Figure 4 | The optimal cutoff values were assessed by plotting Kaplan–Meier curves using the X-tile software. The tumor size of ESCA was categorized into 0-21, 22-47, and 48+ mm.





Nomogram Construction

We established univariate and multivariate logistic regression models (16) to screen out risk factors for LNM in group N and DM in group M, respectively. The Cox regression model was introduced to screen out prognostic factors of T1–2 ESCA. The effects of various factors on LNM, DM, and OS of T1–2 ESCA were measured by calculating the odds ratio (OR) and hazard ratio (HR). The subdistribution hazard region (SHR) was used to measure the impact of prognostic variables on CSS. The OS curve was drawn by the Kaplan–Meier method, and the cumulative incidence rate of tumor was plotted by cumulative incidence rate function. Then, two nomograms were created to predict the risk factors of LNM and DM in T1–2 ESCA patients according to the results of logistic regression models. According to the Cox proportional hazard model, a predictive nomogram was established to calculate the OS of T1–2 ESCA patients. These nomograms were validated by ROC and calibration curves for their accuracy. The C-index was used to reflect the accuracy of the model, in which a maximum of 1.0 indicated the perfect differentiation ability, and greater than 0.7 indicated a high accuracy of the prediction model. DCA, as a tool to evaluate the clinical application value of the nomogram (17), was used to evaluate the net benefit in this study. In addition, we plotted the CIC to reveal the value of the nomogram model more intuitively.



Statistical Analysis

The optimal cutoff values for the age and tumor size in Kaplan–Meier survival curves were assessed by the X-tile software. The baseline of patients between the training group and the test group was tested through the chi-square test. The baseline characteristics of T1–2 ESCA patients were analyzed using SPSS 26.0 and p < 0.05 considered as statistically significant. Other data analyses were carried out through the corresponding functions of R software (version 4.0.3).




Results


Clinical Features of T1–2 ESCA

After a strict screening, 1,747 patients diagnosed with T1–2 ESCA between 2004 and 2015 were finally included in this study. They were divided into group N (T1-2N0-1M0, n = 1,290) and group M (T1N0-3M0-1, n = 1,747). The ratio of T1-2 ESCA patients with LNM in group N was 33.41% and that of DM in group M was 26.16%. Clinical data of recruited T1-2 ESCA patients are listed in Tables 1, 2.


Table 1 | Characteristics of patients with T1-2 ESCA (T1-2N0-3M0).




Table 2 | Characteristics of patients with T1-2 ESCA (T1-2N0-3M0-1).





Risk Factors and Nomogram of LNM

According to univariate and multivariate logistic regression models, LNM was found closely related to the age at diagnosis, race, tumor grade, tumor size, and T-stage, while it was not correlated with sex, primary site, and histology (Table 3). In particular, T1–2 ESCA patients with the oldest age (≥82 years) had a lowest risk of LNM (OR = 0.34, 95% CI = 0.22–0.52, p < 0.001), followed by those aged 68–81 years (OR = 0.65, 95% CI = 0.49–0.85, p = 0.002). T2 ESCA patients had a higher risk of LNM than those with T1 (OR = 2.83, 95% CI = 2.19–3.66, p < 0.001). In addition, Asian or Pacific Islanders had the highest risk of LNM compared with that of White (OR = 1.74, 95% CI = 1.04–2.89, p = 0.033). T1–2 ESCA patients with grade II (OR = 2.79, 95% CI = 1.55–5.37, p = 0.001), grade III (or = 4.06, 95% CI = 2.25–7.81, p < 0.001), and grade IV (OR = 3.25, 95% CI = 1.17–9.01, p = 0.023) had a higher risk of LNM than that of grade I. Compared with T1–2 ESCA patients with a tumor size of 0–21 mm, those with a tumor size of 22–47 mm (OR = 1.77, 95% CI = 1.29–2.44, p < 0.001), and > 48 mm (OR = 3.21, 95% CI = 2.31–4.49, p < 0.001) had a higher risk of LNM.


Table 3 | Logistic regression analysis of the risk factors for LNM in cohort N.



A nomogram was established to visually display the risk factors of LNM (Figure 5). In addition, the exact scores of each factor in the nomogram are as shown in Table 5. Ranked by the weight of each influencing factor, the race of T1–2 ESCA patients was on the top place, followed by tumor grade, tumor size, age, and T-stage. The calibration curve revealed that the nomogram had a strong resolution, and the C-index was 0.737 (Figure 6). In addition, a N-cohort study of DCA and CIC on the LNM nomogram was conducted, showing that our nomogram was favorable to predict LNM in T1–2 ESCA patients in the threshold range of 0–0.35 (Figures 7, 8).




Figure 5 | There are five factors in the nomogram. After taking values for these five factors (the upper scale), the total score is calculated, and the corresponding LNM rate is obtained according to the total score.






Figure 6 | The calibration curve used to predict LNM, with C-index at 0.737. The diagonal line indicates a coincidence between the actual and predicted LNM probabilities, indicating that the probability predicted by the nomogram is very consistent with the actual observed values. The solid line is close to the diagonal line.






Figure 7 | The decision curve draws a nomogram of the predicted LNM. The x-axis represents the threshold probability and the y-axis represents the net benefit. The horizontal black line indicates that no patient has an extreme condition of LNM, and the yellow line indicates that all patients have another extreme condition of LNM.






Figure 8 | The number of high-risk patients and the number of high-risk patients with events are drawn with red solid lines and blue dotted lines to represent different threshold probabilities, respectively.





Risk Factors and Nomogram of DM

According to univariate and multivariate logistic regression models, we found that DM was closely related to age, T-stage, tumor grade, and tumor size, while it was not correlated with sex, race, primary site, and histology (Table 4). The risk of DM in T1–2 ESCA patients with 68–81 years (OR = 0.72, 95% CI = 0.55–0.93, p = 0.013) and ≥82 years (OR = 0.41, 95% CI = 0.26–0.62, p < 0.001) was relatively low. Different from LNM, T2 ESCA patients were less prone to have DM than T1 patients (OR = 0.44, 95% CI = 0.33–0.57, p < 0.001). DM was more likely to affect grade IV (OR = 5.07, 95% CI = 1.75–15.63, p < 0.001), grade III (OR = 6.84, 95% CI = 3.27–16.75, p < 0.001), or grade II ESCA patients (OR = 3.77, 95% CI = 1.79–9.25, p = 0.001). In addition, T1–2 ESCA patients with a tumor size of 22–47 mm (OR = 3.34, 95% CI = 2.30–4.94, p < 0.001), and >48 mm (OR = 8.56, 95% CI = 5.98–12.51, p < 0.001) had a higher risk for DM than those with 0–21 mm.


Table 4 | Logistic regression analysis of the risk factors for DM in cohort M.



A nomogram was established to visually display the risk factors of DM (Figure 9). In addition, the exact scores of each factor in the nomogram are as shown in Table 5. From the perspective of score weight, tumor size was the most significant factor for influencing DM of T1–2 ESCA patients, followed by tumor grade, age, and T-stage. The calibration curve revealed that the nomogram had a strong resolution with the C-index of 0.764 (Figure 10). In addition, we conducted DCA and CIC on the DM nomogram (Figures 11, 12), and the results showed that the DM nomogram was effective to predict DM in T1–2 ESCA patients in the threshold range of 0–0.27.




Figure 9 | There are four factors in the nomogram. After taking values for these four factors (the "point" scale above), the total score is calculated, and the corresponding DM rate (the "total point" scale below) is obtained according to the total score.






Figure 10 | The calibration curve used to predict DM, with C-index at 0.764. The diagonal line indicates a coincidence between the actual and predicted DM probabilities, indicating that the probability predicted by the nomogram is very consistent with the actual observed values. The solid line is close to the diagonal line.






Figure 11 | The decision curve draws a nomogram of the predicted DM. The x-axis represents the threshold probability and the y-axis represents the net benefit. The horizontal black line indicates that no patient has an extreme condition of DM, and the yellow line indicates that all patients have another extreme condition of DM.






Figure 12 | The number of high-risk patients and the number of high-risk patients with events are drawn with red solid lines and blue dotted lines to represent different threshold probabilities, respectively.




Table 5 | Score of risk factors for nomograms.





Survival Analysis of ESCA Patients With LNM and DM

The effects of LNM and DM on survival were calculated by Kaplan–Meier and gray methods. OS was associated with LNM (SHR = 1.511, 95% CI = 0.662–1.731, p < 0.0001) and DM (SHR = 3.214, 95% CI = 2.852–3.622, p < 0.0001) (Supplementary Figures 1, 2). LNM (HR = 2.127, 95% CI = 1.613–2.805, p < 0.001) and DM (HR = 11.667, 95% CI = 7.326–18.580, p < 0.001) were also associated with CSS as revealed by the Gray method (Supplementary Figures 3, 4).



Risk Factors and Nomogram of OS

Based on the multivariate Cox proportional hazards regression model, prognostic factors for OS of T1–2 ESCA patients were identified. To more intuitively display the results of the multivariable Cox proportional risk model, forest plots were depicted in Supplementary Figure 5. The results showed that there were 9 prognostic factors, including age, race, sex, histology, primary site, tumor size, N-stage, M-stage, and surgery, while tumor grade and T-stage were not correlated with OS. The prognosis of patients aged 68–81 years (HR = 1.29, 95% CI = 1.15–1.46, p < 0.001) or ≥82 years (HR = 1.72, 95% CI = 1.44–2.05, p < 0.001) was worse than those aged younger than 67 years. Concerning race, black patients suffered a worse prognosis than did white patients (HR = 1.38, 95% CI = 1.11–1.68, p = 0.003). Female patients had a better prognosis than males (HR = 0.87, 95% CI = 0.76–1.01, p = 0.04). Compared with T1–2 ESCA patients with the origin of the cervical esophagus, the prognosis of those with the origin of the thoracic esophagus (HR = 1.32, 95% CI = 1.02–1.70, p = 0.03) and overlapping lesion of esophagus (HR = 2.12, 95% CI = 1.45–3.10, p < 0.001) was significantly worse. The larger the primary tumor size, the worse the prognosis. Compared with patients with a tumor size of 0–21 mm, T1–2 ESCA patients with a tumor size of 22–47 mm (OR = 1.35, 95% CI = 1.16–1.58, p < 0.001) and >48 mm (OR = 1.54, 95% CI = 1.32–1.80, p < 0.001) was worse. Undoubtedly, the prognosis of patients with LNM (OR = 1.22, 95% CI = 1.09–1.38, p < 0.001) and DM (OR = 1.71, 95% CI = 1.49–1.97, p < 0.001) was worse than of those without metastases. Based on the Cox regression model, the 3-, 5-, and 10-year OS prognostic nomograms are as shown in Supplementary Figure 6. By adding up the scores of each factor, the probability of 3-, 5-, and 10-year OS in T1–2 ESCA patients could be calculated. The C-index was 0.740, and the correction curve showed that the predicted results were consistent with the actual situation (Supplementary Figures 7, 8, 9).




Discussion

T1-2 ESCA is characterized as the invasion of the lamina propria, muscularis mucosa, submucosa, or muscularis propria, rather than the esophageal fibrous membrane (2). In the present study, about 49% of newly diagnosed T1–2 ESCA patients did not have LNM and DM, and about 33% of them had LNM, but no DM. Moreover, about 26% of T1–2 ESCA patients had DM. Due to the different statues of LNM and DM, the therapeutic strategies and corresponding prognoses of T1–2 ESCA patients were individualized. At present, pathological biopsy is still the gold standard for the diagnosis of LNM and DM in ESCA patients. Although simple examinations like PET-CT can be used to assess LNM and DM in ESCA patients, its application is limited due to high cost, false-negative rate, and false-positive rate (18). Therefore, a non-invasive and effective method to evaluate the presence of LNM and DM in ESCA patients is urgently needed. According to the prediction results of the model, further examination and therapeutic strategies can be selected more reasonably.

In recent years, a growing number of studies have focused on the prediction models of human diseases, although deficiencies and limitations exist. Previous studies established Cox regression models based on logistic regression analysis, but these models have low prediction ability and cannot be used in clinical practice (19, 20). As a new form of prediction models, a nomogram can directly visualize the predicted LNM and DM, which provides a reference for further examinations and clinical decision-making. At present, many nomograms can be used to predict the diagnosis and prognosis of cancers, but there are many problems like the sample size (21), low C-index and the prediction accuracy of the model (22), insufficient inclusion and exclusion criteria (23), lack of cutoff values (24–26), and latest evidence (27). To our knowledge, this is the only published study to establish a nomogram to predict the incidence and survival rate of LNM and DM in T1–2 ESCA patients by analyzing latest cancer data from 1975 to 2018 in the SEER database. The included subjects were divided into group N (T1-2N0-3M0 ESCA patients for predicting LNM) and group M (T1-2N0-3M0-1 ESCA patients for predicting DM). Three nomograms were established and validated to predict LNM, DM, and OS in T1–2 ESCA patients. The LNM nomogram included five factors, namely, age, race, grade, tumor size, and T-stage. The DM nomogram included four factors age, T-stage, grade, and tumor size. The nomogram of survival rate included 9 factors age, race, sex, histology, primary site, tumor size, N-stage, M-stage, and surgery. The C-indexes of LNM nomogram, DM nomogram, and prognostic nomogram were 0.737, 0.764, and 0.740, respectively, indicating their good clinical value.

Previous studies have shown that age, depth of tumor invasion, tumor size, and grade are related to the risk of LNM in ESCA patients (4). Our findings also revealed that T1–2 ESCA patients with an old age had a lower risk of LNM, which may be attributed to low tumor differentiation in young cancer patients prone to escape immune surveillance. This speculation lacks conclusive data and needs further exploration. T2 ESCA patients had a higher risk of LNM than those with T1. In addition, T1–2 ESCA patients with a larger tumor size had a higher risk of LNM than those with a smaller cancer lesion. In the relationship between grade and LNM, the LNM risks of moderately differentiated cancer, poorly differentiated cancer, and undifferentiated cancer were 2.79, 4.06, and 3.25, respectively. The overall results were also consistent with our conventional cognition. A higher degree of differentiation indicated lower malignant level and possibility to metastasize. However, the proportion of undifferentiated LNM was lower than that in poorly differentiated patients. We considered that a small sample size (41 cases) and early-stage ESCA (T1–2) may cause inconsistent findings. Similar results were obtained showing that T1–2 ESCA patients with an old age had a lower risk of DM than did young patients. A previous study has shown that age is an independent predictor of metastatic organs in cancer patients, and young patients are more prone to have a metastasis (28). Advanced T-stage and large tumor size were both risk factors of DM in T1–2 ESCA patients. In the relationship between grade and DM, the DM risk of moderately differentiated cancer, poorly differentiated cancer, and undifferentiated cancer was 3.77, 6.84, and 5.07, respectively, which was similar to that in the LNM nomogram. Surprisingly, LNM and DM were not correlated with primary site, histology, and sex, which were inconsistent with previous findings (29, 30). In the established OS nomogram, there were 9 factors, including age, race, sex, histology, primary site, tumor size, N-stage, M-stage, and surgery, while it was not related with T1/T2 and grade.

In addition, we found that LNM and DM of T1–2 ESCA were associated with tumor-specific and non-tumor-specific death. Since all clinical data were screened out from 1,747 eligible patients with the mean follow-up for 70 months recorded in the public database, the data and statistical results were convincing.

This study had some limitations. First of all, it was a population-based retrospective analysis lacking prospective data for verification. Secondly, the database had insufficient information about high-risk lifestyle factors (e.g., large consumption of alcohol, eat high-temperature food or pickled food), tumor markers, imaging examination, important molecular factors (PD-1/PD-L1 gene status), metastasis sites, etc. They are believed as important factors for predicting LNM, DM, and prognosis of T1-2 ESCA which should be further explored. Thirdly, sarcoma and GIST are also malignant tumors with ICDO/3. However, there are other malignant epithelial tumors, so the prediction model established in this paper is not applicable to “Sarcoma and GIST.” Finally, our data were only from the United States population and the sample size was relatively small. In the future, multicenter data with a large sample size and population in different races should be analyzed to validate our conclusions.

Collectively, three nomograms were established based on analysis of independent risk factors for T1–2 ESCA patients from downloaded data in the online database for predicting LNM, DM, and OS. Involved factors in nomograms can be easily obtained from clinical records, suggesting the convenience of applying established nomograms in clinical practice. Combined with other clinical data, the established nomograms are expected to assist physicians to make better diagnosis, individualized treatment, and follow-up management for T1–2 ESCA patients.
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Supplemenatary Figure 1 | The effect of LNM on OS. There is a significant difference in survival time between the two groups. The data below indicate the number of patients who survived after each time period with or without LNM.

Supplementary Figure 2 | The effect of DM on OS. There is a significant difference in survival time between the two groups. The data below indicate the number of patients who survived after each time period with or without DM.

Supplementary Figure 3 | There is a significant difference between CSD with LNM and without LNM. There is no significant difference between NCSD with LNM and without LNM.

Supplementary Figure 4 | There is a significant difference between CSD with DM and without DM. There is no significant difference between NCSD with DM and without DM.

Supplementary Figure 5 | Forest plot depicting the significance of multivariate Cox proportional hazard regression prognostic factors of OS in T1-2 ESCA patients. Among them, the gray shading group is the control group.

Supplementary Figure 6-9 | Nomogram (6) and calibration curve (7, 8, 9). There are 9 factors in Supplementary Figure 6. After taking values for these 9 factors (the “point” scale above), the total score is calculated, and the corresponding survival prediction is obtained according to the total score (the “total point” scale below). 7, 8, and 9 The calibration curves for predicting 1-, 3-, and 5-year OS, respectively, and the C-index is 0.740. The diagonal indicates a coincidence between the actual and predicted OS probabilities. When the solid line is close to the diagonal line, it shows that the probability predicted by the nomogram is very consistent with the actual observed value.
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Gastric cancer (GC) is an aggressive malignant tumor and causes a significant number of deaths every year. With the coming of the age of cancer immunotherapy, search for a new target in gastric cancer may benefit more advanced patients. Melanoma-associated antigen-A3 (MAGEA3), one of the members of the cancer-testis antigen (CTA) family, was considered an important part of cancer immunotherapy. We evaluate the potential role of MAGEA3 in GC through the TCGA database. The result revealed that MAGEA3 is upregulated in GC and linked to poor OS and lymph node metastasis. MAGEA3 was also correlated with immune checkpoints, TMB, and affected the tumor immune microenvironment and the prognosis of GC through CIBERSORT, TIMER, and Kaplan-Meier plotter database analysis. In addition, GSEA-identified MAGEA3 is involved in the immune regulation of GC. Moreover, the protein-protein interaction (PPI) networks of MAGEA3 were constructed through STRING database and MAGEA3-correlated miRNAs were screened based on the joint analysis of multiple databases. In terms of experimental verification, we constructed pET21a (+)/MAGEA3 restructuring plasmids and transformed to Escherichia coli Rosetta. MAGEA3 protein was used as an antigen after being expressed and purified and can effectively detect the specific IgG in 93 GC patients’ serum specimens with 44.08% sensitivity and 92.54% specificity. Through further analysis, the positive rate of MAGEA3 was related to the stage and transfer number of lymph nodes. These results indicated that MAGEA3 is a novel biomarker and correlated with lymph node metastasis and immune infiltrates in GC, which could be a new target for immunotherapy.
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Introduction

Gastric cancer (GC) is an aggressive and devastating disease, with more than 1 million new cases a year, and remains the fourth cause of cancer-related death, although the mortality and mortality were declining gradually (1). Despite the progress made in the management of gastric cancer over decades, prognosis remains poor, and the 5-year survival in patients with metastatic disease is 5.3% (2). Many factors contribute to the risk of gastric cancer; infection with Helicobacter pylori is the main cause and confirmed as the first biological carcinogen by WHO (3–5). Epstein-Barr virus (EBV) infection (6), environmental and genetic factors, obesity, and smoking also contribute to the development of stomach cancer (7, 8). At present, carcinoembryonic antigens including CEA and CA19-9 are the most widely used gastric cancer detection markers in clinical practice (9, 10). However, these markers lack the sensitivity and specificity needed to assess the diagnosis and prognosis of gastric cancer; thus, many other tumor markers have been discovered and proved their potential efficacy as diagnostic and prognostic tools in gastric cancer. However, these markers are also having problems, such as, insufficient sensitivity that needs further clinical verification (11). Traditional cancer therapies like surgery and chemoradiation therapy are limited to the treatment of advanced gastric cancer patients, so innovative approaches are desperately needed. Immunotherapy offers a different approach and is an alternative treatment option for those patients, and many clinical trials are in progress (12). The purpose of this study is to find a target that plays a role in detection and immunotherapy.

Cancer testis antigens (CTA) are antigens that are usually only expressed in testis and placenta and various tumor types (13). Melanoma-associated antigen-A3 (MAGEA3), as a main member of CTA, is located on chromosome Xq28. The expression of MAGEA3 is modulated by DNA methylation or histone acetylation (14–16). Many research have reported the abnormal expression of MAGEA3 in many tumor types (17–21). The characteristics of differential expression in normal and cancer tissues make MAGEA3 an ideal target for antitumor vaccines and carried out various clinical trials (22–25). However, the two largest phase III clinical trials targeting MAGEA3 immunotherapeutic as an adjuvant therapy for stage III melanoma and nonsmall cell lung cancer failed (26, 27), which is stagnating the progress of immunotherapeutic, and research on MAGEA3 also have declined. In our previous study, we have identified epitopes from MAGEA3 protein and found that patients with gastric cancer had higher reactivity to these epitopes (28); we also found that MAGEA3 multiepitope vaccine can induce humoral and cellular immune responses in mice (29), so we still believe MAGEA3 is an important target for GC diagnosis and immunotherapy. In this research, we analyzed the relationship between MAGEA3 and gastric cancer patients’ prognosis through the Cancer Genome Atlas (TCGA) database and investigated the effect of MAGEA3 expression on immune cell infiltration, further screening out MAGEA3-related proteins and interacting miRNA. We further use purified MAGEA3 protein for the detection of specific antibodies in the serum of GC patients to prove that MAGEA3 is related to the progression of gastric cancer. Our findings provide novel insights into the role of MAGEA3 in GC, thereby highlighting the underlying mechanism of MAGEA3 influencing immune cell interaction with tumors and providing preliminary preparations for the detection and immunotherapy of MAGEA3 in gastric cancer.



Methods


Gastric Cancer Patients in TCGA

RNA sequence profiles and clinical data of 375 GC patients and 32 normal controls were downloaded through the TCGA database (https://genome-cancer.ucsc.edu/). Subsequently, analysis includes clean data and cancer dataset divided into 2 groups by median.



TIMER Analysis

TIMER is a comprehensive website (https://cistrome.shinyapps.io/timer/) that can analyze the differences in gene expression and the levels of immune invasion in different tumors (30). We first explored the expression of MAGEA3 in pan-cancer. “SCNA module,” “Gene module,” and “Survival module” were then applied to evaluate the association between MAGEA3 and immune infiltration and clinical outcome. Finally, the correlation of MAGEA3 with the markers of immune cells in GC was verified.



Kaplan-Meier Plotter Analysis

The Kaplan-Meier plotter website (http://kmplot.com/) can explore the impact of gene on patient survival in more than 20 cancer types, including gastric cancer (n = 1,440). We explore the association between MAGEA3 expression and prognosis of GC in the related immune cell subgroups.



Immune Checkpoints and TMB and MSI Analyses

To predict the part of patients who would benefit from immune checkpoint inhibitors (ICI) or agonists, we compared the differential expression of immune checkpoints between MAGEA3 high group and MAGEA3 low group. PDCD1 (PD-1), CD274 (PD-L1), CTLA4, SIGLEC15, IDO1, HAVCR2, LAG3, and PDCD1LG2 were chosen as immune checkpoints.

Tumor mutational burden (TMB) and microsatellite instability (MSI) have been viewed as biomarkers for predicting the therapeutic response to immunotherapy (31). We used Spearman’s correlation analysis to describe the correlation between nonnormal distributed quantitative variables.



CIBERSORT Analysis

We used the CIBERSORT to analyze the normalized data filtered by Perl programming language and obtained the immune cell infiltration matrix. We then used “corrplot” package to draw a correlation heatmap to visualize the correlation of 22 types of infiltration and used “ggplot2” package to draw violin diagrams to visualize the differences in immune cell infiltration in different MAGEA3 groups.



Gene Set Enrichment Analysis

Gene set enrichment analysis (GSEA) was performed using the Java GSEA desktop application. In this study, GSEA v4.1.0 software was used to identify immunological features in different MAGEA3 groups. The random combination was set for 1,000 times. NOM p-value <0.05 and FDR <0.05, |NES|>1 were considered significant enrichment.



PPI Network Construction

The R package “Limma” was used to identify DEGs between MAGEA3 high group and MAGEA3 low group. An adjusted p < 0.05 and |log2FC|>1was used as cutoff values. The STRING website (http://string-db.org) (32) was used to construct an interactive network of DEGs and subsequently was visualized by Cytoscape software. We then filtered out the module that MAGEA3 was involved in through the MCODE plugin. We also listed MAGEA3-binding proteins with the experimental evidence identification based on the STRING database. Then screened out the possible proteins that may interact with MAGEA3 base on the intersection of the results of STRING and MCODE.



Candidate miRNA Prediction

To predict the miRNAs that may target MAGEA3, five target gene prediction websites were analyzed, including, ENCORI, TargetScan, miRmap, mirDIP, and mircoT. We then used Venn to conduct an intersection analysis. The ENCORI website was use to further verify the miRNA in gastric cancer.



Construction of pET21a(+)/MAGEA3 Recombinant Plasmid and Expression and Purification

The full-length gene sequence of MAGEA3 was optimized by a prokaryotic codon (www.jcat.de) and synthesized by Shanghai Biological Engineering Co., Ltd. MAGEA3 was then cloned into prokaryotic expression vector pET21a(+) to obtain a recombinant plasmid: pET21(+)/MAGEA3. In order to express recombinant proteins, Escherichia coli Rosetta transformed with positive plasmid was induced under 1 mmol/l IPTG at 30°C. Bacteria were then collected and washed once with PBS. The lysate was sonicated, and then centrifuged at 10,000×g for 10 min, and the supernatant was collected. The purification of MAGEA3 proteins were performed according to the procedure recommended by Qiagen (Hilden, Germany).



Western Blot Assay

To confirm the presence and molecular mass of the MAGEA3 protein, Western blotting was performed using anti-His tag mAb. MAGE3 proteins were separated by 12% SDS-PAGE, transferred to a nitrocellulose membrane, and blocked with 5% nonfat milk in TBS at 37°C for 60 min. After washing with PBST, the membrane was incubated with 1:8,000 diluted anti-His mAb for 2 h. After washing, the filters were further incubated with 1:10,000 diluted HRP-conjugated goat anti-mouse IgG, and protein bands were visualized with 3,3′-diaminobenzidine tetrahydrochloride (DAB) kit according to the manufacturer’s instructions.



Serum Specimens

The study included 93 GC patients, 107 chronic gastritis patients, and 108 healthy controls recruited from The First Affiliated Hospital of Wenzhou Medical University between February 2016 and December 2016. The three groups were matched for age and gender. Cancer patients who received radiation or chemotherapy before surgery were excluded. Histopathological data from surgical specimens were confirmed by the Department of Pathology. The study was approved by the Human Research Ethics Committee of The First Affiliated Hospital of Wenzhou Medical University, and written informed consent was obtained.



ELISA Assay

Purified MAGEA3 protein and 1:200 diluted serum specimens were added to ELISA plates as first antibody; 1:10,000 diluted HRP-labeled human IgG was taken as secondary antibody. Three replicates were run for each sample. The results were quantified by recording the absorbance at 490 nm. Cutoff value = the mean A value of the healthy control + 3SD (33). Meanwhile, the study also analyzed the relationship between the positive rate of MAGEA3 antibodies in GC patients and clinicopathological features such as the TNM staging, pathological differentiation type, and transfer number of lymph nodes.



Statistical Analysis

Statistical analyses were performed by R-3.5.3 and IBM SPSS Statistics 23. The experimental data were expressed as mean ± SD. Differences between two groups were assessed using the t-test. χ2 test was performed to compare the difference of positive rate of MAGE-A3 antibodies in different groups.




Results


The mRNA Expression Level and Prognostic Value of MAGEA3 in Gastric Cancer

The mRNA expression of MAGEA3 in pan-cancer was first analyzed on the TIMER website. Higher expression of MAGEA3 was observed in GC (Figure 1A). A total of 32 normal controls and 375 gastric cancer patients were downloaded from TCGA database in March 2021. As shown in Figure 1B, MAGEA3 expression in the GC group is significantly higher than in the normal group (p < 0.01) in the TCGA. Similar upregulation of MAGEA3 expression was observed in GEPIA.




Figure 1 | Expression of MAGEA3 in gastric cancer. (A) MAGEA3 expression in different types of cancer was investigated with the TIMER database. (B) Increased expression of MAGEA3 in gastric cancer compared to normal tissues in the GEPIA and TCGA database. (C) Correlation between MAGEA3 and prognosis of gastric cancer in TIMER and Kaplan-Meier plotter database. *p < 0.05; **p < 0.01; ***p < 0.001.



Since MAGEA3 is abnormally highly expressed in tumor sample, we subsequently investigated the influence of MAGEA3 expression on GC patients’ prognosis and clinicopathology. According to prognostic results from the TIMER database and Kaplan-Meier plotter database (Figure 1C), our results indicated that higher expression of MAGEA3 associated with poorer overall survival (OS) in GC patients (p < 0.05). We further evaluated the expression of MAGEA3 in GC patients with different N-stage. As shown in Figure 2, the expression of MAGEA3 in N+ was higher than that in N0 (p < 0.05), which may indicate that MAGEA3 expression is correlated to lymph node metastasis.




Figure 2 | MAGEA3 expression increased significantly in gastric cancer–caused lymph node metastasis. *p < 0.05.





Relationship Between MAGEA3 Expression and Tumor-Infiltrating Immune Cells

Immune checkpoint inhibitors (ICI), a milestone in the field of cancer immunotherapy, has already improved treatment effect and survival in many cancer patients (34, 35). According to the expression level of MAGEA3, GC patients were divided into MAGEA3-high group (n = 188) and MAGEA3-low group (n = 187). Compared with the MAGEA3 low-expression group, the expression of immune checkpoint-related mRNA included CD274 (PD-L1), PDCD1 (PD-1), CTLA4, HAVCR2 (TIM-3), LAG3, PDCD1LG2 (PD-L2), and TIGIT, deregulated significantly (Figure 3A). We also found the expression of MAGEA3 correlates with TMB (Figure 3B), so we assume that the expression of MAGEA3 affects the immune status in gastric cancer. We further used CIBERSORT to explore the distribution of 22 types of immune cells in GC samples. The corHeatmap (Figure 4A) result showed that T-cell CD4 memory is activated and T-cell CD8 had a positive correlation (value = 0.49). T-cell CD8 had a negative correlation with macrophages M0 (value = −0.45). Correlation heatmap (Supplementary Figure S1) summarized the results obtained from 69 filtered gene expression matrix, and the relative percent of the 22 immune cells is shown in Figure 4B. Compared with the MAGEA3-low group, the violin plot of the immune cell showed that, macrophages M0, master cells activated infiltrated statistically more, while T-cell CD8, mast cells resting infiltrated statistically less (Figure 4C).




Figure 3 | Differential expression of immune checkpoints inMAGEA3 groups and correlations of MAGEA3 expression with TMB and MSI. (A) The expression distribution of Immune checkpoints related gene in MAGEA3 high group and MAGEA3 low group. (B) Correlation analysis of MAGEA3 gene expression and TMB, MSI. *p < 0.05; **p < 0.01; ***p < 0.001.






Figure 4 | Results of CIBERSORT analysis and immune infiltration between MAGEA3 high- and low-expression groups. (A) Correlation matrix of infiltration degree of immune cells in GC samples. Red indicates trends consistent with the positive correlation, and blue indicates trends consistent with the negative correlation between two immune cells. The bigger size of the number statistics data represents the more positive or negative correlation. (B) The distribution of 22 immune cells in 267 filtered gene matrix. Red indicates higher immune infiltration expression, and green indicates lower expression. (C) Violin diagram of immune cell proportions in two groups. The blue fusiform fractions on the left represent the MAGEA3 high-expression group, and the red fusiform fractions on the right represent the MAGEA3 low-expression group.





MAGEA3 Expression Is Correlated With Immune Infiltration Level in GC in TIMER

Tumor-infiltrating lymphocytes (TILs) were viewed as a prognostic feature in many primary malignancies (36). In the TIMER database, the “SCNA” module results showed that altered MAGEA3 gene copy numbers seemed to associate with several immune cell infiltration levels, including CD8+ T cells, CD4+ T cells, B cells, dendritic cells (DCs), neutrophil, and macrophages in GC (Figure 5A). The “Gene” module results then showed that MAGEA3 expression has negative correlation with infiltration of CD8+ T cells (R = −0.24, p = 2.96e−06), neutrophil (R = −0.165, p = 1.4e−03). Dendritic cells (R = −0.171, p = 9.47e−07) (Figure 5B).




Figure 5 | Correlation analysis of MAGEA3 expression and immune infiltration in GC by TIMER. (A) Association between MAGEA3 gene copy number and immune cell infiltration levels in GC cohorts. (B) Correlation of MAGEA3 expression with immune infiltration level in GC. *p < 0.05; **p < 0.01; ***p < 0.001.





The Association Between MAGEA3 and Immune Marker Expression

We explored the link between MAGEA3 expression and various immune markers in GC through the TIMER and TISIB databases, which included 28 TILs, immune stimulatory or inhibitory genes (including immune checkpoint gene sets), chemokine, chemokine receptors, and MHC genes (Table 1; Supplementary Tables S1, S2; Supplementary Figure S2). After adjustment by tumor purity, the analysis showed that the expression of MAGEA3 was significantly associated with most of the marker of immune cells in GC. The correlation between MAGEA3 and activated T-cells marker is listed in Table 1. In activated CD8 T cells, the correlation between 25 immune markers and the expression of MAGEA3 was analyzed. Interestingly, MAGEA3 expression was associated with 19 immune markers, except for ADRM1, CSE1L, and GEMIN6, which were positively correlated; the others are negatively correlated, including PIK3IP1 (R = −0.2510, p = 7.44e−07), which was recognized as a negative immunomodulator that inhibits antitumor T-cell immunity (37). For activated CD4 T cells, MAGEA3 expression was related to 17 of 25 immune markers, and most were negatively correlated, including TRAT1 (Trim), CCL5, ITK, etc. As shown in Supplementary Figure S2, Supplementary Table S1, MAGEA3 expression was associated with many types of TILs, and most of them were negatively correlated.


Table 1 | Correlation analysis between MAGEA3 and markers of active T cells.



In Supplementary Table S2, the correlation between the expression of MAGEA3 and 44 common immune control genes was analyzed. The results showed that MAGEA3 expression was significantly associated with 34 immune checkpoint markers, including PDCD1 (PD-1), CD274 (PD-L1), CTLA4, etc. As we have known, CD274 (PD-L1), CTLA4, and PDCD1 (PD-1) were biomarkers of response to ICI and already used in cancer immunotherapy (38–40). Therefore, these results have proven that MAGEA3 may play a key role in tumor immunity. To further explain the effect of MAGEA3 expression on immune cell migration, we analyzed the relationship between MAGEA3 and chemokines and chemokine receptors. The results demonstrated that MAGEA3 expression was also associated with immune cell-associated chemokines and chemokine receptors, and most of them were negatively correlated, such as CCL5 (R = −0.2167, p = 2.09e−05), CXCR3 (R = −0.2274, p = 7.76e−06), and CXCL13 (R = −0.1707, p = 8.50e−04), those results may indicate that the expression of MAGEA3 may regulate the migration of immune cells to tumor microenvironment.



Prognostic Analysis of MAGEA3 Expression in GC Based on Immune Cells

We have demonstrated that the expression of MAGEA3 was associated with the immune infiltration and prognosis in GC. Therefore, we inferred that the expression of MAGEA3 affected the prognosis, partly due to immune infiltration.

We did a prognosis analysis based on the MAGEA3 expression levels in the relevant immune cell subgroups via the Kaplan Meier plotter. The results showed that the low expression of MAGEA3 in GC in enriched CD4 memory T cells, enriched Th1 cells, and enriched Th2 cell cohort had better prognosis respectively, but there was no significant correlation in decreased immune cell groups (Figures 6A, C, D). On the contrary, we found that the low expression of MAGEA3 in decreased Treg cell cohort had a better prognosis (Figure 6B). The above analysis indicated that the MAGEA3 expression in GC may affect prognosis partly because of immune infiltration.




Figure 6 | Comparison of Kaplan-Meier survival curves of the high and low expression of MAGEA3 in GC based on immune cell subgroups. Relationships between MAGEA3 of different immune cell subgroup and prognoses in gastric cancer (A–D).





Gene Sets Enriched Analysis About MAGEA3 in Gastric Cancer

MAGEA3-related signaling pathways involved in GC between low and high MAGEA3 expression were identified through GSEA and demonstrated significant differences (NOM p-value <0.05 and FDR <0.05, |NES|>1) in enrichment of GO and KEGG collection. We only listed 5 pathways of GO and KEGG because of limited space (Table 2). As shown in Figure 7, 5 KEGG items including intestinal immune network for IgA production, B-cell receptor signaling pathway, T-cell receptor signaling, natural killer cell-mediated cytotoxicity, and toll-like receptor signaling pathway were enriched in MAGEA3 low-expression phenotype. Five GO items including regulation of B-cell proliferation, protein complex involved in cell adhesion, adaptive immune response, positive regulation of T-cell proliferation, and phagocytic cup have shown significant differential enrichment in MAGEA3 low-expression phenotype. There are no KEGG or GO items enriched in MAGEA3 high-expression phenotype based on NES, NOM p-value, and FDR value. These all suggest that MAGEA3 plays an immunomodulatory role in gastric cancer.


Table 2 | Gene sets enriched in phenotype.






Figure 7 | Enrichment plots from gene set enrichment analysis (GSEA).





PPI Network Construction of MAGEA3-Related Partners

DEGs in MAGEA3-high group and MAGEA3-low group were analyzed by “Limma” package. As shown in Figure 8A and Supplementary Figure S3, 11 significantly upregulated genes and 97 significantly downregulated genes were identified. We also performed a series of enrichment analyses based on these DEGs, including KEGG and GO (Supplementary Figure S4). To understand potential interactions among these DEGs, we also performed a PPI network analysis by utilizing STRING and Cytoscape. We first constructed the MAGEA3 coexpression gene network through Cytoscape (Figure 8B), then filtered out the module that MAGEA3 was involved in via the MCODE plugin (Figure 8C), and screened out eight genes interacting with MAGEA3 including MAGEA12, MAGEA6, CTAG2, MAGEA1, CSAG1, SSX1, MAGEC2, and PRAME. We also listed 10 MAGEA3-binding proteins with the experimental evidence identification based on the STRING database (Supplementary Figure S5). A Venn analysis showed three common members: MAGEA12, PRAME, and CSAG1. MAGEA3 expression was positively correlated with that of MAGEA12 (R = 0.776, p = 1.09e−84), PRAME (R = 0.417, p = 7.56e−19), and CSAG1 (R = 0.717, p = 1.02e−66) in GC (Figures 8D, E).




Figure 8 | PPI network analysis of MAGEA3-related genes. (A) Volcano plot of the differentially expressed genes between MAGEA3 high group and MAGEA3 low group. (B) PPI structureof co-expressed genes. (C) The top module involved MAGEA3 identified by MCODE plugin in Cytoscape. (D) An intersection analysis of the MAGEA3-binding and correlated genes was conducted. (E) Correlation analysis between MAGEA3 expressed and screened common genes, including MAGEA12, PRAME, and CSAG1.





Prediction and Analysis of Potential miRNAs Associated With MAGEA3

As we have known, microRNAs are involved in the regulation of gene expression. We first predicted miRNAs that could potentially bind to MAGEA3 and finally found 8 miRNAs targeting MAGEA3 from TargetScan (http://www.targetscan.org/vert_71/), mirDIP (http://ophid.utoronto.ca/mirDIP/), ENCORI website [ENCORI: The Encyclopedia of RNA Interactomes. (sysu.edu.cn)], microT [DIANA TOOLS - microT-CDS (athena-innovation.gr)], and miRmap [miRmap (ezlab.org)] (Figure 9A). As listed in Figure 9B, MAGEA3 was negatively correlated with hsa-let-7i-5p and positively correlated with hsa-miR-448, hsa-miR-767-3p, hsa-let-7e-5p, and hsa-miR-18a-5p in GC. Moreover, hsa-miR-767-3p exhibited the strongest correlation with MAGEA3 (R = 0.795, p = 2.09e−82), and the expression of hsa-miR-767-3p was significantly different in gastric cancer and normal tissues (Figure 9C).




Figure 9 | Prediction potential miRNA of MAGEA3 in GC. (A) The predicted miRNAs targeting MAGEA3 in five databases. (B) The expression correlation between predicted miRNAs and MAGEA3 in GC analyzed by starBase database. (C) The expression of hsa-miR-767-3p in GC and control normal samples determined by starBase database.





Production of the MAGEA3 Full-Length Protein

The codon-optimized MAGEA3 digested with restriction endonucleases NedI and XhoI was inserted into the pET21a (+) vector (Figure 10A). The recombinant plasmid was then transform into E. coli Rosetta and induced by IPTG. Figure 10B shows a band at an appropriate position around 48 kD, corresponding to MAGEA3 protein. The protein was then subjected to Western blot with the antibody against His-tag to identity its specificity. The purified MAGEA3 protein (250 µg/ml) was obtained through Ni–NTA agarose affinity chromatography (Figure 10C). This study also conducted the immunogenicity and antigenicity analysis of the MAGEA3 protein (Supplementary Figures S6–S8).




Figure 10 | pET21(+)/MAGEA3 plasmid contruction and purification. (A) The map of the expression vector pET21a(+)/MAGEA3 codon-optimized MAGEA3 942bp with 6xHis tag cloned into the prokaryotic expression vector pET21a(+) by NedI/XhoI restriction sites. (B) Affinity purified MAGE-A3 protein expressed from E. coli Rosetta were analyzed with SDS-PAGE. (C) Affinity purified MAGE-A3 identified by western blot with mouse anti-His mAb. Lane M: pre-stained protein marker; Lane 1, Rosetta; Lane 2, pET21a(+)/Rosetta; Lane 3, pET21a(+)/MAGE-A3 at 48 kDa; Lane4, purified MAGE-A3protein at 48 kDa.





Serum Detection of MAGEA3 Antibodies in GC Patients

The MAGEA3-specific IgG was detected in 93 GC patients, 107 chronic gastritis patients, and 108 healthy controls by ELISA. As shown in Figure 11A, serum concentration of MAGEA3 antibodies in the GC group (1.049 ± 0.384) was significantly higher than that of patients with chronic gastritis (0.546 ± 0.278) and healthy controls (0.412 ± 0.218) (F1 = 15.096, p < 0.01; F2 = 34.373, p < 0.01). The cutoff value was calculated as 1.065, which was further applied to calculate the positive rate of MAGEA3-specific IgG. The results show (Figure 11B) that the positive rate in GC was 44.08% (41/93) and gastritis and healthy control groups was 6.54% (7/107) and 0.92% (1/109), respectively. The positive rate of serum antibody in the GC group was significantly higher than the other two groups ( = 38.450, p < 0.01;  = 56.082, p < 0.01). Regardless of serum concentration or positive rate, there was no statistically significant differences between gastritis and healthy control groups (p > 0.05). The sensitivity of ELISA to detect MAGEA3-specific IgG for serological diagnosis of GC was 44.08%, while the specificity was 92.54%.




Figure 11 | ELISA analysis of MAGE-A3 specific IgG antibodies in the serum of gastric cancer. (A) MAGE-A3 specific serum IgG antibody levels in three groups of patients with healthy controls, chronic gastritis and gastric cancer. (B) The serum antibody positive detection rate of MAGE-A3 in each group. *P<0.05.





Correlation Between MAGEA3 and Clinical Analysis

The research obtained 43 patients’ histopathological data among 93 gastric cancer patients who underwent radical surgery (Table 3). No significant differences were identified between the positive rate of MAGEA3 antibodies and pathological differentiation type, diameter of tumor, and patient age and gender. However, the positive rate of serum MAGEA3 antibodies in stages III and IV was significantly higher than the rate in stages I and II (p < 0.05). The positive rate in more lymph node metastasis (N ≥ 3) was also significantly higher than that in the less lymph node metastasis (N = 0–2).


Table 3 | Clinicopathological features and MAGEA3 antibodies detection of 43 patients.






Discussion

Although rapid clinical treatment progress has changed survival of gastric cancer beyond recognition, the prognosis of GC patients still remains unsatisfactory. Immunotherapy such as anti-PD-1 or anti-PD-L1 therapy is of paramount importance to advanced GC patients (2). Despite Epstein-Barr virus (EBV) status, PD-L1 and MSI serve as predictive markers; poor response or developing resistance is quite common in many GC patients when receiving immunotherapy (12). Hence, we need to figure out the mechanism of those limitations and develop strategies that could improve sensitivity to immunotherapy in GC patients. Meanwhile, biomarkers that could predict the prognosis of GC patients are at the forefront of recent studies, which inspire us to find a new biomarker with therapeutic value in GC patients (11, 41).

Exactly like numerous proteins belong to MAGE gene family, MAGEA3 could bind with E3 Really Interesting New Gene (RING) and then enhance its ubiquitin ligase activity (42, 43). Even though the expression of MAGEA3 is generally confined to germline cells of the testis and placenta the same as other CTA, MAGEA3 may function as a potential immunotherapeutic target with its elevated expression in diverse malignant tumor cells including melanoma (19), lung cancer (20), and colorectal cancer (21). Many clinical trials with this antigen also have been carried out, which include being vaccinated with a strictly tumor-specific MAGEA3 peptide or MAGEA3 protein. MAGE-3 peptide vaccine exhibited therapeutic benefits and improved disease-free survival in melanoma and lung cancer patients according to preceding clinical trials (44–46). Our group also identified three predictive immunodominant MAGEA3 epitopes that could provoke a high concentration of IgG targeting MAGEA3 in mice (28, 29). However, on account of the capability to trigger strong T-cell responses, MAGEA3 protein induced by recombinant technology becomes all the rage in abundant patients with MAGEA3-elevated tumors (47). The data from the phase 2 randomized NSCLC trial and patients with melanoma encouraged and moved the MAGEA3 immunotherapeutic forward (48, 49), while DERMA and MAGRIT which are phase III clinical trials indicated that MAGEA3 immunotherapeutic did not benefit overall survival or disease-free survival of patients with NSCLC or melanoma (26, 27). Sometimes cancer patients with MAGEA3 mRNA positive still manifest MAGEA3 immunotherapy resistance because no functional protein was produced at all (27). Another possible explanation is deficiency of T-cell responses (especially CD8 responses) contributing to the absence of clinical effects (50). So far, there is still no research about what role MAGEA3 plays in the immunotherapy of GC.

In our research, its biological roles and possible mechanism in GC were investigated by thorough bioinformatics analysis. We first discovered that MAGEA3 was elevated in tumor tissues, which was significantly correlated with poor OS. Simultaneously, high MAGEA3 expression was linked to the lymph node metastasis of gastric cancer, which was verified in subsequent serological studies. This phenomenon is similar to the previous research results. Futawatari et al. (51) reported the elevated expression rate of MAGEA3 was found in cancer patients with lymph node metastasis and venous invasion compared with those without. Honda et al. (14) found that 66% of GC patients studied exposed MAGEA3 hypomethylation, which is positively correlated with lymph node metastasis.

ICI play a crucial role in immunotherapy (52). Immunotherapy that uses ICI such as nivolumab and pembrolizumab to inhibit PD-1/PD-L1 axis has been the vogue for advanced GC patients (53–55). Cytotoxic T-lymphocyte-associated protein (CTLA)4 was also a receptor that attenuates the T-cell response. Approved by the U.S. Food and Drug Administration (FDA), ipilimumab is the first CTLA4 inhibitor that could enhance anticancer immunity (56). TIM3 acts as a “checkpoint” receptor, inhibiting TIM3, which can enhance the antitumor effect of PD1 blockade (57). In this study, we unveiled PD1, PD-L1, PD-L2, CTLA4, TIGIT, TIM-3, and LAG3 were deregulated expression significantly in the MAGEA3 high group, and the expression of MAGEA3 negatively correlates with TMB. As we have known, TMB affects sensitivity to immunotherapy using checkpoint inhibitor by regulating the production of immunogenic peptides (58). The above results may explain a surprising relationship between increased expression of a particular subset of MAGEA antigens (include MAGEA3) and poor ICI response (59).

An additional key finding in this study is that the expression of MAGEA3 correlated with the degree of immune infiltration in GC. Using CIBERSORT analytical tool, we found that macrophages M0, master cells activated were higher in the MAGEA3 high-expression group, while T-cell CD8, mast cells resting were higher in the MAGEA3 low-expression group. We also found that MAGEA3 expression has a negative correlation with infiltration of CD8+ T cells, neutrophil, and dendritic cells through the TIMER database analysis. Moreover, MAGEA3 was significantly correlated with most immune marker sets of various immune cells in GC. These findings together indicate that MAGEA3 may have an impact on the changes of tumor immune microenvironment. Prognostic analysis of MAGEA3 expression levels in different tumors based on immune cells was performed; high MAGEA3 expression level in GC had a poor prognosis in the enriched CD4 + memory T cell, enriched type 1 T helper cell, and enriched type 2 T helper cell subgroups. Thus, high expression of MAGEA3 in GC may affect the prognosis of GC patients in part due to immune infiltration.

We also performed GSEA to further study the functions of MAGEA3 in GC. GSEA showed that regulation of B-cell proliferation, adaptive immune response, and positive regulation of T-cell proliferation in GO were differentially enriched in MAGEA3 low-expression phenotype. Intestinal immune network for IgA production, B-cell receptor signaling pathway, T-cell receptor signaling, natural killer cell-mediated cytotoxicity, and toll-like receptor signaling pathway in KEGG were differentially enriched in MAGEA3 low-expression phenotype. These results indicated that MAGEA3 high expression results in immune suppression in GC.

Previous studies have shown that promoter demethylation and histone acetylation mediate the MAGEA3 gene expression (60, 61). Several studies have reported the expression rate of MAGEA3 in GC, but the range was wide, varying from 35% to 45%, and most of them were evaluated at mRNA level (51, 62). In the present study, we prepared and expressed MAGEA3 proteins by the prokaryotic expression system. When MAGEA3 protein was used as an ELISA diagnostic antigen, it can be recognized by tumor that expressed MAGEA3. The positive rate was 44.08%, which agree with previously reported rates, were obviously higher than control groups. Full-length MAGEA3 protein also contain epitopes for both T cells that carry the CD4 or CD8 antigen that have been detected in people with cancer; these epitopes can generate protective immunity through binding MHC class I or MHC class II molecules (63, 64), so injected MAGEA3 protein can induce the high-level humoral and cellular immune responses, and a large proportion of gastric cancer patients who were MAGEA3 positive identified by ELISA may be candidates for immunotherapy. MAGEA3 may be used not only as a diagnostic agent for gastric cancer patients but also as a potential target antigen for gastric cancer immunotherapy.

In summary, our study revealed that MAGEA3 is associated with lymph node metastasis and correlates with immune infiltration levels in GC. We also screened out MAGEA3 interacting proteins and miRNA which need further experimental validation. We believe MAGEA3 can serve as a new biomarker in gastric cancer and provide more effective therapies in the era of immunotherapy.
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Introduction

Somatic copy number deletion (SCND) of CDKN2A gene is the most frequent event in cancer genomes. Whether CDKN2A SCND drives human cancer metastasis is far from clear. Hematogenous metastasis is the main reason of human gastric carcinoma (GC) death. Thus, prediction GC metastasis is eagerly awaited.



Method

GC patients (n=408) enrolled in both a cross-sectional and a prospective cohorts were analysed. CDKN2A SCND was detected with a quantitative PCR assay (P16-Light). Association of CDKN2A SCND and GC metastasis was evaluated. Effect of CDKN2A SCND by CRISPR/Cas9 on biological behaviors of cancer cells was also studied.



Results

CDKN2A SCND was detected in 38.9% of GCs from patients (n=234) enrolled in the cross-sectional cohort. Association analysis showed that more CDKN2A SCND was recognized in GCs with hematogenous metastasis than those without (66.7% vs. 35.7%, p=0.014). CDKN2A SCND was detected in 36.8% of baseline pN0M0 GCs from patients (n=174) enrolled in the prospective study, the relationship between CDKN2A SCND and hematogenous metastasis throughout the follow-up period (62.7 months in median) was also significant (66.7% vs. 34.6%, p=0.016). Using CDKN2A SCND as a biomarker for predicting hematogenous metastasis of GCs, the prediction sensitivity and specificity were 66.7% and 65.4%. The results of functional experiments indicated that CDKN2A SCND could obviously downregulate P53 expression that consequently inhibited the apoptosis of MGC803 GC and HEK293T cells. This may account for hematogenous metastasis of GCs by CDKN2A SCND.



Conclusion

CDKN2A SCND may drive GC metastasis and could be used as a predictor for hematogenous metastasis of GCs.
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Introduction

Gastric carcinoma (GC) is the third leading cause of cancer-related death worldwide (1). Distant or hematogenous metastasis, lymphatic or peritoneal spreading, and local recurrence are the key reasons for the failure of surgical treatment for patients with resectable GCs (2). Among these, hematogenous metastasis to liver, lung, bone, or brain is responsible for the greatest mortality in GC patients. Although many efforts have been made to discover prognosis biomarkers for GC (3–13), a feasible biomarker for prediction of hematogenous metastasis of GC is still eagerly awaited.

Different transcription start sites are used to synthesize the human P16INK4a as well as P14ARF mRNAs from the CDKN2A gene on chromosome 9p21 (14); they share the same exon-2 and have different translation reading frames. In addition to their functions in apoptosis, cell cycle arrest and senescence, the P16INK4a and P14ARF proteins play important function in prophylaxis of cell replicative stress through the P16INK4a-CDK4/6-RB1 and P14ARF-MDM2-P53/P21CIP1-CDK2-RB1 pathways, respectively (15–18). The mutation of the CDKN2A gene in the germline can result in a significant risk of developing melanoma or pancreatic cancer (19–21). Recently, it was reported that inactivation of Cdkn2a/p16ink4a gene by CRISPR/Cas9 significantly favored lung metastasis of mouse non-small cell lung carcinoma transplanted subcutaneously and artificial inactivation of CDKN2A gene initiates the invasion of human melanoma cells via BRN2 activation (22, 23). Several human malignancies are characterized by somatic copy number deletion (SCND) of the CDKN2A gene (24). However, whether the inactivation of the CDKN2A gene by SCND affects hematogenous metastasis of human cancers has not been reported previously.

Recently, we identified a 5.1-kb common deletion region (CDR) within the CDKN2A/P16INK4a gene from intron-2 to promoter in 92% of CDKN2A-deleted human malignancies. Current FISH approach to detect SCNVs is composed of a set of probes covering at least 50-kb (at least 30-kb) DNA sequence that is not suitable for detecting the copy number of the 5.1-kb CDKN2A CDR. Therefore, we have developed a CDR-specific assay termed P16-Light to quantitatively detect somatic copy number variations (SCNVs) of the CDKN2A gene, and validated the assay with whole genome sequencing data (25). In present study, we further studied association of CDKN2A SCNVs with hematogenous metastasis of GC in patients enrolled in a cross-sectional cohort and confirmed the association in patients enrolled in a prospective cohorts. A set of biological experiments were also carried out to establish the causal relationship between them.



Materials and Methods


Study Design

234 patients (from 1999 to 2003) enrolled in the cross-sectional study (26), and the other 174 patients (from 2002-2012) enrolled in a double-blind prospective study (NCT02159339) (27) with enough amounts of DNA samples for CDKN2A copy number analysis were included in the present study. Clinicopathological and follow-up metastasis/relapse information were collected from Peking University Cancer Hospital & Institute. Information on overall survival (OS) and CDKN2A SCND for 157 patients, who enrolled in our previous study (25, 28), were also included in the OS analysis as illustrated in Figure 1. The characterization of these GCs was done using the UICC-tumor-node-metastasis (TNM) approach from 2010 (29). Detailed information for each de-identified patient was listed in Data File 1.




Figure 1 | Working flow diagram. Clinical and biological studies were illustrated within top and bottom dashed line frames, respectively.





Preparation of DNA

Patients provided frozen fresh GC as well as paired surgical margin (SM) samples, which were collected and analysed. The phenol/chloroform technique was used to isolate the genomic DNA from these samples.



Detection of CDKN2A SCNVs by P16-Light

P16-Light, a multiplex quantitative PCR assay using GAPDH as a reference gene, was performed according to our recent report (25). For the purposes of this study, each multiplex PCR was performed in a total volume of 20 μL, which consisted of an intron-2 probe of CDKN2A using forward and reverse primers of 10 μM each, probe for GAPDH using forward and reverse primers of 10 μM concentration, input DNA of 5-10 ng, and 10 μL of 2x TaqMan Universal Master Mix II of uracil-N-glycosylase (Kit-4440038, ABI, Lithuania) (Table 1). With the use of an ABI 7500 Fast Real-Time PCR System, three replicates of the PCRs were carried out in a MicroAmp Fast Optical 96-Well Reaction Plate with barcode (0.1 mL; ABI, China). For this particular PCR, the following criteria were used: an initial incubation for 10 min at 95°C, followed by 40 cycles at 95°C for 20 sec followed by 58°C for 60 sec. Using the GAPDH gene as a reference, the CDKN2A gene’s ΔCt value as well as relative copy number were computed. CDKN2A gene copy number deletion or amplification positive was identified when the average relative CDKN2A gene copy number in GC samples was substantially lower or greater than in the paired SM samples, respectively, in student t-test. As positive and negative controls, genomic DNA from A549 cells that did not include any CDKN2A alleles and genomic DNA from RKO cells that did have two wild-type CDKN2A alleles were used, respectively.


Table 1 | Oligo sequences.





Cell Lines and Cultures

We used the RPMI-1640 medium to cultivate human gastric cancer cell line MGC803 and immortalized embryo kidney cell line HEK293T (cordially given by Dr. Yang Ke at Peking University Cancer Hospital and Professor Yasuhito Yuasa of Tokyo Medical and Dental University, respectively). Fetal bovine serum (FBS) was added to the medium at 10% (v/v). Beijing JianLian Genes Technology Co., Ltd. examined and certified these cell lines before they were utilized in this investigation. In this examination, analyse the Goldeneye™ 20A STR Identifiler PCR Amplification kit was used to evaluate STR patterns.



Assays of Cell Proliferation, Migration, and Invasion With IncuCyte

In 96-well plates, cells were seeded with 2,000 cells per well and grown for a minimum of 96 hrs, with 10 wells per group. A long-term dynamic observation platform was employed to take pictures of the cells every 6 hrs and collected the necessary data (IncuCyte, Essen, MI, USA). It was determined how many cells were confluent analyse using the IncuCyte ZOOM programme (Essen, Ann Arbor, MI, USA). The cells were seeded into 96-well plates at a density of 25,000 cells per well and then cultivated for 24 hrs to allow for real-time movement and invasion tracking, as previously described. After establishing a wound mark, the cells were rinsed three times with PBS to remove any remaining debris. For the invasion test, 50 µL Matrigel (acquired from BD Bioscience, San Jose, CA) diluted with RPMI 1640 Medium at a ratio of 1:8 was added after the cells had been rinsed with PBS and grown for 30 min at 37°C before being removed. For at least 96 hrs, the cells were cultivated on a regular basis and imaged every 6 hrs. Calculation of relative wound width was done with the same programme.



Disruption of CDKN2A Exon 1a, 1b, 2 or CDR With CRISPR/Cas9 Technology

Exon 1a, 1b and 2 of the CDKN2A gene were knocked out by single-guide RNA (sgRNA) approaches, while the CRISPR/Cas9 system was utilized to knock out the CDKN2A gene’s CDR region via a dual gRNA strategy (30). The sgRNAs were created over an online platform available at the website (http://crispr.mit.edu) and synthesized by Thermo Scientific, Inc., Rockford, IL, USA (Table 1). To express Cas9 in the Lenti-CRISPR-V2 vector, the sgRNAs were cloned into the BsmBI restriction site of lenti-CRISPR-V2 vector (Plasmid #52961, Addgene, Inc.). Next, HEK293FT cells were transfected with lentivirus encoding gRNA and Cas9, and the results were confirmed in the lab. It was 72 hrs after transfection that the viral supernatants were collected, and the viruses were employed to infect MGC803 or HEK293T cells with the 0.45 μm PVDF filter (Millipore, USA). For three days after the virus infection, the infected cells were submitted to puromycin selection for one week, and genomic DNA from the surviving cells was extracted and put to PCR amplification and sequencing using the primers (Table 1). The cells were then planted into 96-well plates in order to select for monoclonal cells, which were then purified. For the wild-type (WT) control, we used cells that had transfected with control vector that was devoid of Lenti-CRISPR-V2.



P16INK4A Overexpression

P16INK4A overexpression pIRES2-EGFP vector was constructed as previously described (3) and used to transiently transfect MGC803 cells using XtremeGENE HP DNA Transfection Reagent (Roche, Mannheim, Germany).



Western Blot

In order to obtain a protein lysate, cells were collected and lysed. Proteins were separated on a PVDF membrane using a 10% SDS-PAGE gel, which was then were transferred. With primary antibodies including anti-P16 (1:3000, Abcam, UK), anti-RB1 (1:2500, Abcam, UK), anti-Phospho-RB1 (Ser807/811) (1:2500, Cell Signaling Technology, UAS), anti-GAPDH (1:10000, Protein Tech, China), the membrane was incubated for 1 hr at room temperature after being blocked with 5% fat-free milk for a night at 4°C. This was followed by three rounds of PBST washing (PBS with 0.1% Tween 20). Incubation with the relevant horseradish peroxidase-conjugated goat anti-goat at 1:3000 for anti-P16, anti-RB1, and anti-Phospho-RB1 or anti-mouse IgG at 1:10000 for anti-GAPDH was performed at room temperature for 1 hr after rinsing the membrane with distilled water. Through the use of an Immobilon Western Chemiluminescent HRP Substrate kit, the signals were seen (WBKLS0500, Millipore, Billerica, USA).



Cell Apoptosis and Death Analyses

Cells were seeded in six-well plates (2 × 105 cells per well). A trypsin treatment was performed on the cells after 48 hrs, followed two washes with cold PBS. In accordance with the manufacturer’s instructions, they were tagged with annexin V-FITC and propidium iodide (PI) (Dojindo, Japan). A BD Accuri C6 flow cytometer was then used to evaluate the cells (BD Biosciences, USA). With the BD Accuri C6 software, the percentages of cells in early apoptosis (annexin V-positive, PI-negative) and late apoptosis/necrosis (annexin V- and PI-positive) were calculated.



TCGA Patient Cohorts

Copy-number alterations of the CDKN2A gene in tissues from 10488 and 11226 cancer patients, clinical information, and survival datasets in the TCGA and MSKCC PanCancer projects were downloaded from cBioport (Data Files 2, 3), respectively (6, 7, 31–34).



Statistical Analysis

It was determined whether there was a relationship between somatic CDKN2A SCND and clinicopathological characteristics using chi-square testing. Log-rank tests were used to compare OS between groups. Kaplan-Meier analysis was utilized to calculate the OS of patient. Student t-test was utilized to the difference of relative copy number of CDKN2A between GC and SM samples. The prediction sensitivity was equal to ratio of number of CDKN2A SCND-positive GC patients with follow-up hematogenous metastasis to number of all of GC patients with follow-up hematogenous metastasis. The prediction specificity was equal to ratio of number of CDKN2A SCND-negative GC patients without follow-up hematogenous metastasis to number of all of GC patients without follow-up hematogenous metastasis. A p-value of less than <0.05 was considered statistically significant important in all of these tests.




Results


Basic Information of Patients

The basic information for 234 patients with GC in the cross-sectional study and 174 patients with pN0M0 GC in the prospective study were listed in Table 2. Twenty-four patients (median follow-up of 62.7 months) were found to have distant metastasis, including hematogenous metastasis in 12 patients (six to liver, two to lung, one to bone, one to brain, one to transsepmuscle, and one to abdomen skin) and lymphatic/peritoneal metastasis in 12 other patients (cohort 2, Data File 1).


Table 2 | Association of somatic copy number variations (SCNVs) of the CDKN2A gene by P16-Light with clinicopathological characteristics of Chinese patients with gastric carcinoma (GC) included in a cross-sectional study and a prospective study.





CDKN2A SCND Increases Risk of Hematogenous Metastasis of GCs in the Cross-Sectional Cohort

To clarify whether CDKN2A SCND could drive GC metastasis, we analysed the prevalence of CDKN2A SCNVs by P16-Light among 234 GC patients enrolled in the cross-sectional study (26). CDKN2A SCND and amplification were found in 91 (38.9%) and 29 (12.4%) of the GCs tested, respectively (Data File 1, cohort 1). The incidence of CDKN2A SCND was significantly greater in GCs with distant or hematogenous metastasis than GCs without distant or hematogenous metastasis (Chi-square test, p=0.012 or 0.014; Table 2). More CDKN2A SCNDs were also detected in GCs of males than those of females (p=0.003).



CDKN2A SCND Increases Risk of Hematogenous Metastasis of pN0M0 GCs in the Prospective Cohort

Then, the feasibility of using CDKN2A SCND as a biomarker for predicting hematogenous metastasis of GCs was further validated among 174 patients with baseline pN0M0 GC enrolled in the independent prospective study cohort (27). Once again, association analyses showed that CDKN2A SCND significantly increased the risk of hematogenous metastasis of GCs during the follow-up: CDKN2A SCND was found in 8 (66.7%) of these 12 GCs from patients with hematogenous metastasis and no CDKN2A amplification was found. However, for 162 GCs without hematogenous metastasis, CDKN2A SCND and amplification were respectively detected in 56 (34.6%) and 33 (20.3%) GCs (p=0.016; Table 2). Using CDKN2A SCND as a biomarker for predicting hematogenous metastasis of GCs, the prediction sensitivity and specificity were 66.7% (8/12) and 65.4% (106/162), respectively.



Mining Public SCNV Datasets: CDKN2A SCND Increases the Risk of Distant Metastasis of Various Cancers

To explore whether CDKN2A SCND may also affect distant metastasis of other cancers, we further mined The Cancer Genome Atlas (TCGA) PanCancer SCNV datasets (Data File 2) (6, 7, 31, 32, 41). We found that the frequency of CDKN2A deletion was significantly and consistently associated with an increased risk of local invasion (p<0.001) and distant metastasis of various cancers without lymph metastasis (p<0.025; Figure S1A), especially for head and neck squamous cell carcinoma (HNSC), kidney clear cell carcinoma (KIRC), pancreas adenocarcinoma (PAAD), skin cutaneous melanoma (SKCM), and stomach adenocarcinoma (STAD/GC) (Figure S1B). Mesothelioma (MESO) is an exception: significantly more CDKN2A deletion was detected in non-metastatic MESO than net distant metastatic MESO (p=0.045). Consistency with our above results, such relationships could not be observed among patients with lymph metastatic cancers (Figures S1C, D).



CDKN2A SCND Correlates With Short OS of Patients With GC and Other Cancers

To analyse the association between CDKN2A SCND and OS of GC patients, we emerged these data for the above 408 GC patients with those 156 patients enrolled in our WGS study together (25, 28). OS information was available for total 551 patients (Data File 1). In Kaplan-Meier analysis, OS of these GC patients (n=364) without CDKN2A SCND was significantly longer than those (n=187) with CDKN2A SCND (Cox univariate regression analysis: hazard ratio=0.767, 95% confidence interval=0.592-0.994; Figure 2A). Similarly, a significant association between CDKN2A SCND and OS was observed among GC patients in various sub-stratification groups (Figures 2B–D).




Figure 2 | Relationship between CDKN2A deletion in cancer tissues and overall survival (OS) of patients in Kaplan-Meier analysis. (A) OS curves for merged patients with gastric carcinoma (GC) with and without CDKN2A deletion in P16-Light analysis. (B) OS curves for patients with non-cardiac GC with and without CDKN2A deletion. (C) OS curves for patients with non-lymph metastatic (pN0) GC with and without CDKN2A deletion. (D) OS curves for patients with well or moderately differentiated GC with and without CDKN2A deletion. (E) Overall survival curves for TCGA PanCancer patients with and without CDKN2A deletion, according to the datasets (29–31). (F) Overall survival curves for MSKCC PanCancer patients with and without CDKN2A deletion, according to the datasets (32, 41). Charts in (E, F) were adapted from images downloaded from the cBioport website.



In addition, OS of pan-cancer patients (n=9384) without CDKN2A deletion was longer than those (n=1418) with CDKN2A deletion in TCGA project (p<0.001; Figure 2E and Data File 2) (6, 7, 31–33). OS of MSKCC PanCancer patients (n=6891) without CDKN2A deletion by target exon-captured deep sequencing was also longer than those (n=639) with CDKN2A deletion (p<0.001; Figure 2F and Data File 3) (34). These results suggest that CDKN2A SCND may be a poor survival factor not only for patients with GC, but also for patients with other kinds of cancers.



CDKN2A SCND Promotes Migration and Invasion and Inhibits Apoptosis of Cells

The CDR overlaps with the CDKN2A exon-2 (27), which is a required exon for both P16INK4a and P14ARF (14). We further studied whether P16INK4a and P14ARF co-inactivation by CDKN2A-CDR deletion may play more roles in the development and progression of GCs than individual P16INK4a or P14ARF inactivation. Using CRISPR/Cas9, we were able to remove the exon-1a of P16INK4a (P16-KO), the exon-1b of P14ARF (P14-KO), and the common CDR of both P16INK4a& P14ARF (CDR-KO) in human MGC803 GC cells (Figure 3A). Two corresponding KO subclones were obtained and were pooled for each genotype and used to study their effects on alterations of cell behaviours. Long-term dynamic IncuCyte analysis showed that CDR-KO cells migrated and invaded the most among cells with different genotypes, as expected (Figure 3B). The proportion of apoptosis of MGC803 cells with various CDKN2A KO genotypes was only one third (34.3%) of that of CDKN2A wildtype (WT) cells (Figure 3C). The ratio of phosphorylated RB1 (pRB1) to total RB1 protein was higher in both CDR-KO and P16-KO cells than CDKN2A wildtype (WT) and P14-KO cells in Western blot analyses (Figure 3D). In contrast, the amount of P53 protein in these KO cells was much lower than that in the CDKN2A wildtype cells. Similar results were also observed in HEK293T cells with P14-KO, P16-KO, as well as P16INK4a& P14ARF-shared exon-2 (P14&P16-DKO) (Figures 4A–D). These results suggest that CDKN2A SCND may be a driver for GC development.




Figure 3 | Comparison of behavioural analysis of MGC803 cells transfected with multiple CDKN2A KO genotypes. (A) CRISPR/Cas9 and corresponding single guide RNA (sgRNA) knockout (KO) of CDKN2A exon-1b, 1a, and CDR in cells. Locations of sgRNAs and exons are identified, and a blue shadow is used to show the 5.1-kb common deletion region (top chart). (B) Long-term dynamic IncuCyte studies were used to analyse the proliferation, migration, and invasion of pooled clones with various CDKN2A inactivation genotypes. Nine or twelve wells are used to calculate the average value of each point. It is also possible to view the standard deviation (SD). *P < 0.01 against CDKN2A wild-type control cells. (C) Using annexin V-isothiocyanate (FITC, FL1-A) and propidine iodide (PI, FL2-A) labeling, flow cytometry was utilized to evaluate the percentage of apoptotic versus dead cells in various CDKN2A inactivation genotypes. The percentages in parentheses represent the overall number of early and late apoptotic cells in various CDKN2A knockout genotypes. (D) The amounts of total RB1, phosphorylated RB1 (pRB1), P16, P14, proteins in cells with different CDKN2A KO genotypes was determined by Western blot analysis.






Figure 4 | Comparison of behavioural effects of several CDKN2A knockout (KO) genotypes on HEK293T cells. (A) CRISPR/Cas9 and corresponding single guide RNA (sgRNA) knockout of CDKN2A exon-1b, 1a, and exon-2 in cells. The positions of exons and each sgRNA are identified, and a pink shadow is used to show the 5.1-kb common deletion region (top chart). (B) Long-term dynamic IncuCyte studies were used to analyse the proliferation, migration, and invasion of pooled clones with various CDKN2A inactivation genotypes. Each point represents the average value of nine or twelve wells. Additionally, the SD value is also displayed. *P < 0.01 against CDKN2A wild-type control cells. (C) Using annexin V-isothiocyanate (FITC, FL1-A) and propidine iodide (PI, FL2-A) labeling, flow cytometry was utilised to evaluate the percentages of apoptotic and dead cells in various CDKN2A inactivation genotypes. As indicated by the percentages in parentheses, the total number of early and late apoptotic cells in various CDKN2A knockout genotypes was calculated. (D) Western blot analysis was used to evaluate the quantities of total RB1, phosphorylated RB1 (pRB1), and P53 proteins in cells in various CDKN2A knockout genotypes.



MGC803 cells were transiently transfected with a P16INK4A overexpression vector in order to determine if the increased cell proliferation is P16INK4A KO dependent. Long-term dynamic IncuCyte analysis showed that overexpression of P16INK4A greatly reversed the elevated proliferation phenotype of these cells, showing that the enhanced proliferation of P16-KO cells is P16INK4A inactivation-specific (Figure 5).




Figure 5 | Effects of transient P16INK4A overexpression on the proliferation of MGC803 cells with and without P16-KO in the rescue experiment. (A) Image of Western blot; (B) The proliferation curves for cells with various states of P16INK4A function.






Discussion

Hematogenous metastasis is the main recurrence route for GC patients after curative resection, which is different from lymphatic metastasis and direct peritoneal seeding. Hematogenous metastasis was associated with CD34-positive vessel density, vasculogenic mimicry, high VEGF-D or osteopontin expression (4, 5, 9, 12). Whether these factors drive hematogenous metastasis is not clear. Recently, it was reported that genetic inactivation of Cdkn2a by CRISPR/Cas9 promoted lung metastasis of mouse with non-small cell lung carcinoma transplanted subcutaneously (15). Through cross-sectional, prospective, and experimental studies, here, we reported that CDKN2A SCND was substantially correlated with hematogenous metastasis of GCs in both the cross-sectional and prospective studies. The results of our functional experiments further indicate that CDKN2A SCND could inhibit P53 expression and promote RB1 phosphorylation. CDKN2A inactivation also inhibited apoptosis and promoted proliferation/migration/invasion of cancer cells. These phenomena demonstrate that genetic CDKN2A inactivation may be a frequent causal factor and useful predictor for hematogenous metastasis of GCs.

Genetic inactivation of CDKN2A by SCND is very frequent in many human cancers (24), which is also associated with metastasis of cancers (23, 32–35). Our sub-stratification analyses using public TCGA datasets show that the relationship between CDKN2A deletion and cancer metastasis may be organ/tissue-specific. While CDKN2A deletion increases the risk of distant metastasis of HNSC, KIRC, PAAD, SKCM, and STAD/GC, it decreases the risk of distant metastasis of MESO. In addition, a strong relationship between CDKN2A deletion and distant metastasis was observed in cancers without lymphatic metastasis, but not in cancers with lymphatic metastasis. This is consistent with our current results observed in these patients enrolled in both the cross-sectional and prospective studies. The reasons accounted for these differences are worth further studying.

It is well known that tumor suppressor P53 is essential for cell apoptosis and oncogene MDM2 promotes degradation of P53 via protein ubiquitination (36). P53 mutations were reported as a driver of metastasis signalling pathways (37). Most circulating cancer cells die via PANoptosis, including anoikis, pyroptosis, apoptosis, and necroptosis, within the bloodstream (38, 39). Avoiding PANoptosis is essential for circulating cancer cells adhering to endothelial cells, extravasating and cloning in distant tissues. The activity of MDM2 is inhibited by P14ARF protein within normal cells (40). As we reported recently (25), P14ARF is co-inactivated in 92% of CDKN2A-deleted cancers. Both genetic and epigenetic inactivation of function of CDKN2A gene (P16INK4a, P14ARF, or both) inhibited apoptosis and senescence of human cells and promoted experimental lung metastasis of cancer cells (3, 15, 41). Once again, here, we found that knockout of CDKN2A CDR by CRISPR/Cas9 indeed decreased the amount of P53 protein and markedly inhibited the apoptosis of MGC803 GC and non-tumor HEK293T cells. The increased risk of hematogenous metastasis for patients with CDKN2A deleted GC is in line with these results.

In conclusion, we found that CDKN2A SCND was a frequent event in GC genomes and could be an useful predictor for hematogenous metastasis of GCs. CDKN2A SCND may be also a causal factor for distant metastasis of other cancers through decreasing cancer cell apoptosis and promoting the migration and invasion of cancer cells via downregulation of P53 expression and upregulation of RB1 phosphorylation. CDKN2A SCND leads to inactivation of both P16INK4a and P14ARF (two endogenous inhibitors for CDK4 and MDM2) in >90% CDKN2A-deleted cancers, it needs to study whether CDK4 and MDM2 inhibitor drugs could be used to prevent hematogenous metastasis of cancers.
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Supplementary Figure 1 | Relationship between CDKN2A deletion in TCGA PanCancer and the status of cancer local invasion, lymph metastasis, and distant metastasis in sub-stratification analyses. (A) The frequency of CDKN2A deletion in TCGA cancers without lymph metastasis; (B) The frequency of CDKN2A deletion in cancers of various histological subtypes without lymph metastasis; (C) The frequency of CDKN2A deletion in TCGA cancers with lymph metastasis; (D) The frequency of CDKN2A deletion in cancers of various histological subtypes with lymph metastasis. The exact numbers of cancer cases with and without CDKN2A deletion, total cancer cases, the frequency (%) of CDKN2A deletion in each subgroup of cancers are labeled, respectively. Significant p-values identified in a chi-square test are also listed. T1-x, local invasion stages; M0 and M1-x, distant metastasis-negative and distant metastasis -positive. BLCA, bladder carcinoma; BRCA, breast carcinoma; ESCA, esophagus carcinoma; HNSC, head and neck squamous cell carcinoma; LIHC, liver hepatocyte carcinoma; LUSC, lung squamous cell carcinoma; LUAD, lung adenocarcinoma; KIRC, kidney clear cell carcinoma; MESO, mesothelioma; PAAD, pancreas adenocarcinoma; SKCM, skin cutaneous melanoma; STAD, stomach adenocarcinoma.
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Background

Lugol chromoendoscopy (LCE) is a technique that is inexpensive and convenient for screening esophageal neoplastic lesions. However, the specificity of LCE is limited. The purpose of this study was to determine the risk characteristics of lesions related to false-positive results for LCE.



Methods

In this retrospective study, 871 lesions in 773 patients scheduled for LCE in Wuhan Union Hospital and First Affiliated Hospital of Shihezi University between April 2013 and October 2018 were enrolled. The 871 lesions were used to determine the diagnostic performance of LCE for detecting esophageal neoplastic lesions and were divided into an LCE-positive group (627 lesions) and an LCE-negative group (244 lesions). Six hundred and twenty-seven unstained/understained lesions from 563 patients were used to determine the significant risk factors for misdiagnosis of neoplasms by LCE. Among them, 358 lesions and 269 lesions were classified into the misdiagnosed group and correctly diagnosed group, respectively. A multivariate logistic regression analysis was conducted for suspected esophageal neoplastic lesions during the LCE examination.



Results

The sensitivity, specificity, and overall accuracy for LCE were 100%, 40.5%, and 58.9%, respectively. Among 13 characteristics of lesions, lesions with branching vascular network (OR 4.53, 95% CI 2.23–9.21, p < 0.001), smooth lesions (OR 2.40, 95% CI 1.38–4.18, p = 0.002) under white light endoscopy (WLE), lesions with a size < 5 mm (OR 3.06, 95% CI 1.38–6.78, p = 0.006), ill-demarcated lesions (OR 7.83, 95% CI 4.59–13.37, p < 0.001), and pink color sign (PCS)-negative (OR 4.04, 95% CI 2.38–6.84, p < 0.001) lesions after reaction with iodine solution were independent risk factors for misdiagnosis as neoplastic lesions by LCE.



Conclusion

LCE has a high sensitivity but limited specificity for screening esophageal neoplastic lesions. For unstained or understained lesions, branching vascular network or smooth appearance under WLE, a size < 5 mm in diameter, ill-demarcated, or PCS-negative lesions after staining are related to the misdiagnosis of esophageal neoplastic lesions by LCE based on logistic regression. The multivariate logistic model may be used to predict the possibility of misdiagnosis and help improve the specificity of LCE in diagnosing esophageal neoplastic lesions.





Keywords: esophageal neoplasia, esophageal squamous cell carcinoma, Lugol chromoendoscopy, misdiagnosis, risk factors



Introduction

Esophageal squamous cell cancer (ESCC) is one of the most common malignant tumors, ranking seventh in the world (1). The prognosis is poor, and the mortality is high for ESCC tumors detected at a late stage. The best results are achieved with early diagnosis (2, 3). However, most ESCC cases present in late stages, resulting in delayed diagnosis of the disease. If the disease is detected in the early stages, the overall 5-year survival rates, which are approximately 15%–25%, will be considerably improved (4). It has been reported that the 5-year survival rates of ESCC at stages 0, I, and IIA–IVB were 83%, 47%, and 0%, respectively (5). Thus, screening esophageal squamous cell neoplastic lesions at an early stage is crucial to improve the prognosis of ESCC.

As early neoplastic changes cannot be readily identified by white light imaging (WLI), the current use of conventional endoscopy for screening neoplastic lesions has limitations. Lugol chromoendoscopy (LCE) has remained the primary technique for detecting and screening ESCC (6, 7), especially in China. In addition, narrow-band imaging (NBI), another optical image-enhanced technology that can improve the visualization of microvascular structure and mucosal pattern (8, 9), exhibits high specificity and accuracy in the diagnosis of esophageal neoplastic lesions with a time-saving advantage (10). However, NBI endoscopy requires expensive devices and experienced endoscopists. Ishihara et al. reported that the diagnostic accuracy of NBI in experienced endoscopists was 11%–15% higher than that of inexperienced endoscopists (11). Consequently, its widespread use is limited in some places due to various difficulties.

The LCE technique, which is not only cheap but also easy to perform, can be easily mastered by endoscopists. Consequently, LCE has been utilized as the preferred method of screening esophageal neoplastic lesions in some areas (12). However, LCE presents high sensitivity (91%–100%) (13, 14) but low specificity (40%–95%) for the detection of early ESCC lesions (15, 16), leading to a high false-positive rate and the need for unnecessary biopsies. Some benign lesions, including esophagitis, ectopic mucosa, atrophy, and epithelial keratinization, can also appear unstained or understained under LCE (17).

As alluded to above, it is urgent and crucial to improve the specificity of LCE to promote its application in ESCC screening. The primary endpoint of this study was to determine the risk factors related to poor specificity and to improve the diagnostic efficiency of LCE in esophageal neoplastic lesions.



Materials and Methods


Study Design and Patients

In this retrospective double-center study, 773 patients who were scheduled for LCE in Wuhan Union Hospital and First Affiliated Hospital of Shihezi University between April 2013 and October 2018 were enrolled and analyzed based on endoscopic images. A total of 871 lesions in these 773 patients were used to determine the diagnostic performance of LCE for detecting esophageal neoplastic lesions. Patients were divided into an LCE-positive group (627 lesions) and an LCE-negative group (244 lesions).

The exclusion criteria were as follows (1): lesions were not confirmed by histopathology or could not be adequately assessed by histopathology (2); lesions were pathologically diagnosed as esophageal adenocarcinoma or Barrett’s esophagus (3); lesions were diagnosed as ulcers by naked-eye observation or pathological evaluation (esophageal squamous epithelium may disappear and result in direct exposure of the muscular layer in this condition) (4); endoscopic images of lesions with poor quality; and (5) patients accepted radiotherapy or chemoradiotherapy before endoscopy examination.

In addition, 563 patients with 627 unstained/understained lesions were used to determine the significant risk factors for misdiagnosis in LCE. These patients were divided into two groups (1): Misdiagnosed group (Group A), lesions diagnosed as neoplastic lesions by LCE but eventually pathologically diagnosed as nonneoplastic lesions (2); Correctly diagnosed group (Group B), lesions diagnosed as neoplastic lesions by LCE and finally confirmed by pathological examination.

All data were collected from the database of the Endoscopy Center in both Wuhan Union Hospital and First Affiliated Hospital of Shihezi University.



Endoscopic Examination and Grading of Staining Patterns

In the current study, endoscopic procedures were performed according to a standard protocol using a conventional endoscope (GIF-HQ290; Olympus Optical, Tokyo, Japan). LCE of the esophageal mucosa was performed using the Lugol dye-staining method. A 1.0% solution of Lugol dye was used in this study. The grading of staining patterns was divided into four groups (18): hyperstaining (grade I); normal greenish-brown staining (grade II); understained (grade III); and unstained (grade IV) (Figure 1). Grades I–II were considered benign and defined as LCE negative, whereas grades III–IV were considered neoplastic lesions and defined as LCE positive. All endoscopic procedures were performed by experienced endoscopic physicians who had performed greater than 10,000 gastroscopies.




Figure 1 | The staining patterns of Lugol chromoendoscopy (LCE) were graded and classified into four types. (A) Unstained; (B) understained, less intense staining; (C) normal greenish-brown staining; (D) hyperstaining.





Biopsy Specimens and Histopathology

Biopsy specimens were obtained from all enrolled lesions in the current study. All biopsy specimens underwent standard histologic assessment by experienced pathologists who were blinded to the clinical characteristics of all patients. Pathological diagnosis was made according to the World Health Organization classification (19) (1): negative for neoplasia/dysplasia (including normal, reactive, regenerative, hyperplastic, atrophic, and metaplastic epithelium) (2); noninvasive low-grade neoplasia (3); noninvasive high-grade neoplasia; and (4) invasive neoplasia (Figure 2). The histopathologic diagnosis served as the criterion standard.




Figure 2 | Representative pictures of pathological classification. (A) Negative for neoplasia/dysplasia (including normal, reactive, regenerative, hyperplastic, atrophic, and metaplastic epithelium); (B) noninvasive low-grade neoplasia; (C) noninvasive high-grade neoplasia; (D) invasive neoplasia.





Imaging Evaluation

To adjust for evaluation bias during image analysis, two endoscopists who were blinded to the histologic results reviewed all endoscopic images of the included patients. When there are different opinions, the final result will be decided by discussion. The endoscopic images of each subject were evaluated based on the following aspects (1): macroscopic appearance, number of lesions, location, vascular network, and hyperemia under WLE (2); size, margin, shape, rugosity, and pink color sign (PCS) under LCE; and (3) other endoscopic characteristics, including erosion, nodule, and plaque (Figure 3). Under WLE, the macroscopic appearances of lesions were classified into five types (0-I, 0-IIa, 0-IIb, 0-IIc, and 0-III) according to the Paris endoscopic classification (20). According to the Union for International Cancer Control, the longitudinal locations within the esophagus were divided into three divisions: upper, middle, and lower (21). Dramatic color change after iodine staining (initially whitish-yellow and then pink 2 to 3 min later) was recognized as PCS (22), and the lesions were classified as PCS positive and PCS negative.




Figure 3 | Representative pictures of specific endoscopic characteristics. (A) Disorder, disappearance, or truncation of the vascular network; (B) nodule, lesions with a diameter of less than 1 cm, bulging surface, and rough/erosive mucosa; (C) plaque, massive lesions that are mostly white and slightly raised from the mucosal surface with clear borders; (D) speckled esophagus, multiple Lugol-unstained speckles were present throughout the esophagus.



Pathological diagnosis was the gold standard for the diagnostic performance of LCE examinations for esophageal neoplastic lesions.



Sample Size Estimation and Statistical Analysis

We assumed the estimated rate of misdiagnosis to be 37% according to the estimation in the previous study and events per variable (EPV) to be 15 (23, 24). Thirteen variables were included in the logistic regression analysis. Thus, the minimum sample size was 527 based on these assumptions and variables. In this study, a sample size of 627 lesions was sufficient for subsequent multivariate logistic analysis. The sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), and accuracy of LCE in diagnosing esophageal neoplasms relative to the histopathologic diagnosis were calculated using McNemar’s test. Continuous variables were compared using the Mann–Whitney U test, and categorical variables were compared using the chi-squared test or Fisher’s exact test as appropriate. Univariate risk factors with a significance level of <0.05 were entered into a multivariate logistic regression analysis. A p-value of <0.05 was considered to indicate statistical significance in multivariate logistic regression analysis. Multivariate logistic regression analysis was performed to determine significant factors affecting the misdiagnosis of esophageal neoplastic lesions by LCE. Odds ratios (ORs) and 95% confidence intervals (CIs) were calculated. Statistical analysis was performed using SPSS (SPSS for Windows, version 22.0, SPSS Inc, Chicago, Ill).




Results


The General Characteristics of Patients and Lesions

Seven hundred and seventy-three consecutive patients with 871 lesions were investigated in this analysis. The characteristics of the patients and lesions are summarized in Supplementary Table 1. The male-to-female ratio was 1.4:1 (446 males: 327 females), and the median age was 57 years (range, 23–86 years). A total of 53.9% of the lesions (469/871) were located in the middle esophagus, and 38.5% (336/871) were located in the lower esophagus. A total of 76.4% (665/871) of the lesions had a branching vascular network, and 68.9% (600/871) of the lesions were hyperemic. With regard to the size of lesions, 30.8% were <5 mm, 28.4% were between 5 and 10 mm, 26.5% were between 11 and 30 mm, and 14.3% were >30 mm. A total of 47.8% (416/871) of the lesions were well demarcated, and 69.2% (603/871) of the lesions were rough. In total, 32.4% (282/871) of the lesions had PCS.



The Diagnostic Accuracy of LCE for the Diagnosis of Esophageal Neoplastic Lesions

The biopsy results displayed based on LCE results are shown in Table 1. LCE-positive lesions consisted of 269 neoplastic and 358 nonneoplastic lesions, whereas all LCE-negative lesions were nonneoplastic. The sensitivity, specificity, PPV, NPV, and overall accuracy of LCE for the detection of esophageal neoplastic lesions were 100.0 (95% confidence interval, 98.2–100), 40.5 (95% confidence interval, 36.6–44.6), 42.9 (95% confidence interval, 39.0–46.9), 100.0 (95% confidence interval, 98.1–100.0), and 58.9 (95% confidence interval, 55.6–62.1), respectively (Table 2). The specificity of LCE was not satisfactory in diagnosing esophageal neoplastic lesions.


Table 1 | Biopsy results displayed based on LCE results (number of lesions).




Table 2 | Diagnostic performance of LCE for esophageal neoplastic lesions.





Multivariate Analysis of the Characteristics of Lesions Misdiagnosed as Neoplastic by LCE

Univariate analysis with 13 variates was first performed, and the results showed that the number of lesions, location, vascular network, hyperemia, plaque, size, margin, rugosity, and PCS were significant covariates (p < 0.05) (Supplementary Table 2). Morphology, erosion, nodules, and speckled esophagus were not significant covariates (p > 0.05). Multivariate analysis demonstrated that lesions with branching vascular network (OR 4.53, 95% CI 2.23–9.21, p < 0.001) and smooth appearance (OR 2.40, 95% CI 1.38–4.18, p = 0.002) under WLE, lesions with a size < 5 mm (OR 3.06, 95% CI 1.38–6.78, p = 0.006), ill-demarcated (OR 7.83, 95% CI 4.59–13.37, p < 0.001), and PCS-negative (OR 4.04, 95% CI 2.38-6.84, p < 0.001) lesions after reaction with iodine solution were independent risk factors for unstained and understained lesions misdiagnosed as neoplastic by LCE (Table 3).


Table 3 | Multivariate logistic regression analysis of risk factors for misdiagnosis by LCE.






Discussion

LCE is very valuable in ESCC screening due to its low cost, convenience, and low professional requirements for doctors. As with other studies, our study also found that LCE has high sensitivity but low specificity. Lesions that had a branching vascular network or smooth appearance under WLE and were size < 5 mm, ill demarcated, or PCS negative after reaction with iodine solution were more likely to be misdiagnosed. This study is the first to perform a multivariate logistic analysis on the causes of misdiagnosis in LCE, and this information can help improve the specificity of LCE and has significant clinical value for ESCC screening.

To date, the most common methods for ESCC screening include NBI and LCE. NBI can enhance the superficial and epithelial microvascular structure, which helps identify esophageal SCC at an early stage (25, 26). However, expensive devices and experienced endoscopists are required to conduct NBI endoscopy. Many patients in undeveloped and rural areas probably go to primary-level hospitals for procedures to detect ESCC. At present, however, many primary-level hospitals do not have NBI devices, and time and financial support are required to popularize the devices. In addition, it has been reported that the diagnostic accuracy of NBI in experienced endoscopists was 11%–15% higher than that of inexperienced endoscopists (11). Doctors who are sufficiently experienced to perform NBI examinations in primary-level hospitals still represent an urgent need.

However, image enhancement with chromoendoscopy using dyes has been a cost-effective option for many years. This stain is particularly useful in identifying early esophageal squamous carcinomas, which, in contrast to normal squamous epithelium, appear unstained or understained in color (27–29). More importantly, LCE is comparatively easier to master, even for trainees, and no special devices are required. Thus, LCE is highly suitable for ESCC screening, especially in primary-level hospitals. From this perspective, LCE is easily applied with a modicum of experience and will have a comparatively rapid learning curve. The current study showed that LCE has high sensitivity and low specificity, which results in a high misdiagnosis rate. Normal squamous epithelial cells are rich in glycogen, which can turn dark brown upon exposure to iodine. In some cases, however, the glycogen content in esophageal nonneoplastic lesions (esophagitis, etc.) is reduced, showing varying degrees of understained or unstained areas (30). Previous studies have reported that the specificity of LCE is generally between 40% and 90% (13). These results are consistent with the specificity obtained in this study; our result is relatively low but still within this range. Accordingly, when LCE serves as the preferred diagnostic endoscopy of screening ESCC, it is meaningful to enhance the specificity of LCE.

In this study, we analyzed the multivariant risk factors for misdiagnosis for the first time. Our study showed that “unstained” or “understained” lesions that had branching vascular networks or smooth appearances under WLE as well as lesions < 5 mm in size that were ill demarcated or PCS negative after spraying iodine were more likely to be misdiagnosed as tumorous lesions even if they were benign. In other studies, Lugol-voiding lesions (LVLs) > 5 mm in diameter were often chosen as the threshold for pathological examination, which is an empirical conclusion that lacks specific research to support it (13, 14, 31). Similarly, our study indicated that “unstained” or “understained” lesions less than 5 mm in size tended to be accompanied by a higher risk of misdiagnosis of neoplasia by LCE, which can also serve as a reference. In fact, normal mucosa of the esophagus often appears as a clear branching capillary vascular network. The vessels are radial in the upper esophagus. However, the vessels in the middle section are branch-like, and palisade vessels are present at the distal end of the esophagus (32). Of note, the branching vascular network may disappear or be disrupted in the process of esophageal neoplasia. When the branching vascular network is clearly visible, the lesion is more likely to be nonneoplastic. In addition, our research also demonstrated that if the lesions appear ill demarcated after exposure to iodine, they are more likely to be misdiagnosed as neoplasia. The reason may be that the glycogen content of neoplastic lesions is significantly lower than that of normal tissues. The transition from the adjacent normal squamous epithelium to the lesion was very abrupt in neoplasia, which is compatible with the well-demarcated margin demonstrated by LCE (18). Therefore, a clear boundary may be observed between neoplastic lesions and normal mucosa in the surroundings when it encounters iodine solution. In contrast, after exposure to iodine, the color change of the boundary among nonneoplastic lesions could be blurred. In other words, ill-demarcated lesions are less likely to be tumors. The earliest change in ESCC is that the esophageal mucosa loses its usual luster and becomes rough. These features are accompanied by changes in color, structure, and texture. In some cases, although smooth lesions are not stained with iodine, they are more likely to be nonneoplastic lesions. Several previous studies have examined the underlying mechanism of PCS (22). The PCS may form due to disruption of the normal epithelial structure and early leakage of iodine, indicating the appearance of neoplastic lesions (33). The current study has demonstrated that PCS-negative lesions are more likely to be nonneoplastic, which is consistent with previous research. In summary, unstained or understained lesions with branching vascular networks or smooth appearances under WLE, size < 5 mm in diameter, ill-demarcated, or PCS-negative lesions after exposure to iodine are more likely to be benign.

Improving the specificity of LCE will result in the correct identification of more non-neoplastic lesions that were “unstained” or “understained” before making a final diagnosis as neoplastic lesions and reduce the false-positive rate. This study established a multivariate logistic model to preliminarily predict the probability of misdiagnosis in esophageal lesions by LCE (Supplementary Table 3). Subsequently, the predictive ability of the logistic model was evaluated in terms of the area under the curve (AUC) in a receiver operating characteristic (ROC) curve along with 95% CIs. The AUC was calculated for the five-predictor variable logistic model based on five characteristics as predictors and misdiagnosis as a response. The estimated AUC for the five predictors was 0.826 (95% CI, 0.788–0.864, p < 0.05), indicating excellent performance in predicting misdiagnosis outcomes (Supplementary Figure 1). The main cutoff values for the ROC curve are shown in Supplementary Table 4. According to the Youden index, the most suitable cutoff value for misdiagnosis was 0.596 with 72.7% sensitivity and 80.6% specificity, which helped effectively identify high-risk misdiagnosed lesions and improve the predictive accuracy of the logistical model (34). During clinical endoscopy procedures, combined with endoscopists’ experience, the logistic model quantifies various characteristics and provides an objective and scientific method for predicting the misdiagnosis of neoplastic esophageal lesions. Therefore, this study holds high clinical value for ESCC screening.

The correct understanding of the false-positive rate and the improvement of specificity is of a specific reference value for biopsy. Our study is a double-center study with a large sample size, and it is the first study to discuss the multivariate risk factors for misdiagnosis under LCE. However, the main limitation of this study is its retrospective nature, and further prospective studies are needed to validate our results. However, these results are essential to develop the next steps used to conduct further studies.

In conclusion, the specificity of LCE is not satisfactory for the diagnosis of esophageal neoplastic lesions. For unstained or understained lesions, branching vascular network or smooth appearance under WLE, size < 5 mm in diameter, ill-demarcated, or PCS negative results after staining are related to the misdiagnosis of esophageal neoplastic lesions by LCE based on logistic regression. The multivariate logistic model may be used to predict the possibility of misdiagnosis and help improve the specificity of LCE in diagnosing esophageal neoplastic lesions.
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Background & Objectives

Pancreatic ductal adenocarcinoma remains an extremely malignant tumor having a poor prognosis. The 5-year survival rate of PDAC is related to its stage (about 80% for stage I vs 20% for other stages). However, detection of PDAC in an early stage is difficult due to the lack of effective screening methods. In this study, we aimed to construct a novel metabolic model for stage-I PDAC detection, using both serum and tissue samples.



Methods

We employed an untargeted technique, UHPLC-Q-TOF-MS, to identify the potential metabolite, and then used a targeted technique, GC-TOF-MS, to quantitatively validate. Multivariate and univariate statistics were performed to analyze the metabolomic profiles between stage-I PDAC and healthy controls, including 90 serum and 53 tissue samples. 28 patients with stage-I PDAC and 62 healthy controls were included in this study.



Results

A total of 10 potential metabolites presented the same expression levels both in serum and in tissue. Among them, a 2-metabolites-model (isoleucine and adrenic acid) for stage-I PDAC was constructed. The area under the curve (AUC) value was 0.93 in the discovery set and 0.90 in the independent validation set. Especially, the serum metabolite model had a better diagnostic performance than CA19-9 (AUC = 0.79). Pathway analysis revealed 11 altered pathways in both serum and tissue of stage-I PDAC.



Conclusions

This study developed a novel serum metabolites model that could early separate stage-I PDAC from healthy controls.





Keywords: biomarker, serum, early diagnosis, pancreatic cancer, metabolomics



Introduction

Pancreatic ductal adenocarcinoma (PDAC) is one of the most fatal malignancies. It’s estimated that there were 420,000 new pancreatic cancer cases and 410,000 pancreatic cancer deaths worldwide in 2020 (1). Currently, surgical resection is the most important clinical treatment for PDAC patients, whereas about 80%~85% of patients are in advanced stages at the time of initial diagnosis (2, 3). The 5-year overall survival rate of PDAC is only 9%, but the survival rate of I stage PDAC can be as high as 80% (2, 4, 5). Thus, detection at the early stage is the key to improve the prognosis of PDAC.

To date, conventional methods for pancreatic cancer detection mainly include multidetector computed tomography (CT) and the serum level of carbohydrate antigen 19-9 (CA19-9) (6). However, CT is limited in the detection of small and isoattenuating PDAC (7). CA19-9 is likely to produce many false positives results among other nonmalignant diseases, such as chronic pancreatitis and liver cirrhosis (8, 9). Hence, there is an urgent clinical need to develop a reliable method for the detection of PDAC at an early stage.

Metabolomics is a novel technology, which is defined as a holistic analytical approach to identify all the low molecular weight metabolites in an organism or cell system (10, 11). The serum is a non-invasive and easily available source of metabolic samples in the clinic. Therefore, serum metabolic analysis between PDAC and healthy controls has been widely reported (12). However, most previous studies ignored the bias brought by the stage of PDAC, which may limit the utility of metabolite biomarkers in diagnosing PDAC patients at an early stage. In addition, most serum metabolites are lack specificity for PDAC (13). Tissue metabolism can provide more systematic metabolic information, which is helpful to explore the upstream regulation mechanism of PDAC and search for more specific biomarkers (14). Currently, tissue metabolic analysis for early PDAC is rather little.

Therefore, this study aimed to identify reliable metabolic biomarkers for stage-I PDAC based on tissue and serum samples using an untargeted metabolomics method. Finally, a clear distinction between stage-I PDAC from healthy controls (HCs) was detected, and a metabolites-based model that have potential value for early screening of PDAC was constructed.



Materials and Methods


Patients and Study Design

In this study, the paired PDAC serum and tumor tissue sample in the discovery set were enrolled from the Affiliated Hospital of Nanjing University of Chinese Medicine and the First Affiliated Hospital of Nanjing Medical University. Discovery set included 66 serum samples and 53 tissue samples: 17 serum samples from stage-I PDAC, 49 serum samples from HCs, 13 paired stage-I PDAC and distal noncancerous tissues (DNTs) samples, 27 unpaired DNTs samples from other stage-II PDAC. The serum samples in the external validation set were from the Jinling Hospital. The validation set included 24 serum samples: 11 from stage-I PDAC and 13 from HCs. Serum and tissue samples of participants were recruited between January 2019 and December 2019. This prospective study obtained the approval from the independent Ethics Committee of Affiliated Hospital of Nanjing University of Chinese Medicine, the First Affiliated Hospital of Nanjing Medical University, and Jinling Hospital, respectively. All patients had signed informed consents. All PDAC patients in this study were new cases at the I stage and confirmed by pathological examinations.

Exclusion criteria of PDAC patients were as follows: 1) the enrolled patients had received any radiology or chemotherapy treatment before enrollments; 2) patients with hematological diseases or immune blood system disease; 3) patients with another tumor history. 4) patients with cancer recurrence. Exclusion criteria of HCs were as follows: 1) participants with hematological diseases or immune blood system disease recently; 2) participants with any tumor history. The medical history, such as diabetes and cardiovascular diseases, and data of tumor biomarkers were also collected.



Data Collection and Histopathological Examinations

Demographic information, clinical features and laboratory testing were collected at the time of diagnosis. Demographic information included gender and age; clinical features included diabetes, hypertension, and smoking history. Laboratory testing included the serum level of carbohydrate antigen 19-9 (CA19-9).

All the PDAC tissue specimens were frozen intraoperatively and further sliced and scored for histology. All PDAC samples in this study were new cases at the I stage and confirmed by pathological examinations. Each tissue samples were divided two part: a part was fixed in 0.1%glutaraldehyde and 2%paraformaldehyde in phosphate buffer for electron microscopy and immunocytochemistry analysis, and another part was immediately stored in liquid nitrogen for a short time, and then stored at -80°C till metabolomics analysis. Histopathological information included tumor location and size, tumor grading and TNM tumor stage according to the 8th edition of the American Joint Committee on Cancer (AJCC) staging system. Histopathological information included tumor location and size, tumor grading and TNM tumor stage according to the 8th edition of the American Joint Committee on Cancer (AJCC) staging system.



Sample Preparation

Each patient provided 5ml of fasting blood between 8 am and 9 am, before the operation and any treatment; each healthy control provided 5ml of fasting blood samples between 8 am and 9 am. Serum samples were stored for 1h at room temperature and then centrifuged for 10 min at 4°C and 4,000 rpm. The samples were separated into 200 µL microtubes and stored at a -80°C. The serum metabolites were extracted by adding 400 µL of methanol/acetonitrile to 100 µL of serum samples. Then, the sample was vortexed and cooled at -20°C for 30 min. The sample was then centrifuged at 14,000 rpm for 20 minutes at 4°C. The supernatant of each sample was collected and stored at -80°C for analysis.

A piece of the tissue (10 mg) for each sample was mixed with 1.0 mL methanol/acetonitrile into microtubes. The tube was vortexed, ultrasonicated for 30 minutes, and cooled for 1 hour. The tube was then centrifuged at 14,000rpm for 20 minutes at 4°C. The supernatant of each sample was collected and stored at -80°C for analysis.

Quality Control (QC) samples were pooled by mixing all extracted serum or tissue samples to ensure the repeatability and stability of the metabolomics. The pretreatment of QC samples was consistent with the study samples.



Metabolomics Analysis

UHPLC-Q-TOF-MS was used as a metabolites separation and detection platform to identify the untargeted metabolite profiling of serum and tissue in the discovery set. An Agilent 1290 Infinity UHPLC HILIC (100mm*2.1mm, 1.7um, Waters) was used for chromatographic separation. The mobile phase was composed of solvent A, 0.1% (volume fraction) formic acid in water, and solvent B, 0.1% (volume fraction) formic acid in acetonitrile. The gradient program of serum samples was as follows: 0-1min 95%B, 1-14min 65%B, 14-16min 40%B, 16-18min 40%B, 18-18.1min 95%B, 18.1-23min 95%B. The gradient program of tissue samples was as follows: 0-0.5min 95%B, 0.5-7min 65%B, 7-8min 40%B, 8-9min 40%B, 9-9.1min 95%B, 9.1-12min 95%B. The flow rate was 0.3 mL/min and the column oven was set to 25°C. The serum data was collected under the positive and negative ion modes of Triple TOF 5600 +mass spectrometer. Electrospray ionization (ESI) experiment source conditions were as follows: Ion source gas 1, 60 psi; ion source gas 2, 60 psi; curtain gas,30 psi; source temperature, 600°C; ionspray voltage floating, +5000V and -5000V. The tissue data were collected under the positive and negative ion modes of Agilent 6550 +mass spectrometer. Electrospray ionization mass spectrometry (ESI-MS) experiment source conditions were as follows: nebulizer pressure, 20 psig; drying gas, 16L/min; gas temperature, 400°C; Capillary voltage, 3000V; nozzle voltage, 0V; fragment voltage, 175V; The mass scan rate was 50-1200m/z. Information-dependent acquisition (IDA) was performed to detect and identify MS spectra. The collision energy was +50V and -20V. The declustering potential was +60V and -60V. Moreover, QC samples were inserted into the analytical sequence randomly and analyzed five times.

GC-TOF-MS was used as a targeted platform to quantify the identified biomarkers in the validation set. Agilent DB-WAX capillary column (30mm*0.25mm ID*0.25um) was used for chromatographic separation. The initial temperature was maintained at 50°C, then increased to 220°C for 5 minutes. The carrier gas of this system was helium (1.0 mL/min). QC samples were set to monitor the repeatability and stability of the system. Agilent 7890 gas mass spectrometry conditions were as follows: Injection temperature was 280°C; ion source temperature was 230°C; transmission line temperature was 250°C. The energy in electron impact mode was 70eV. MSD ChemStation software was used to extract the chromatographic peak area and retention index. All the samples were kept at 4°C during analysis.



Data Statistics and Analysis

The raw data were imported to XCMS to perform peak extraction, peak matching, retention time correction. Variable distribution was normalized using Log2 transformation and Pareto scaling for all data. Then the data was imported into SIMCA-p software for multivariate statistical analysis, including principal component analysis (PCA), partial least squares discrimination analysis (PLS-DA), and orthogonal least squares discrimination analysis (OPLS-DA). Two hundred permutations tests were used to test the reliability of the models. Metabolites were further applied to the univariable analysis, including Student’s t-test and Fold change analysis. The criterion of differential putative metabolites was variable importance in the projection (VIP) > 1 and P < 0.05. The logistic regression model was built to identify the differential metabolites based on clinical factors. The receiver operating characteristic (ROC) curve was performed to evaluate the diagnostic ability of differential metabolites and the metabolic model using GraphPad Prism statistical software. Hierarchical clustering analysis and pathway enrichment analysis were performed by the MetaboAnalyst website. Pathway analysis based on “Kyoto Encyclopedia of Genes and Genomes” (KEGG).




Results


Demographic Characteristics of the Study Population

Clinical characteristics for these participants are shown in Table 1. There were 90 serum samples (28 stage-I PDAC and 62 HCs) and 53 tissue samples (13 stage-I PDAC and 40 DNTs), which were prospectively collected and enrolled in this study. In the stage-I PDAC serum samples, the sample numbers of stage IA and IB were 12 and 16, respectively. The tumors in the head/uncinate of the pancreas were 20, in the body/tail were 8. 3 samples were well-differentiated adenocarcinoma, 21 samples were moderate-differentiated adenocarcinoma, 4 samples were poor-differentiated adenocarcinoma. In the tissue samples, there were 13 paired stage-I PDAC tissues and DNTs samples, and 27 unpaired DNTs. The clinical characteristics for stage-I PDAC tissues and DNTs subsets were not significantly different (P > 0.05). The numbers of stage IA and IB PDAC tissue sample were 5 and 8, respectively, with the median age of 63 years old. The tumors in the head/uncinate of the pancreas were 9, in the body/tail were 4. 11 samples were moderate-differentiated adenocarcinoma, 2 samples were poor-differentiated adenocarcinoma. No significant difference existed between PDAC serum and tissue samples on clinical indicators. The samples in this study were divided into discovery and validation sets. The discovery set includes 66 serum samples (17 stage-I PDAC and 49 HCs) and 43 tissue samples (13 paired stage-I PDAC tissues and DNTs samples and 27 unpaired DNTs). The validation set includes 24 serum samples (11 stage-I PDAC and 13 HCs). Notably, the age of stage-I PDAC (61.24 ± 7.13) was significantly higher than HCs (52.55 ± 6.61) in the serum samples of discovery set. The workflow of this study was shown in Figure 1.


Table 1 | Clinical characteristics of patients with stage-I pancreatic cancer and healthy controls in training and validation sets.






Figure 1 | The workflow for the study design and analytical pipeline.





Untargeted Metabolic Profile of Serum in Stage-I PDAC

After data processing, a total of 9,690 metabolic peaks were obtained from serum samples. In positive ion mode, there were 4,341 identifiable peaks. In negative ion patterns, there were 5,349 identifiable peaks. In the PCA plot, all QC samples were tightly clustered together, which indicated satisfactory analysis stability.

The OPLS-DA models were performed to analyze the metabolite profile of the two groups. The two groups have significant differences, with satisfactory values of R2Y and Q2 (R2Y = 0.949, Q2 = 0.689 in positive ion mode; R2Y = 0.984, Q2 = 0.621 in negative ion mode) (Figures 2A, B). After 200 permutations tests, the reliability of the model and no over-fitting were illustrated (R2 = 0.8433, Q2 = -0.5082 in positive ion mode; R2 = 0.9692, Q2 = -0.2954 in negative ion mode) (Figures 2C, D). These findings show that the OPLS-DA model could be used to distinguish stage-I PDAC patients from healthy controls. Besides, the univariate test was used to further screen differential metabolites. As a result, given VIP >1.0 and p < 0.05, a total of 25 candidate serum metabolites were identified, in which 12 were decreased and 13 were elevated (Table S1). The relative quantities of top-differential metabolites were evaluated and presented as heatmaps. Decreased levels of amino acids (isoleucine, phenylalanine, pyroglutamic acid, proline, norleucine, taurine) and elevated levels of fatty acids (linoleic acid, adrenic acid, heptadecanoic acid, 16-hydroxypalmitic acid) were observed in stage-I PDAC (Figures 2E, F).




Figure 2 | (A, B) Serum metabolic profiles resulting from OPLS-DA in positive and negative ion mode. (C, D) The statistical validation of the corresponding OPLS-DA models (both in positive and negative ion mode) by permutation tests (200 times). (E, F) Heatmaps of prominent differential metabolites from stage-I PDAC versus normal controls in serum samples in positive and negative ion mode.





Untargeted Metabolic Profile of Tissues in Stage-I PDAC

To further verify the metabolic profile of stage-I PDAC, the tissue samples were also assessed using identical analysis. A total of 20,326 metabolic peaks were obtained from tissue samples. In PCA plots, QC samples were clustered, indicating the outstanding stability of the detection condition. In the OPLS-DA models, healthy controls were also separated well from stage-I PDAC patients, with satisfactory values of R2Y and Q2 (Figures S1A, B). After 200 permutations tests, the reliability of the model and no over-fitting were also illustrated (Figures S1C, D). A total of 484 metabolites were identified, and given VIP > 1.0 and p < 0.05, a total of 164 candidate tissue metabolites were further identified. Among them, 126 were decreased and 38 were elevated. The relative quantities of top-differential metabolites were evaluated and presented as heatmaps in both positive and negative ion patterns. Decreased levels of amino acids and elevated levels of fatty acids were also observed (Figures S1E, F).



Establishment of Potential Metabolic Biomarkers for Stage-I PDAC

We identified ten serum metabolites that presented the same expression levels as those in tissues. Among them, 2-ethoxyethanol, adrenic acid, and 3-indolepropionic acid showed upward trends. And the levels of isoleucine, phenylalanine, creatine, lactate, fructose, norleucine, and proline showed downward trends. ROC curves were used to evaluate the diagnostic performance of the biomarkers, and the variables with an AUC > 0.8 were selected (Table 2).


Table 2 | List of potential metabolites presented the same expression levels both in serum and tissue samples of stage-I PDAC patients.



Finally, a total of 2 metabolites showed excellent performance, including adrenic acid and isoleucine. Adrenic acid presented an upward trend, with an AUC score of 0.813, a sensitivity of 76.5%, and a specificity of 75.5%, respectively. Isoleucine presented a downward trend, with an AUC score of 0.867, a sensitivity of 79.6%, and a specificity of 94.1%, respectively.



Diagnostic Performance of Metabolites Model and Verification of Differential Metabolites by Targeted Analysis in Independent Cohorts

Then the 2-metabolites-based logistic model was constructed, and there were no collinearity and correlation between the two differential metabolites. Compared with the individual metabolite, the AUC value, sensitivity, and specificity of the combinational metabolites were increased to 0.93 (95% CI 0.86 - 1.00), 82.4%, and 95.9%. In the clinic, the standard upper value of serum CA19-9 was 37 U/ml. In our study, the AUC value of CA19-9 was 0.79 (95% CI 0.64 - 0.95), with a cutoff of 37 U/ml. This metabolites model had higher diagnostic performance (AUC 0.93 versus 0.79) and specificity (95.9% versus 58.8%) than those of CA19-9 alone in the distinguishing stage-I PDAC from HCs (Figure 3B).




Figure 3 | (A) Serum concentrations of defined potential biomarkers in the discovery and validation sets, respectively. * represents p<0.05, *** represents p<0.001. (B, C) ROC curves of the two-metabolite model, CA19-9, and the combination of two-metabolite model and CA19-9 in the discovery set and validation set. AUC, area under the curve. The red line indicates the metabolite model, black line indicates CA19-9 (cutoff = 37 U/ml), and green line indicates the metabolite model plus CA19-9.



The external validation set, another independent serum sample, including stage-I PDAC (n = 11) and HCs (n = 13). The results showed that adrenic acid and isoleucine were still significantly (p < 0.05) different between the two groups in the validation set, and showed similar variable tendencies with those of the discovery set (Figure 3A). The AUC, sensitivity, and specificity of the metabolites model were 0.90 (95% CI 0.72-1.00), 83.3%, and 92.3%, respectively. The AUC value of CA19-9 was 0.82 (95% CI 0.63 - 1.00), with a cutoff of 37 U/ml. This metabolites model had higher diagnostic performance (AUC 0.90 versus 0.82) and specificity (92.3% versus 63.6%) than those of CA19-9 in the distinguishing stage-I PDAC from HCs. We also assessed the performance of a combined model (2 potential metabolites and CA19-9) that discriminates stage-I PDAC from HCs. In our discovery set, the combined model showed a better predictive performance than metabolites model or CA19-9 alone (AUC = 0.95 vs 0.93, 0.79), with a sensitivity of 95.92%, and a specificity of 88.24%, respectively (Figure 3B). In our validation set, the combined model also showed a better predictive performance than metabolites model or CA19-9 alone (AUC = 0.97 vs 0.90, 0.82), with a sensitivity of 84.62%, and a specificity of 100.00%, respectively (Figure 3C).



The Effect of Age and Gender on Metabolites

There was an insufficient age-matching and differences in gender between stage-I PDAC and HCs. Therefore, to examine the influence of age and gender on the two potential metabolites, a multivariate logistic model based on the age, gender, and 2 metabolites was constructed. The result showed that adrenic acid, isoleucine, and age were independently associated with stage-I PDAC (P < 0.05), and gender was not a significant risk factor (P > 0.05) (Table S2). Then, the discovery cohort was divided into two groups based on the median age of all subjects (54 years) and gender, respectively. All metabolites showed the same significantly change patterns (P < 0.05) in every subcohort as seen in the total population. Moreover, the metabolite model also showed high diagnostic performance in both young and old subcohorts (AUC=0.970, 0.895), and both male and female subcohorts (AUC=0.959, 0.914) (Table S3). Additionally, we assessed the correlation between the independent risk factors (age and 2 metabolites) in total population, PDAC subcohort, and HCs subcohort, respectively. As shown in Figure S2, there were no significant correlations between age and the expression of two metabolites and age in our three subset (P > 0.05). Overall, these results indicate that there were no marked effects of age and gender on the diagnostic performance of the metabolites model.



Enrichment and Pathways Analysis

Based on the serum and tissue differential metabolites data between stage-I PDAC patients and HCs, a total of 11 pathways were identified as the significant (p<0.05) perturbed metabolic pathways in both serum and tissue. Among them, central carbon metabolism in cancer and ABC transporters were the most significantly perturbed metabolic pathways (Figures S3A, B).




Discussion

As analysis technology advances, metabolomics has become a powerful tool in new biomarkers discovery and pathogenesis exploring for PDAC (13, 15). To the best of our knowledge, this is the first study to use HPLC-QTOF-MS untargeted analysis combined with GC-TOF-MS targeted analysis to identify differential putative metabolites for PDAC. In this study, based on the untargeted metabolomics platform, we first identified 25 serum differential metabolites between stage-I PDAC and HCs. To further confirm these serum metabolites to enable the specific diagnosis for PDAC, pancreatic cancer and adjacent noncancerous tissue samples were also used. And a total of 10 serum metabolites expression levels showed the same trends as those in tissues. Based on these potential metabolites, a 2-metabolites-model, including adrenic acid and L-isoleucine was constructed and validated by targeted metabolic analysis. Compared with the conventional biomarker, CA19-9, this metabolic model had the more excellent diagnostic capacity to distinguish stage-I PDAC and HCs.

Most of the previous studies have little concern about the metabolic biomarkers for PDAC in the early stage, especially for stage-I PDAC. Ariadna et al. (16) identified a panel of nine serum biomarkers for distinguishing PDAC and normal controls using untargeted analysis. The panel included phospholipids, fatty acids, bile acids, and amino acids, with an AUC of 0.992. Sandra et al. (17) identified four significant metabolites with lower levels in serum of PDAC patients compared with normal controls. The four biomarkers were connected with lipids metabolism, and the associated AUC was 0.962. The predictive performances of these models were relatively high, which may be related to the lack of external validation. Apart from serum, several previous studies have shown the metabolic difference in other types of samples from PDAC, such as urinary, saliva, and tissues (18). Sumit et al. (19) identified and validated a panel of six urinary metabolites for distinguishing PDAC from normal controls, with the AUC of 0.933 in the discovery set and 0.864 in the validation set. However, all PDAC patients in this study were from the same institution, which was a limitation for the clinical significance.

In our study, as an independent biomarker, isoleucine was lower in stage-I PDAC than those of healthy groups, and showed a favorable diagnostic performance (AUC = 0.867). Isoleucine belongs to the branched-chain amino acids (BCAAs) groups. As energy substances involved in the TCA cycle, BCAAs could provide more nutrition for the proliferation of cancer cells (20). Isoleucine for diagnosing PDAC has been reported in many studies (21–23). Zhang et al. (21) used 1H NMR analysis to investigate the plasma samples and proposed a biomarker group to distinguish PDAC patients from chronic pancreatitis and normal controls. The panel included isoleucine, and showed a decreased level in PDAC group, which was consistent with our result. However, Mayers et al. (22) observed that the level of isoleucine was elevated in PDAC, which was inconsistent with ours finding. Such a result may be caused by the cohort differences, as not all PDAC individuals were in early-stage in that study. The decreased levels of amino acids may imply the upregulation of the corresponding biosynthetic pathways in cancer (24). In addition, the relationship between diabetes mellitus (DM) and PDAC is complex (25), so the potential screening performance of isoleucine in high-risk individuals is also worth a mention. Suguru et al. (26) have showed that the significantly increased level of isoleucine was associated with PDAC in DM. Michálková et al. (27) used 1H NMR metabolomic analysis to discriminate PDAC patients from healthy controls and also from T2DM by plasma samples. Isoleucine was found increased in T2DM, but without statistical significance. However, our control group just included healthy individuals, so the capability of isoleucine in differentiating stage-IPDAC and chronic pancreatitis or DM is worthy of making further validation.

In line with the previous reports (16, 28), the serum level of phenylalanine was downregulated in PDAC patients. Phenylalanine belongs to the aromatic amino acid family, which could reduce the expression of immunosuppressive factors in cancer (29). Proline is one of the nonessential amino acids, which has been shown that it can be used as the main carbon source by pancreatic cancer to maintain mitochondrial function and the TCA cycle (30, 31). A decrease of proline level in PDAC has been reported in several studies, which may indicate the vigorous metabolism of pancreatic cancer cells (27, 32, 33).

Dysregulation of lipid metabolism is another major feature of cancers. In particular, increased de novo synthesis of fatty acids plays a key role in the energy supply, biological membranes synthesis, and signal transduction of tumor (34). Adrenic acid, a polyunsaturated fatty acid, was showed significantly upregulated in stage-I PDAC patients in our study. And another study also observed the upregulated level of adrenic acid in the serum of PDAC patients, although it wasn’t included in the final model (16). In our study, adrenic acid as the biomarker of pancreatic cancer is first reported, and the associated AUC value was 0.813. This result indicated that adrenic acid may help distinguish stage-I PDAC patients from healthy controls. Nevertheless, the application value of adrenic acid in stage-I PDAC requires a large sample to further validate.

To date, there were many “omics” methods used for biomarker identification, such as genomics, transcriptomics, proteomics, and metabolomics. But due to signal amplification in the direction of genome-proteome-metabolome, unique metabolites are closely related to the phenotype and allow more precise and earlier diagnosis for cancer (12). Apart from “omics” techniques, several studies have designed various stochastic sensors, which could be used for the recognition and quantification of cancer biomarkers based on a prior information (35–38). Compared with stochastic sensors, untargeted metabolomics offers an unbiased means to measure the broadest range of metabolites without priori information, which could reveal novel and unique perturbations in cancer (14). HPLC-QTOF-MS is an untargeted metabolomics platform, having the capacity to detect thousands of metabolites, and GC-TOF-MS is a targeted metabolomics platform that has higher separation and quantitation ability (13). In our study, we used an untargeted platform on multi-type samples from multi-institutional stage-I PDAC to identify the potential differential metabolites which presented the same expression levels both in serum and in tissue. Additionally, we used a more precise targeted metabolic platform for external validation. These methods could guarantee our results couldn’t be biased by the small sample size of stage-I PDAC.

Our study has some limitations. First, samples size of stage-I PDAC patients was small. Given the fact that a majority of PDAC patients are diagnosed at an advanced stage, it’s difficult to obtain enough samples of stage-I PDAC. Therefore, future prospective studies with larger stage-I PDAC cohorts are needed to validate our results. Second, there are insufficient age-matching and differences in gender between stage-I PDAC and HCs in our study, but it also illustrates the age and gender tendency of PDAC. Considering that there were no marked effects of age and gender on the selected metabolites, age and gender were not included in our model. Third, our control group was just comprised healthy individuals, so future studies should recruit some individuals with at-risk populations (eg, chronic pancreatitis, the new-onset diabetes, and maybe also as advanced diabetes) into control group, aiming to explore the clinical diagnostic potential of this metabolite model. Fourth, we screened a total of 10 differential serum metabolites, which presented the same expression level as those in tissues. However, for those, whose expression levels were inconsistent with those in tissue, the metabolism mechanisms and diagnostic values deserve future research. Lastly, future studies will include the prognostic information of PDAC patients to evaluate the clinical value of the selected metabolic model in this study, and will combine with the genomic and proteomic analysis to further explore the mechanisms of the metabolite changes.

In summary, our study identified a novel model of two serum metabolites that could be used for the early detection of stage-I PDAC. Although this study is still in its infancy, it could lay the foundation for the future development of metabolomics for stage-I PDAC detection. And the ultimate aim of these studies is to improve the accuracy of diagnosis for PDAC in the early stage, which has great significance for the prognosis.
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Exosomes are extracellular vesicles with a diameter of 30-150 nm that are released by most types of cells and have been confirmed to be involved in many physical and pathological processes, especially in cell to cell communication. Compared with other vesicles, exosomes have a unique double-layer saclike structure that allows them to be present stably in various body fluids, including blood, cerebrospinal fluid, urine, saliva, and serous cavity effusion. The cargoes of exosomes reflect the characteristics of host cells. Due to the nature of hepatocellular carcinoma (HCC) cells, heterogeneity in the bioactive substances usually exist in exosomes. In addition, exosomes can efficiently deliver cargoes to the target cells to exert pathological functions, playing important role in tumor occurrence, development, metastasis, immune regulation, and drug resistance. Previous studies have been shown that exosomes have wide applications in diagnosis and treatment of HCC. In this review, we discuss these recent findings and highlight the significant roles of exosomes in HCC, focusing on the effect and underlying mechanisms of exosomes to regulate HCC progression and the potential clinical value of exosomes as biomarkers and therapeutic targets.
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Introduction

Hepatocellular carcinoma (HCC) is one of the most common malignant tumors worldwide, and many risk factors have been confirmed to be associated with HCC. These risk factors include but not limited to chronic HBV infection, chronic HCV infection, alcohol intake, non-alcoholic or metabolic fatty liver disease, autoimmune liver disease, genetic metabolic liver disease, aflatoxin exposure and type II diabetes (1, 2). Different approaches have been used to treat patients with HCC, such as surgery, liver transplant, ablation therapy, embolization therapy, targeted therapy, immunotherapy and radiation therapy (3–5). Despite extensive advances in treatment regimens, HCC shows a poor prognosis and high risk of recurrence leading it to be the fifth most lethal malignancy and the second cause of cancer-related deaths worldwide. Therefore, it is of great importance to understand the host factors involved in HCC progression, and to clarify the underlying mechanisms of HCC occurence and development in order to explore novel noninvasive biomarkers that can be used to facilitate early diagnosis, prognosis prediction and precision treatment for patients with HCC.

As one of the newly identified candidates for tumor biomarkers, exosomes are 30-150nm small vesicles with double-layer saclike structure. Various studies have demonstrated that exosomes can encapsulate components such as lipids, proteins and nucleic acids from host cells, and the exosomal membrane helps to protect these cargoes from enzymatic degradation. In addition, exosomes have other attractive features, such as low immunogenicity, high biocompatibility, and the ability to overcome biological barriers (6). Another catching feature of exosomes is that they exist widely and are stable in most body fluids such as in serum, plasma, lymph, saliva, urine, tears, sweat, semen, cerebrospinal fluid, and breast milk. As such, exosomes, together with circulating tumor DNA (ctDNA) and circulating tumor cells (CTCs), constitute the corner stones for liquid biopsy (7, 8). Contents (cargoes) encapsulated in the exosomes usually change with physiological and pathological conditions of the host cells. Numerous evidence indicates that exosomes exert intercellular communication via transporting these encapsulated intracellular components into the recipient cells to regulate a diverse range of pathological processes in cancers (9–13). Exosomes are involved in many processes of HCC, including tumor survival, growth, angiogenesis, invasion and metastasis. Exosomes also play a special role in the process of HHC by constructing a microenvironment suitable for HCC growth, such as providing energy, modulating signal pathways. Exosomes induce angiogenesis by changing the biological characteristics of endothelial cells and directly regulating angiogenic factors. In addition, exosomes may guide HCC metastasis and invasion through epithelial-mesenchymal transformation, extracellular matrix degradation and vascular leakage (14). In this review, we first summarize the major roles of exosomes played in HCC and then put forward views on how to make use of these recent progresses for future therapeutic applications. Due to the rapid growth, invasive and insidious onset of HCC, many patients have been diagnosed at an advanced stage which reduced the therapeutic effect. Therefore, effective early detection and diagnosis methods are of importance to improve the treatment and prognosis for HCC patients. Exosomes play a complex and important role in the occurrence, development, metastasis and recurrence of HCC. The detection and analysis of exosomes in body fluids of HCC patients can settle basic references for early diagnosis, treatment effect evaluation and prognosis of HCC. With more and more clinical data and sequencing results, the database is more perfect. At present, a large number of studies showed that the changes of some specific molecules in exosomes can be used as potential biomarkers for early diagnosis and prognosis evaluation for HCC patients. However, a single biomarker may not accurately reflect the occurrence and development of HCC, so it may be more inclined to use a combination of multiple exosomal markers. By summarizing these existing markers that may be helpful for the diagnosis of HCC, it may help to form a detection panel for HCC and improve the diagnostic accuracy.



HCC-Derived Exosomes and Their Function

There are some controversies around the nomenclature and classification of extracellular vesicles. According to the guidelines published by the international society for extracellular vehicles (ISEV) in 2018, extracellular vesicles can be classified according to their physical and chemical properties, such as the size and density of vesicles, and the specific proteins expressed by vesicles, which can be divided into three categories: exosomes, microvesicles and apoptotic bodies (15). Exosomes are small vesicles with a diameter of 30-150 nm formed through the fusion of multiple vesicles and cell membrane, and they can express CD63, CD81, CD9, TSG101, Alix and other markers (16). The amount of exosomes derived from HCC is associated with the tumor size, progression, and stage of the disease, and the expression levels of exosomal cargoes could reflect the status of the releasing cell. Emerging evidence has shown that the exosomal cargos enter the target cells, could trigger a cascade of signaling in recipient cells, facilitating tumorigenesis, angiogenesis, tumor growth and metastasis (Figure 1). Exosomes derived from HCC cells carry many functional molecules to exert their function in three ways: (1) fusion directly with the target cell membrane; (2) the binding between exosomal ligands and receptors of target cells; (3) endocytosis of the exosomes by target cells (17). These make the analyze of exosomal cargoes as a promising and noninvasive method to better determine the biology of HCC, and explore the directly targets of delivery cargoes as potential therapeutic for HCC.




Figure 1 | Role of HCC-derived exosomes in HCC.





Exosomes in the Pathogenesis and Progression of HCC

The development and progression of HCC is determined by not only the malignant potential of the tumor cell itself but also the signals from its microenvironment (18). Tumor microenvironment refers to the internal environment in which tumor cells replicate and live. It includes not only the tumor cells themselves but also the fibroblasts, inflammatory cells, endothelial cells and other cellular components, as well as extracellular matrix, growth factors, inflammatory cytokines, proteolytic enzymes and their inhibitors (19). Exosomes have been shown to play a key role in the crosstalk between tumor cells and their surrounding microenvironment, and the transfer of exosomal proteins and nucleic acids could induce phenotypic changes in target cells (20, 21). Accumulating evidence suggests that HCC-derived exosomes facilitate tumor development and progression by generating a favorable milieu through angiogenesis, immune suppression, or even drug resistance. Epithelial mesenchymal transition (EMT) refers to the morphological transformation of epithelial cells into mesenchymal cells, during the process, epithelial cells loosen their attachments to neighboring cells, lose apico-basal polarity, become elongated and display increased motility, and accompanied by dissolution of adherens junction proteins and disruption of tight junctions, resulting in dissociation of epithelial cells. Such as the expressions of epithelial markers E-cadherin and Zonula occluden-1 are down-regulated, and the expressions of mesenchymal markers Vimentin and N-cadherin are up-regulated. In HCC, the EMT state is associated with tumor initiation, invasion, metastasis, and resistance to therapy. A variety of signal pathways are involved in the EMT process, such as Wnt, TGF- β (transforming growth factor- β), c-Met and Notch-1 signaling pathways, etc. The Wnt/β-Catenin pathway appears to drive the EMT of HCC, to effectively inhibiting various targets in the Wnt signaling pathway can reduce or reverse the occurrence of tumor EMT. During EMT, the anti-apoptotic effecter NK-κB activated via the Notch-1 pathway and TGF-β may regulate tumor microenvironment through TGF-β/SMAD signaling. Moreover, TGF-β And Notch signal may cooperate with other signal pathways to induce tumor EMT (22, 23). In addition to various signal pathways, some cytokines, transcription factors, matrix metalloproteinases and viral oncogenes are also involved in the process of tumor EMT, and the newly studied noncoding RNAs also play a very important role in tumor EMT and its signal pathways (24). Through autocrine and paracrine, tumor derived exosomes provide signals to the microenvironment to activate the EMT progress so that tumor cells may invade the surrounding tissues and enter the circulation.


Exosmal RNAs in HCC Development and Progression

Exosomal RNAs have unique expression profiles reflecting the characteristics of tumors, and their role in tumor progression and metastasis is gradually emerging (25–27). Recent studies demonstrated that the imbalance of non-coding RNA expression is involved in many pathological processes of HCC development and progression (28). Non-coding RNA (ncRNA) refers to RNA that can be transcribed from the genome, but can not be translated into proteins. With the in depth research, more and more evidence supports that ncRNA is not useless “garbage”, in stead, many lncRNA (long non-coding RNA), miRNA (microRNA), circRNA (circular RNA) can participate in a variety of biological processes, playing important biological functions at the RNA level (29, 30). Many studies have found that ncRNA plays a regulatory role in the occurrence and development of HCC (31, 32). Most importantly, ncRNAs can be wrapped into exosomes to be transferred from cell to cell.

Tumor and its microenvironment are not only interdependent and promoting each other, but also they are antagonistic and struggling with each other. In the process of interaction between tumor cells and their microenvironment, exosomes function as a vector for intercellular communication. In the early-stage of HCC the acidic environmental is correlated with poor prognosis. Further study revealed the exosomes derived from HCC cells cultured in the acidic medium promoted proliferation and metastasis of recipient HCC cells. Moreover, exosomal miR-21 and miR-10b as the most important functional miRNAs significantly stimulated HCC cell proliferation, migration, and invasion both in vivo and in vitro (33). HCC cells derived exosomes overexpress circRNA Cdr1as, the circRNA Cdr1as could serve as a ceRNA to sponge miR-1270 and promote the expression of AFP which is the target gene of miR-1270, thereafter accelerating proliferation and migratory abilities of HCC cells (34). The oncogene lncRNA FAL1 was up-regulated in HCC tissues and functioned as ceRNA to bind miR-1236 to accelerate cell proliferation and metastasis. Moreover, lncRNA FAL1 could be transferred by exosomes to surrounding HCC cells to increase their abilities of cell proliferation and migration. This makes exosomal lncRNA FAL1 may be a novel diagnostic biomarker or a novel target for the treatment of HCC in the future (35). Hypoxia plays a pivotal role in the progression of many tumor types. The growth rate of blood vessels is slower than that of HCC cells, resulting in the tumor tissues and cells hypoxia, and the hypoxic microenvironment further activates angiogenic factors such as vascular endothelial growth factor (VEGF) and initiates abnormal angiogenesis. The abnormal structure and function of new vessels aggravate the tumor hypoxic microenvironment and promote the development and metastasis of HCC (36). A previous study found that hypoxic conditions enhanced the secretion of exosomes by HCC cells, and these exosomes enhanced proliferation, migration, invasion, and epithelial-to-mesenchymal transition in normoxic HCC cells. Remarkably enhanced miR-155 expression level was observed in the exosomes derived from human liver cancer cell lines (PLC/PRF/5 and HuH7) under hypoxia and increased tube formation was noted from human umbilical vein endothelial cells (HUVECs) in the presence of these exosomes. MiR-155 was a major player in this pathogenesis because the increased tube formation effect was attenuated if miR-155 in PLC/PRF/5 or HuH7 cells were knocked down (37). Moreover, researchers found that exosomal miRNA-21 and miR-155 from HCC cells could directly target PTEN, leading to the activation of PDK1/AKT signaling in hepatic stellate cells (HSCs), which promoted cancer progression by secreting angiogenic cytokines, including VEGF, MMP2, MMP9, bFGF and TGF-β (38). In addition, exosomal miR-1273f was increased under hypoxic conditions and miR-1273f activated the Wnt/β-catenin signaling pathway leading to enhanced malignant phenotype (39). MicroRNA-23a/b (miR-23a/b) was significantly upregulated in exosomes of HCC patients with a high body fat ratio than low body fat ratio. The exosomal miR-23a/b promotes proliferation of HCC cells by directly targeting the tumor suppressor VHL. The VHL protein directly mediates the ubiquitylation and proteasomal degradation of HIF-1α which is the key transcription factor of oxygen homeostasis regulation. The results demonstrated that the new axis of miR-23/VHL/HIF-1α may play a key role in HCC development with high body fat ratio (40). These results suggest that under hypoxia condition, HCC-derived exosomes were able to regulate the pathogenesis of HCC via transporting some functions molecules, such as miRNAs. It has been observed that exosomal circRNA-deubiquitination (circ-DB) is upregulated in HCC patients with higher BMI (body fat ratio). Moreover, in vitro and in vivo studies showed that exo-circ-DB promotes HCC growth and reduces DNA damage via the suppression of miR-34a and the activation of deubiquitination-related USP7. This stimulating effect of exosomes from adipose on HCC cells can be reversed by knockdown of circ-DB (41). These results suggest that the molecular composition of exosomes released by cells under different stress microenvironments varies greatly and some specific functional molecules contained in exosomes mediate the communication between tumor and tumor microenvironment, affecting disease pathogenesis and progression.

Blood vessels not only provide oxygen and nutrition for tumor growth but also played an important role in tumor metastasis (42). Tumor vascular endothelial cells are regulated by a variety of cytokines secreted by tumor cells and exosomes are largely involved in modulating the interactions between HCC and endothelial cells through transfering some biological molecules such as miRNAs, lncRNAs and circRNAs. It has been shown that miR-210 in HCC-secreted exosomes stimulates tube formation in endothelial cells by targeting SMAD4 (SMAD Family Member 4) and STAT6 (signal transducer and activator of transcription 6) (43). Exosomal miR-378b from HepG2 cells binds with transforming growth factor β receptor III (TGFBR3) in HUVECs to down-regulate TGFBR3 expression which is negatively associated with HCC metastasis and angiogenesis. As such, upregulated exosomal miR-378b could promote HCC metastasis and angiogenesis (44). In another study, miR-1290 was over-expressed in exosomes derived from HCC patient serum. As the sponge of SEMK1 (suppressor of mitogen-activated protein kinase kinase 1), the exosomal miR-1290 increases VEGFR2 (vascular endothelial growth factor receptor 2) phosphorylation in human endothelial cells to promote the HCC angiogenic ability (45). miR-638 has been shown to inhibit cell proliferation of HCC by decreasing viability and colony formation and inducing apoptosis and cell cycle arrest at G1 phase. In addition, exosomal miR-638 suppressed HUVEC proliferation, migration and invasion via decreasing SP1 (46). In agreement with this, the proliferation of Huh7 and SMCC7721 HCC cells were significantly inhibited when miR‐638 was over‐expressed in these cells (47).

Upregulated in both serum from HCC patients and HCC cells, the exosomal lincRNA LINC00161 was directly bound to miR-590-3p to upregulate its downstream target gene ROCK2 (Rho-associated protein kinase 2), stimulating cell proliferation, migration and angiogenesis of HUVECs (48). The linc-FAM138B level in exosomes from cancer cells of HCC patients was lower than that in exosomes from normal cells. As a sponge for miR-765, linc-FAM138B promoted the growth of cancerous hepatocytes by decreasing miR-765 expression (49). CircRNA-100338 was highly expressed in highly metastatic HCC cells and their secreted exosomes. Exosomal circRNA-100338 can regulate HUVECs’ angiogenesis via increasing cell proliferation, angiogenesis, permeability, and vasculogenic mimicry formation ability (50). Exosomes isolated from a highly metastatic HCC cell line (LM3) enhanced the cell migration and invasion potential of HepG2 (non-metastatic cell line) and 97 L (low-metastatic cell line). CircPTGR1 is highly expressed in exosomes derived from the metastatic HCC cell line LM3. By targeting miR449a, circPTGR1 stimulates mesenchymal-epithelial transition factor expression which can promote migration and metastasis in HCC (51). Taken all these data together, exosomes, especially those biologiocally-active molecules wrapped into the exosomes have potential application in predicting HCC progression and prognosis.

The tumor microenvironment is composed of tumor cells, vascular endothelial cells, fibroblasts, antigen-presenting cells, extracellular matrix, growth factors and inflammatory cytokines. Different exosomes play a role in cell communication by carrying different signal molecules and participate not only in the occurrence, metastasis and angiogenesis, but also modulate anti-tumor immune responses. Immune cells are an important part of the tumor matrix and play an indispensable role in tumor growth, differentiation, and immune escape. Immunosuppressive cells can also promote the secretion of VEGF and other cytokines and chemokines (52). Exosomes are now considered as important mediators of host anti-tumor immune response as well as tumor cell immune escape. Recently, emerging evidence suggestes tumor associated macrophages (TAMs) is involved in tumor progression (53). Accumulating evidence indicated that macrophages-derived exosomes regulate HCC progression. MiR-326 was decreased in exosomes isolated from HCC cells but enriched in those from M1 macrophages. M1 Macrophage-derived exosomes deliver miR-326 to HCC to reduce cell proliferation, colony formation, migration, invasion, and CD206 and NF-κB (nuclear factor kappa-B) expression and to promote apoptosis (54). Another study demonstrates that exosomal miR-125a/b can target the HCC stem cells marker CD90 and suppress cell proliferation and stem cell properties (55). Furthermore, exosomal miR-146a-5p plays a key role in macrophage M2 polarization by activating NF-κB signaling. In addition to miRNAs, other non-coding RNAs such as cirRNAs wrapped in exosomes are also involved in the modualtion of macrophage activation and polarization to affect HCC progression. For example, hsa_circ_0074854 expression was upregulated in both HCC tissues and HCC cell lines and this circ-RNA can be transferred to macrophages via exosomes. Study has shown that knockdown the expression of hsa_circ_0074854 in HCC cells decreased the exosomal hsa_circ_0074854 entering macrophages and suppressed macrophage M2 polarization, and in turn inhibited migration and invasion of HCC cells both in vitro and in vivo (56). LncRNA TUC339 was enriched in HCC-derived exosomes and can be transferred to neighbor macrophages and was positively associated with M(IL-4) macrophages polarization (57). Interestingly, circUHRF1 in exosomes from HCC patient sera is not only associated with a decreased NK cell proportion but also associated with the impaired IFN-γ and TNF-α secretion of NKs by up-regulating the expression of TIM-3 via degradation of miR-449c-5p (58). Moreover, the macrophages educated with HCC-derived exosomes inhibited T cell response by upregulating the expression of inhibitory receptors such as PD-1 (programmed death-1) and CTLA-4 (cytotoxic T-lymphocyte associated protein 4) (59). These results demonstrated that exosomes are important in alerting the host immune and inflammatory cells to sense the presence of cancer cells. Moreover, exosomes secreted from tumor microenvironment can educate surrounding cells to create a more favorable microenvironment for HCC progression. Although exosomal cargos are of different origins and have various mechanisms of action, exosomes play an increasing role in the regulation of immune response to tumors.



Exosmal Proteins in HCC Development and Progression

It has been reported that exosomes derived from hepatoma cells can promote the migration and invasion of recipient cells. Moreover, highly invasive hepatoma-cells (MHCC97H)-derived exosomes have stronger promoting effects than those from low-invasive hepatoma cells (MHCC97L) and normal liver cells (LO2) exosomes. Further studies indicated that MHCC97H and MHCC97L-derived exosomes induce the decrease of E-cadherin expression and the increase of Vimentin expression to promote EMT in recipient cells via TGF-β/Smad signaling pathway (60). Human cells respond to internal and external stimuli by altering the level and activity of their proteins, so exosomal proteins may change either qualitatively or quantitatively to exert functional effects in the pathogenesis and progression of HCC. Proteomics analysis revealed that compared with exosomes from non-motile HCC cell line (Hep3B), 469 proteins were differentially expressed in exosomes from the motile HCC cell line 97H and the expression levels of another 443 exosomal proteins were significantly changed in another motile HCC cell line LM3. These differentially-expressed exosomal proteins were enriched in the sugar metabolism-centric canonical pathways, therefore these exosomal sugar metabolism proteins may be new biomarkers for more motile liver cancer cells (61). Proteins are directly involved in almost every biological process, so comprehensive analysis of these differentially-expressed proteins in HCC cells and HCC-derived exosomes may shed light to explain how these proteins interact and cooperate to affect the development and progression of HCC. Vasorin is a type I transmembrane protein that plays important role in tumor development and vasculogenesis. Previous study demonstrated that the HepG2-derived exosomal Vasorin transferred to human umbilical vein endothelial cells (HUVECs) via proteoglycans mediated endocytosis could promote migration of recipient HUVECs (62). Results from this study indicated that vasorin could be one of the key mediators of communication between tumor cells and endothelial cells. C-Type Lectin Domain Family 3 Member B (CLEC3B) is a transmembrane Ca2+-binding protein and down-regulated CLEC3B in HCC indicated a poor prognosis. The CLEC3B can be wrapped inside exosomes and the downregulated exosomal CLEC3B suppressed vascular endothelial growth factors (VEGFs) secretion in both HCC cells and endothelial cells via AMPK (adenosine monophosphate-activated kinase) signal pathway, and eventually inhibited angiogenesis (63). HCC is a typical hypervascular solid tumor that requires neoangiogenesis for growth. Angiopoietin-2 (ANGPT2) has been shown to be able to destroy vascular stability to promote cancer angiogenesis and the level of ANGPT2 is closely related to the development and prognosis of HCC, the HCC-derived exosomal ANGPT2 increased the tubule formation, migration and proliferation of HUVECs leading to enhanced angiogenesis of HUVECs in vitro (64). Lysyl oxidase-like 4 (LOXL4) was upregulated in HCC and predicted a poor prognosis. HCC-derived exosomes transferred LOXL4 not only between HCC cells to promote cell migration by activating the FAK/Src pathway but also to HUVECs through a paracrine mechanism to stimulate angiogenesis (65). EIF3C (eukaryotic translation initiation factor 3 subunit C) is also upregulated during HCC tumor progression and is associated with poor patient survival. Upregulated EIF3C expression in HCC cells (PLC5) increased the release of exosomes and enhanced angiogenesis in vitro and in vivo. It has been shown that EIF3C upregulated the expression level of S100 calcium-binding protein A11(S100A11), which plays critical roles in cancer progression and angiogenesis in PLC5 cells, and treatment with exosome inhibitor GW4869 or suppression of S100A11 expression could abolish the EIF3C-mediated HCC angiogenesis (66). These data indicated EIF3C mediated tumor progression via increasing release of oncogenic exosomes to potentiate angiogenesis and tumorigenesis in tumor microenvironment. S100 calcium-binding protein A4 (S100A4) plays an important role in tumor metastasis by regulating adhesion, extracellular matrix remodeling, and cellular motility. Exosomes derived from highly metastatic HCC cells (HMH) can transfer abundant S100A4 to low metastatic HCC cells (LMH) to enhance the stemness and metastatic potential, and this effect is mediated by induced expression of osteopontin via STAT3 phosphorylation (67). Alpha-enolase (ENO1) is frequently upregulated in HCC cells or tissues and can be transferred between cells via exosomes. The exosomal ENO1 promoted cellular malignant transformation and metastasis of HCC cells by activating the FAK/Src-p38MAPK pathway and upregulating integrin α6β4 expression which is closely related to tumor growth and metastasis (68). In addition to cancer cells, proteins wrapped in the exosomes may also affect the function of other cell types in the tumor microenvironment. Impaired activation, proliferation and anti-tumor functions of tumor-infiltrating T lymphocytes (TILs) have been observed after treatment with 14-3-3ζ-containing exosomes derived from HCC cells (69). These findings implicated that some exosomal proteins may be used as novel biomarkers for the clinical evaluation of HCC progression and metastasis. In the process of exosome production, exosomes are filled with biological proteins, which are transferred from donor cells to recipient cells. These characteristics contribute to the role of exosomes in intercellular communication. The size and content of exosomes vary greatly, and their biological function and targets are also different. Therefore, exosomes have attracted much attention as important carriers of specific signals that may play important roles in the regulation of HCC progression, metastasis, angiogenesis and immune response (Table 1).


Table 1 | Primary functions of non-coding RNAs and proteins in exosomes from HCC.





Exosomes in Drug Resistance of HCC

HCC is the most common primary liver cancer and drug resistance is the predominant obstacle for the treatment of HCC. With the development of gene sequencing technology, the gene mutation map of HCC is more clear. Some major mutant genes and corresponding signal pathways related to hepatocarcinogenesis have been found, such as Wnt/β- Catenin, chromatin remodeling, p53/cell cycle, MAPK, BRAF, mTOR, etc (75). Among the main signal pathways, the MAPK pathway and BRAF signaling play a crucial role in the regulation of HCC cell proliferation and survival. Tyrosine kinase inhibitors exert their activity against HCC cells inhibiting BRAF signaling. Sorafenib, a multi-target kinase inhibitor for the treatment of HCC, can directly inhibit tumor growth by blocking BRAF and MAPK signal pathways, previous studies have shown that sorafenib can effectively prolong the median overall survival of patients with advanced hepatocellular carcinoma (76, 77). However, many HCC patients will develop sorafenib resistance after 6 months treatment, due to several mutations HCC cells often presented an intrinsic and acquired resistance to tyrosine kinase inhibitors, and then progress to metastasis, which makes the next step of treatment very difficult. The mechanisms of drug resistance can be multifactorial. The genome of HCC cell can be reprogrammed to acquire resistance to treatment after exposure to chemotherapy or targeted therapy. In addition, some defense pathways for tumor cells, such as changes in cell cycle checkpoints or DNA damage repair mechanisms, can also cause tumor drug resistance (78). Interestingly, accumulatting evidence suggested that exosomes may also play an important role in drug resistance of patients with HCC. The exosomal lncRNA mediators, such as lincRNA-ROR, are involved in the modulation of hepatoma cellular responses to sorafenib. Moreover, lincRNA-VLDLR could be transferred by HCC-derived exosomes to mediate resistance to anti-cancer agents, such as sorafenib, camptothecin, and doxorubicin, in recipient cancer cells (70, 71). Exosomal miR-744 is downregulated in exosomes derived from HCC patient serum and HepG2 cells. It has been shown that suppressed miR-744 promotes HepG2 cell proliferation and inhibits the chemosensitivity of HepG2 cells to sorafenib via regulating PAX2 (paired box 2) expression (72). The PTEN/PI3K/Akt pathway contributes to chemoresistance in different types of cancers by regulating proliferation, apoptosis, angiogenesis and autophagy (79–81). The drug-resistant HCC cell line Bel/5-FU delivers miR-32-5p to the sensitive HCC cell line Bel7402 by exosomes to reduce PTEN expression,which in turn activates the PI3K/Akt pathway leading to multidrug resistance by modulating angiogenesis and epithelial-to-mesenchymal transition (73). Exosomes derived from HCC cells induced sorafenib resistance both in vitro and in vivo by activating the HGF/c-Met/Akt signaling pathway and inhibiting sorafenib-induced apoptosis. Moreover, exosomes derived from highly invasive tumor cells (MHCC-97H) had greater efficacy in stimulating HCC cell proliferation and in hibiting the chemotherapeutic effects of sorafenib than those derived from less invasive cells (MHCC-97 L) (82). CircRNA-SORE is upregulated in sorafenib-resistant HCC cells, and circRNA-SORE binds the master oncogenic protein YBX1 (Y box binding protein 1) to prevents its interaction with the E3 ubiquitin ligase to block YBX1 degradation. Moreover, the circRNA-SORE can be transported by exosomes among HCC cells to spread sorafenib resistance to other sensitive cells. As expected, silencing circRNA-SORE could substantially overcome the resistance to sorafenib (74). In the process of HCC occurrence and development, due to the influence of tumor cells and the microenvironment, there will be different degrees of heterogeneity in HCC cells, which may contribute to different sensitivity to chemotherapeutic drugs in the same tissue. And the inconsistency of chemosensitivity between tumor cells can be transferred between cells via exosomes to make sensitive cells to obtain drug resistance.




Potential Applications of Exosomes in HCC Diagnosis and Treatment


Exosomes as Biomarkers

Exosomes not only promote the malignant progression of HCC but also can be used as biomarkers for auxiliary diagnosis, efficacy evaluation, and prognosis monitoring in HCC. In recent years, exosomes as disease diagnosis biomarkers have gained a lot of attention and gradually become a hot research topic. Accumulating evidence indicated that exosomes and their cargoes are clearly related to the onset and development of HCC. In patients with early stage HCC, serum exosomal miR-21 and miR-10b levels were associated with tumor stages and they were independent prognostic biomarkers for disease-free survival (33). Data from 79 HCC patients demonstrated that circulating exosomal miRNA-21 and exosomal lncRNA-ATB were related to TNM (Tumour-Node-Metastasis) stage and portal vein thrombosis. In addition, both higher miRNA-21 and higher lncRNA-ATB were independent predictors of mortality and disease progression (83). The persistent high expression of exosomal circRNA-100338 in serum of HCC patients who underwent curative hepatectomy may be a biomarker of pulmonary metastasis and poor survival (50). LINC00161 was enriched in exosomes derived from serum of HCC patients (N=56), and high exosomal LINC00161 expression was associated with significantly poor survival (48). The circPTGR1 was upregulated in serum exosomes isolated from HCC patients and was associated with the clinical stage and prognosis of HCC, indicating their prognostic value in the clinical setting (51). A cohort study consisting of 40 patients with HCC found that higher expression level of exosomal miR-155 in preoperative plasma was significantly correlated with early recurrence (37). A study focused on viral HCC found that the exosomal miRNAs (miR-10b-5p, miR-21-5p, miR-221-3p, miR-18a, miR-221, miR-222 and miR-224) significantly upregulated in HCV and HBV associated HCC patients than normal/non-HCC group including chronic hepatitis and liver cirrhosis patients, and exosomal mir-223-3p, miR-101, miR-106b, miR-122 and miR-195 showed the opposite trend (84). All these studies strongly suggest the altered levels of some specific molecules wrapped in the exosomes can be used as potential biomarkers for the early diagnosis and prognosis evaluation of patients with HCC. Moreover, a single biomarker may not be sufficiently accurate for HCC diagnosis, and use of a combination of diffrent biomarkers from HCC-derived exosomes may be prefered.

Plasma exosomal circUHRF1 levels were increased in HCC patients compared with healthy individuals. Interestingly, plasma exosomal circUHRF1 levels were significantly increased in patients with immunosuppression. These data suggested that plasma exosomal circUHRF1 was closely related to poor prognosis in patients with HCC (58). Clinical data showed that ENO1 expression was higher in metastatic lesions than that in the primary lesions and that ENO1 upregulation was significantly correlated with the TNM stage and tumor differentiation grade, and predicted a poor prognosis in patients with HCC. Moreover, the expression trend of ENO1 in exosomes was consistent with that in cells, although the exosomal ENO1 level cannot fully reflect the proliferative activity of cells, the expression level of exosomal ENO1 was positively correlated with cell migration and invasion capabilities (68). HCC patients with lower levels of serum exosomal miR‐638 had poorer overall survival than those with higher levels of exosomal miR‐638 in serum (47). In addition, a negative association of serum exosomal miR‐638 with tumor size, vascular infiltration, and TNM stage was observed in patients with HCC. Linc-FAM138B was reduced in both HCC tissues and cell lines and lower level expression of linc-FAM138B indicated a poorer prognosis in HCC patients. Although decreased expression of linc-FAM138B in exosomes of cancer cells from HCC patients was also observed but the correlation between the expression levels of exosomal linc-FAM138B and survival rate of patients with HCC needed to be further investigated (49). Long non-coding RNA SENP3-EIF4A1 stimulated apoptosis and weakened the invasion and migration abilities of HCC cells and modulated the expression of ZFP36 (the negative regulator for HCC migration and invasion) by competitively binding to miR-9-5p. Exosomal SENP3-EIF4A1 was significantly reduced in HCC patients and may exert as a biomarker for clinically detecting HCC (85). Exosomes contain proteins and nucleic acids similar to those of HCC cells. The structure of lipid membrane of exosomes can protect the contents wrapped in exosomes from being degraded, so the nucleic acids and proteins in the exosomes are relatively stable, making them good biomarker candidates (Figure 2).




Figure 2 | The exosomal biomarkers in HCC. Exosomes derived from HCC contained the different consist of cargoes of miRNAs, lncRNAs, circRNAs and proteins. Some specific molecules can be utilized for typical exosome biomarkers, and early prediction and prognosis of disease.





Exosomes as Vehicle for the Delivery of Therapeutic Agents

Exosomes can be modified with a variety of molecules, thereby acting as a vehicle for the delivery of therapeutic agents. Because of the easy degradation of RNAs or functional molecules by direct infusion, effective vehicle-mediated delivery may represent a new strategy for improving the efficacy of HCC chemotherapy. Exosomes can carry some specific functional molecules to increase the sensitivity to cancer drugs and reverse the drug resistance of HCC. Mesenchymal stem cells (MSC) can be harvested from several adult tissues and they can constitute a heterogeneous subset of stromal regenerative cells (86). Similar to exosomes in general, MSC-derived exosomes carry complex cargo, and are therefore well equipped to maintain homeostasis within the tissue and respond to external stimuli. Compared with MSC, the exosomes from MSC have no cell activity, and there is no risk of tumor formation (87). In addition, the immunogenicity of exosomes is lower than that of MSC due to the low content of membrane binding proteins (88). These characteristics make MSC-derived exosomes an ideal delivery system for cancer treatment (89). More and more studies have proved their safety and effectiveness against HCC. The GRP78 is overexpressed in sorafenib resistant cancer cells compared to sorafenib sensitive cancer cells and thus is a potential target for the treatment of HCC. BM-MSCs were modified to express siGRP78 which is able to target GRP78 to decrease the expression level of GRP78. Exosomes with siGRP78 (exo-siGRP78) were isolated from the cultured BM-MSCs (bone-marrow-derived mesenchymal stem cells). Combination therapy with exo-siGRP78 and sorafenib significantly inhibited the growth and invasion of the HCC cells in vitro as well as in vivo (90). The loss or downregulation of liver-specific miR-122 has been associated with HCC development and progression (91) and is closely related to poor prognosis and metastasis of HCC (92). Increasing evidence indicates that miR-122 can modulate the sensitivity of HCC cells to doxorubicin and sorafenib. Exosomes as biological vehicles for miRNA transfer do not elicit acute immune rejection and no risk of tumor formation. Data showed that miR-122-transfected adipose tissue-derived MSC (AMSCs) can effectively package miR-122 into secreted exosomes, which can mediate miR-122 transfer between AMSC and HCC cells, thereby rendering cancer cells sensitive to chemotherapeutic agents through alteration of miR-122 gene expression in HCC cells. Moreover, intra-tumor injection of highly expressed miR-122-exosomes significantly increased the antitumor effect of sorafenib on HCC in vivo. These findings suggest that the transfer of miR-122 via AMSC exosomes represents a novel strategy to enhance HCC chemosensitivity (93). In xenograft mice, overexpression of miR-638 reduced HCC growth via decreasing SP1 (specificity protein 1), indicating a potential clinical application of miR-638 in the treatment of HCC (46). MiR-199a-3p (miR-199a) has been shown to enhance the chemosensitivity of HCC. Transfected AMSCs with miR-199a lentivirus can secrete exosomes (AMSC-Exo-199a) containing a high level of miR-199a. AMSC-Exo-199a had the classic characteristics of exosomes and could effectively deliver miR-199a into HCC cells to enhance HCC sensitivity to doxorubic through ininhibiting the mTOR pathway. Moreover, i.v.-injected AMSC-Exo-199a could be successfully distributed to tumor tissue and markedly increase the effect of doxorubicin against HCC in vivo (94). Exosomes isolated from the human umbilical cord mesenchymal stem cell (HucMSC) contain miR-451a to be able to down-regulate the expression level of its target gene ADAM10 in Hep3B and SMMC-7721 cells. Decreased expression of ADAM10 reverts the paclitaxel resistance and inhibits cell cycle transition, proliferation, migration and invasion, and promotes apoptosis of HCC cells. These data demonstrated that HucMSC-derived exosomal miR-451a could provide a new strategy for HCC treatment by targeting ADAM10 (95).

Cancer-associated fibroblasts play a pivotal role in regulating tumor progression. Therefore, understanding how cancer-associated fibroblasts communicate with HCC is crucial for HCC therapy. A study found miR-320a is reduced in the exosomes of cancer-associated fibroblasts from HCC patients. In vitro and in vivo studies further revealed that miR-320a is an antitumor miRNA by binding to its direct downstream target PBX3 (pre-B cell leukemia 3) to suppress HCC proliferation, migration and metastasis. The miR-320a-PBX3 axis inhibited tumor progression by suppressing the activation of the MAPK (mitogen-activated protein kinase) pathway, which could induce the epithelial–mesenchymal transition and upregulate cyclin-dependent kinase 2 (CDK2) and MMP2 (matrix metallopeptidase 2) expression to promote cell proliferation and metastasis. Therefore, these data suggest that cancer-associated fibroblasts-mediated HCC tumor progression is partially related to the loss of antitumor miR-320a in the exosomes and transfer of stromal cell-derived miR-320a might be a potential treatment option to inhibit HCC progression (96). Exosomes from HCC patient serum contained significantly less HMGN1 (high mobility group nucleosome-binding protein 1) than those from healthy individuals. Exosomes from HCC patient serum contained significantly less HMGN1 (high mobility group nucleosome-binding protein 1) than those from healthy individuals, and the functional domain of HMGN1 is N1ND. Researchers successfully loaded the functional short peptide-N1ND of HMGN1 on the surface of exosomes from HCC, and these treated exosomes efficiently transported N1ND molecules to dendritic cells (DCs) to enhance their activation and immunogenicity. These data demonstrate that N1ND can augment human DC immunogenicity in vitro in the presence of tumor-specific antigen and thus provide an avenue for improving DC anti-HCC ability (97). Exosomal EIF3C enhance the angiogenesis and tumorigenesis of HCC, so by inhibiting EIF3C expression could be a potential treatment (66). In vivo study exosomal SENP3-EIF4A1 transferred to HCC cells to increase the expression of ZFP36 by competitively binding to miR-9-5p and was capable of inhibiting tumor growth. Thus, exosomal SENP3-EIF4A1 could be a potential therapeutic factor for HCC (85). Cargo sorting of exosomes depends on the endosomal sorting complex required for transport (ESCRT) machinery. Membrane neck cleavage mediated by ESCRT-III is crucial for the formation of exosomes, which is regulated by Vps4, Vps4A and Vps4B. Vps4A is frequently down-regulated in HCC tissues. Vps4A interferes with the biological activity of exosomes and the cell response to exosomes by affecting exosomal miRNA secretion and uptake. Overexpression of Vps4A inactivated phosphatidylinositol-3-kinase (PI3K)/Akt signaling pathway through a comprehensive coordinated effect of the associated miRNAs. These results implicate Vps4A as a novel tumor suppressor for HCC (98). Wang et al. found that miR-1290 is overexpressed in HCC and promotes tumor angiogenesis via exosomal secretion. And inhibiting the expression of miR-1290 in vivo effectively reduced the tumor angiogenesis and progression, providing evidence that targeting miR-1290 or inhibit the transfer via exosome might be a potential strategy for angiogenesis-based cancer therapy (46). Exosomes containing high level of linc-FAM138B (Exo-FAM138B) inhibited HCC growth by modulating miR-765 (49). Exosomes have advantages as ideal drug carriers, and these advantages include but not limited to: 1) easy escape from the host immune surveillance; 2) easy absorption; 3) long circulating half-life, and 4) with the ability of directional homing. So far, exosomes have been used successfully to carry specific molecules, like anticancer genes, inflammatory regulatory factors and other drug resistance-reversing molecules, facilitating personalized treatment of HCC (Table 2).


Table 2 | Exosomes as vehicle for the delivery of therapeutic agents.






Conclusions and Future Perspectives

Exosomes have been involved many aspects of HCC, such as occurrence, progression, metastasis and drug resistance. Firstly, exosomes can form microenvironment at local and distant metastasis sites to benefit tumor cell proliferation. Secondly, exosomes secreted by tumor cells can promote angiogenesis in tumor tissue. Thirdly, exosomes released by tumors may play an important role in immune evasion of tumor cells. Finally, exosomes from tumor cells can desensitize the cells to anti-tumor treatment confering drug resistance.

Remarkable progress in exosome research has been made in the past years. The collection and analysis of exosomes released from tumors have become an important research direction for liquid biopsy. Novel therapeutic strategies targeting exosomes may improve the treatment outcomes of cancer patients. However, the mechanisms through which how exosomes regulate tumor development and prognosis need to be further clarified in order to facilitate the development of targeted drugs to better inhibit tumor invasion and growth. For example, EMT has been proposed to be a vital mechanism for epithelial cells to acquire a malignant phenotype. Recently, the role of exosomes in the EMT program has been revealed in different types of cancer, including colorectal cancer and breast cancer, etc (99, 100). However, the underlying mechanisms of exosomes in promoting EMT in HCC cells remain elusive. Owing to difficulties in detecting early HCC in clinical practice, identification of highly specific diagnostic markers, such as exosomes, is urgently required. As the extraction and detection technology of nucleic acid molecules is relatively mature, the research of exosome markers mainly focuses on nucleic acid molecules. The research of exosome protein markers requires high quality exosome separation. Exosome proteins extracted often carry contaminated proteins, and the abundance of these proteins is relatively low, making it difficult to detect. However, the rapid development of proteomics technology will greatly facilitate the study of exosome protein markers.
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Esophageal squamous carcinoma (ESCC) has a high morbidity and mortality rate. Identifying risk metabolites associated with its progression is essential for the early prevention and treatment of ESCC. A total of 373 ESCC, 40 esophageal squamous dysplasia (ESD), and 218 healthy controls (HC) subjects were enrolled in this study. Gas chromatography-mass spectrometry (GC/MS) was used to acquire plasma metabolic profiles. Receiver operating characteristic curve (ROC) and adjusted odds ratio (OR) were calculated to evaluate the potential diagnosis and prediction ability markers. The levels of alpha-tocopherol and cysteine were progressively decreased, while the levels of aminomalonic acid were progressively increased during the various stages (from precancerous lesions to advanced-stage) of exacerbation in ESCC patients. Alpha-tocopherol performed well for the differential diagnosis of HC and ESD/ESCC (AUROC>0.90). OR calculations showed that a high level of aminomalonic acid was not only a risk factor for further development of ESD to ESCC (OR>13.0) but also a risk factor for lymphatic metastasis in ESCC patients (OR>3.0). A low level of alpha-tocopherol was a distinguished independent risk factor of ESCC (OR< 0.5). The panel constructed by glycolic acid, oxalic acid, glyceric acid, malate and alpha-tocopherol performed well in distinguishing between ESD/ESCC from HC in the training and validation set (AUROC>0.95). In conclusion, the oxidative stress function was impaired in ESCC patients, and improving the body’s antioxidant function may help reduce the early occurrence of ESCC.
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Introduction

Esophageal cancer (EC) is the seventh most common cancer and the sixth most common cause of cancer death globally, causing about 572 000 new cases and 509 000 deaths worldwide (1). Esophageal squamous cell carcinomas (ESCC) are the most common histological type of EC, accounting for approximately 90% of esophageal cancer cases worldwide (2). China has the highest incidence of ESCC, accounting for approximately 50% of all ESCC cases worldwide (3, 4). ESCC has no specific clinical symptoms in its early stages, and most patients are diagnosed at an advanced stage, resulting in a 5-year survival rate of less than 15% (5). Esophageal squamous dysplasia (ESD) is a primary precancerous lesion for ESCC, with a significantly increased risk of developing into ESCC (6). Although endoscopy and histopathological testing can effectively improve the early diagnosis of ESCC (7, 8), these two methods are invasive and require trained physicians and expensive equipment, making them challenging to use widely in the early screening of ESCC. Therefore, surveying the metabolic change and associated risk factors occurring during ESCC and establishing suitable non-invasive adjunctive assays development could provide implications for early diagnosis and potential therapeutic strategies.

With its powerful screening and identification of small molecule metabolites, Metabolomics has become a powerful tool to identify metabolic changes in cancer progression and discover non-invasive biomarkers for cancer prediction and diagnosis (9–12). Currently, based on nuclear magnetic resonance (NMR) (13), gas chromatography-mass spectrometry (GC-MS) (14), liquid chromatography-mass spectrometry (LC-MS) (15), and other metabolomics techniques have been widely used in studies related to ESCC. Many non-invasive auxiliary essays related to ESCC have been established through plasma (16), serum (17) and urine (18). However, these studies have mainly focused on the role of small molecule metabolites in the progression of healthy controls (HC) and ESCC patients. Less attention has been paid to screening metabolic changes and associated risk factors during the progression of ESCC from early to advanced stages.

In this work, a two-phase development strategy (training set and validation set) was applied in 631 subjects, including clinically relevant controls covering the whole progression of ESCC. Based on the GC/MS metabolomics platform, we propose establishing a suitable non-invasive diagnostic approach and screening for risk factors associated with ESCC progression. This work could help discover new biomarkers for risk prediction and early detection of ESCC.



Materials and Methods


Chemicals and Reagents

1, 2-13C2-Myristic acid and methyl myristate were used as internal standard (IS) and external standard (ES), respectively. 1, 2-13C2-Myristic acid, methyl myristate, methoxyamine, MSTFA (N-methyl-N-trimethylsilyltrifluoroacetamid) plus 1% TMCS, n-heptane, and pyridine (silylation grade) were obtained from Sigma-Aldrich. HPLC-grade (>99.5%) methanol was obtained from Merck.



Sample Pretreatment

Plasma samples were processed, extracted, and derived following our previously developed methods (19, 20). An aliquot of plasma (50 µL) was added to 200 µl methanol (containing IS, 5.0 µg/mL). The specimens were vigorously extracted for 5.0 min and centrifuged at 20 000×g for 10.0 min at 4°C. A 100.0 μL aliquot of the resulting supernatant was transferred to a GC vial and evaporated to dryness in a Speed-Vac concentrator (Savant Instruments, Farmingdale, NY, USA). 30.0 μL of methoxyamine in pyridine (10.0 mg/mL) was added to each GC vial. Then the solution was vigorously vortexed for 5.0 min. After methoximation reaction for 16.0 hours at room temperature, the samples were trimethylsilylated for another 1.0 hours by adding 30.0 μL of MSTFA with 1% TMCS as the catalyst. At last, 30.0 μL n-heptane with methyl myristate (15.0 µg/mL) as the quality control reference standard was added to each GC vial. The quality control samples (QC) were pooled with small aliquots of plasma samples in the study set and mixed.



GC/MS Analysis, Instrumental Setting, and Parameters

To diminish the opportunity for systematic variation, all the samples were randomly selected for analysis by GC/MS. A 0.5 μL portion of the derived samples was injected into Shimadzu GC/MS QP2010Ultra/SE (Kyoto, Japan). It is equipped with a 30 m × 0.25 mm ID, fused silica capillary column, which was chemically bonded with 0.25 m DB1-MS stationary phase (J&W Scientific, Folsom, CA, USA).

The column temperature was initially kept at 80°C for 3.0 min, then increased from 80 to 300°C at 20°C/min, where it was held for 5.0 min. The transfer line temperature was set at 220°C and the ion source temperature at 200°C. Ions were generated by a 70-eV electron beam at a current of 3.2 mA. The mass spectra were acquired over the mass range of 50-700 m/z at a rate of 25 spectra/s after a solvent delay of 160 s.

The metabolites were by comparing the mass spectrum and retention indexes for the analyte with the corresponding values from the literature and various libraries [e.g., Mainlib and Public in the National Institute of Standards and Technology (NIST) library 2.0 (2008) and Wiley 9 (Wiley-VCH Verlag GmbH & Co KGaA, Weinheim, Germany)].



Statistical Analysis

After normalization against the IS, all the semiquantitative data were log10-transformed. The transformed data were imported into SIMCA-P 14.1 software (Umetrics, Umea, Sweden) and pre-processed for multivariate statistical analysis using unit variance scaling (UV). Principal component analysis (PCA) and orthogonal projections to latent structures discriminant analysis (OPLS-DA) models were built and plotted to show the clustering or separation of samples from different groups. The goodness of fit for the OPLS-DA models was evaluated using three quantitative parameters: R2X, R2Y and Q2. R2X and R2Y are the explained variations, and Q2 is the predicted variation, with a higher level of R2Y and Q2Y indicating the model’s better fit and predictive performance (21). To avoid the classification obtained by supervised learning methods being chance and to test whether the model reproduces well and whether the data in the model are over-fitted, the validity of the built model was examined by 7-fold cross-check and replacement test (200 times, cross-validation). The intercept of the R2 and Q2 regression lines to the axes was used to measure overfitting, and the model was valid when the intercept of Q2 was negative (22).

To determine the difference between groups, the independent-samples t-test and the Mann-Whitney U test were applied for normally and non-normally distributed data, respectively. The diagnostic performance of each metabolite was evaluated by the receiver operating characteristic (ROC) curve. The Youden index was the best threshold to select the optimal cut-point that maximized its value (23).

Metabolite variability analysis, logistic regression analysis, ROC curve analysis and (adjusted) OR calculations were performed using SPSS 26.0 (SPSS Inc., Chicago, IL, USA), bar graphs were produced using GraphPad Prism 8.0, and heatmap and pathway analysis were performed using the online software MetaboAnalyst (https://www.metaboanalyst.ca/).




Results


Patients and Healthy Controls

Samples for this study were collected at the First Affiliated Hospital of Nanjing Medical University, and the sampling period was from June 2019 to June 2021. Blood samples were collected before 8:30 am after overnight fasting to eliminate the disturbance of diet, and samples were kept under 4°C temperature before being stored at –80°C within 6 hours after plasma isolation (24). A total of 631 subjects were included in this study, including 218 healthy controls (HC), 373 with esophageal squamous cell carcinoma (ESCC) and 40 with esophageal squamous dysplasia (ESD). The distribution of subjects is shown in Table 1. We set stage 0 and stage I as early-stage, stage II and stage III as intermediate-stage, and stage IV as advanced-stage, taking into account the progression of ESCC and cTNM staging.


Table 1 | Basic information of all subjects.



Subjects included in this study were free of metabolic abnormalities such as hypoproteinemia, weight loss, and negative nitrogen balance. The ethics committee of the First Affiliated Hospital of Nanjing Medical University approved this study, and informed consent was obtained from all subjects. The study flowchart is shown in Figure 1A.




Figure 1 | Analysis flowchart of this study and multivariate statistical analysis differentiates the groups of HC, ESD and ESCC. (A) Analysis flowchart of this study. (B) PCA modeling with the three groups: HC, ESD and ESCC. (C) OPLS-DA model differentiating ESD from HC. (D) OPLS-DA model differentiating ESCC from HC. (E) OPLS-DA model differentiating ESCC from ESD.





Clustering Analysis

Pooled QC samples were clustered well in the PCA score plots (Figure 1B), indicating stable instrument operation and good reproducibility of the assay throughout the experiment. The supervised OPLS-DA models revealed that the samples in the HC and ESD/ESCC groups were closely clustered together, with fewer overlapping areas between the groups (Figures 1C, D), indicating significant metabolic differences between the HC and ESD/ESCC groups. At the same time, the parameters of the two OPLS-DA models mentioned above were R2X=0.296, R2Y=0.789, Q2 = 0.635 and R2X=0.375, R2Y=0.808, Q2 = 0.774, respectively, indicating that the models had good fit and prediction accuracy. There was a partial overlap region between the ESD and ESCC groups (Figure 1E), indicating some similarity of metabolic phenotypes between the ESD and ESCC groups (R2X=0.338, R2Y=0.234, Q2 = 0.435). The permutation test results showed that the intercept of Q2 was negative in all groups (Supplementary Figures 1A-C), indicating that our OPLS-DA models were not over-fitted and the models were valid. These results indicated significant differences in metabolic patterns between the HC and ESD groups or the HC and ESCC groups. At the same time, there were some similarities in the metabolic changes between the ESD and ESCC groups.



Metabolic Difference Analysis

GC/MS analysis of the plasma samples aligned the metabolites in typical chromatograms (Supplementary Figure 1). Deconvolution of the GC/MS chromatograms produced 135 independent peaks from the plasma samples, 57 of which were authentically identified as metabolites (Supplementary Table 1). Quantitative data were acquired for each metabolite in the plasma samples of the HC, ESD and ESCC cases.

There were 35, 46, and 9 differential metabolites among HC, ESD, and ESCC groups (Table 2), and 3, 6, and 4 differential metabolites among early-stage, intermediate-stage, and advanced-stage groups, respectively (Table 3). Changes in the levels of three metabolites, alpha-tocopherol, aminomalonic acid and cysteine, correlated with the continuous progression of disease in ESCC patients. The levels of alpha-tocopherol and cysteine gradually decreased and the levels of aminomalonic acid gradually increased as the disease progressed in ESCC patients (Figures 2A, B). These findings indicate that the above metabolites are involved in the development of ESCC (from precancerous lesions to advanced-stage).


Table 2 | List of discriminant metabolites: ESD vs. HC, ESCC vs. HC and ESCC vs. ESD.




Table 3 | List of discriminant metabolites: intermediate-stage vs. early-stage, advanced-stage vs. early-stage and advanced-stage vs. intermediate-stage.






Figure 2 | Differential metabolites and pathways involved in the ESD and ESCC groups. (A) Plasma alpha-tocopherol, cysteine, and aminomalonic acid levels in the HC, ESD and ESCC groups. (B) Plasma alpha-tocopherol, cysteine, and aminomalonic acid levels in different stages of ESCC (relative abundance is shown in logarized form: mean with SD, *p < 0.05, **0.001≤P < 0.01, ***P < 0.001). (C) ROC analysis of alpha-tocopherol between ESD and HC. (D) ROC analysis of alpha-tocopherol between ESCC and HC. (E) Pathway analysis of differential metabolites in ESD and HC. (F) Pathway analysis of differential metabolites in ESCC and ESD.



ROC analysis showed (Supplementary Tables 2–4 and Figures 2C, D) that alpha-tocopherol performed well for the differentiation of HC and ESD/ESCC (AUROC>0.90). This suggests that alpha-tocopherol may be a diagnostic biomarker for the differentiation of HC and ESD/ESCC. However, for the differentiation of ESD and ESCC, each metabolite performed poorly (AUROC<0.72).

Metabolic pathway analysis (Figures 2E, F) showed that the HC and ESD groups were affected mainly by amino acid metabolism (urea cycle, glutamate metabolism, arginine and proline metabolism, etc.) and energy metabolism (citric acid cycle and Warburg effect). Metabolic pathways such as purine metabolism, alanine metabolism and carnitine synthesis may be further affected as ESD progresses to ESCC.



Risk Metabolites Associated With ESCC

To assess the role of the above metabolites as risk factors for predicting ESD/ESCC occurrence, OR values were calculated. Plasma glyceric acid, oxalic acid, hexadecanoic acid and 4-hydroxybutanoic acid were all had ORs > 1 (ESD vs. HC) (Table 4). Moreover, these metabolites were significantly higher in the ESD and ESCC groups than in the HC group (Table 2). Also, creatinine and aminomalonic acid had ORs > 1 when ESCC vs. ESD (Table 4). These two substances were significantly increased in ESCC relative to ESD. In particular, aminomalonic acid increased with the progression of the ESCC condition. These results suggested that higher glyceric acid, oxalic acid, hexadecanoic acid, and 4-hydroxybutanoic acid plasma levels increase HC’s risk of being diagnosed as ESD. And higher creatinine and aminomalonic acid plasma level increase the risk of ESD being diagnosed as ESCC. Meanwhile, plasma alpha-tocopherol was significantly inversely associated with the risk of ESD and ESCC after adjusting for age and sex (OR<1) (Table 4). Lower plasma concentrations of cysteine were associated with a significantly increased risk of ESCC


Table 4 | List of risk factors: ESD vs. HC, ESCC vs. ESD and N (1 + 2 + 3) vs. N0.



Relative to the group without lymphatic metastases, there were five differential metabolites in ESCC patients with lymphatic metastases, with decreased succinate and glyceric acid levels and increased aminomalonic acid, pyrophosphoric acid, and uric acid (Supplementary Table 5). Aminomalonic acid, pyrophosphoric acid, and uric acid had ORs > 1 and may be risk factors for developing lymphatic metastases in patients with ESCC (Table 4).



Predictive Modeling

To construct effective diagnostic models, we applied logistic regression analysis using the data from the training set. First, binary logistic regression analysis and an optimized algorithm of the stepwise forward method (Wald) method were applied to establish the best model using the above differential metabolites. Eventually, the combination of five metabolites was defined as the ideal biomarker panel to discriminate ESCC and ESD from HC. These five metabolites are glycolic acid, oxalic acid, glyceric acid, malate and alpha-tocopherol.

The diagnostic potential of these five metabolites was evaluated in both the training set and the validation set. To discriminate ESD from HC, the AUC value of the training set was 0.99 (95% CI: 0.98-0.99, Sensitivity = 93.52%, Specificity = 94.12%), whereas that of the validation set was 0.96 (95% CI: 0.90-1.00, Sensitivity = 95.00%, Specificity = 93.55%) ​(Figure 3A). To discriminate ESCC from HC, the AUC value of the training set was 0.99 (95% CI: 0.98-0.99, Sensitivity = 92.96%, Specificity = 95.19%), whereas that of the validation set was 0.95 (95% CI: 0.89-1.00, Sensitivity = 81.48%, Specificity = 96.77%) ​(Figure 3B).




Figure 3 | ROC analysis of predictive models in the training set and the validation set. (A) ROC analysis results of the prediction model in training set and validation set for ESD and HC groups. (B) ROC analysis results of the prediction model in training set and validation set for ESCC and HC groups. (C) ROC analysis results of the prediction model in training set and validation set for ESCC and ESD groups.



Similarly, in the discrimination between ESCC and ESD, five differential metabolites, including glycine, nonanoic acid, aminomalonic acid, arachidonic acid, and alpha-tocopherol were selected using the logistic regression model. The AUC value of the training set was 0.76 (95% CI: 0.66-0.87, Sensitivity =77.18%, Specificity = 65.00%), whereas that of the validation set was 0.70 (95% CI: 0.55-0.86, Sensitivity = 74.07%, Specificity = 65.00%) ​(Figure 3C).




Discussion

This study found that ESD and ESCC have similar metabolic phenotypes. From a metabolomic perspective, we suggested that ESD may be an early manifestation of ESCC, and prevention of ESD may be beneficial in preventing the development of ESCC. Meanwhile, as the disease of ESCC patients continued to worsen, their plasma levels of oxidative stress-related metabolites (alpha-tocopherol, cysteine, and aminomalonic acid) continued to change abnormally in ESCC patients at different stages. The development of esophageal cancer is associated with abnormal levels of oxidative stress. The use of antioxidants and regulating oxidative stress levels in the body may help prevent and control early-stage esophageal cancer (25–27).

Traditionally, alpha-tocopherol is considered the most active form of vitamin E in humans and is a powerful biological antioxidant. In the present study, lower plasma concentrations of alpha-tocopherol were associated with a significantly increased risk of ESCC. Previous large-scale intervention studies have shown that alpha-tocopherol deficiency is associated with the development of ESCC (28). Hui Yang et al. found that supplementation with alpha-tocopherol may prevent ESCC by modulating the PPAR γ-Akt signaling pathway and attenuating NF-κB activation and CXCR3-mediated inflammation without effect in the late stage of ESCC carcinogenesis (29, 30). Therefore, we believe that early supplementation with alpha-tocopherol may have a preventive effect on ESCC.

Cysteine plays an essential role in the metabolic rewiring of cancer cells, participating in glutathione synthesis, contributing to oxidative stress control; acting as a substrate for hydrogen sulfide production (H2S), stimulating cellular bioenergy; and as a carbon source for biomass and energy production. Gwen Murphy et al. found that higher serum concentrations of cysteine were associated with a significantly reduced risk of oesophageal squamous cell carcinomas (31). Moreover, the level of cysteine in tumor tissue of ESCC patients was significantly higher than that in adjacent tissue (32). Therefore, we hypothesize that tumor tissues of ESCC patients may increase the uptake of plasma cysteine to maintain oxidative stress homeostasis and meet bioenergy requirements in tumors.

We found that aminomalonic acid levels increased at various exacerbation stages in ESCC patients, which may be a risk factor for ESCC. However, aminomalonic acid has never been suggested to play a role in esophageal diseases. Previously, several studies have found that altered aminomalonic acid levels in blood were associated with colorectal cancer, abdominal aortic aneurysm and type 2 diabetes (33–35). Moreover, aminomalonic acid is closely associated with oxidative damage biomarkers (8-isopropanedioic acid and 8-OHdG), and its origin may be related to free radical-mediated protein oxidation (36). Therefore, the elevated aminomalonic acid levels in ESCC patients may be associated with impaired function, including esophageal, gastrointestinal and hepatic functions due to long-term poor diet.

Although alpha-tocopherol showed its potential in distinguishing HC from ESD (AUC= 0.92, sensitivity = 0%, specificity = 100%) and ESCC (AUC= 0.91, sensitivity = 0%, specificity = 100%). Its sensitivity was poor. To improve the diagnostic performance of alpha-tocopherol, we used a combined biosignature of glycolic acid, oxalic acid, glyceric acid, malate and alpha-tocopherol. This combination greatly improved the ability to differentiate between HC and ESD/ESCC (AUC>0.95) and had good sensitivity and specificity. Unfortunately, we did not find a good combination of metabolites and metabolites to distinguish ESD from ESCC in this study.


Limitations

We collected patients with ESCC and performed a comprehensive analysis of their metabolic phenotypes and metabolic characteristics, but there are still some limitations. The major limitation of the present study is that it is a single-center study, and it is unclear whether the findings apply to other regions and populations. Although many metabolic changes associated with ESCC were identified in this study, further mechanistic studies are lacking. In the future, we will combine multiple centers, expand the sample size to validate our experimental results, and conduct mechanistic studies on the metabolic characteristics of ESCC.




Conclusion

The development of ESCC is accompanied by persistent abnormal changes in oxidative stress in patients. Improving the body’s antioxidant capacity may help prevent the development of ESCC.
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Background

Systemic immune–inflammation index (SII), calculated by immunoinflammatory cell counts of peripheral blood, is considered a predictor of survival outcome in several solid tumors, including gastric cancer (GC). However, there is no study focusing on the prognostic value of SII in the early stage of GC. This study aims to compare prognostic prediction capabilities of several inflammatory indices, nutritional indices, and tumor markers to further verify the superior prognostic value of SII in stage I–II GC patients after surgery.



Methods

In this study, 548 patients (358 in the training group and 190 in the validation group) with stage I–II GC after radical surgery were retrospectively analyzed. The peripheral blood indices of interest were SII, neutrophil-to-lymphocyte ratio (NLR), platelet-to-lymphocyte ratio (PLR), monocyte-to-lymphocyte ratio (MLR), advanced lung cancer inflammation index (ALI), systemic inflammation score (SIS), prognostic nutritional index (PNI), body mass index (BMI), albumin, carcinoembryonic antigen (CEA), cancer antigen 125 (CA125), carbohydrate-associated antigen 19-9 (CA19-9), and alpha-fetoprotein (AFP). The time-dependent receiver operating characteristic (t-ROC) curves and the area under the curve (AUC) were used to determine the optimal cutoff value and prognostic ability of each parameter. Kaplan–Meier curves and multivariable Cox regression models were used to evaluate independent prognostic factors. The nomogram was constructed based on the result of bidirectional stepwise regression model.



Results

The optimal cutoff value of SII was 508.3. The 5-year overall survival rate of the low SII (SII-L) group was significantly higher than that of the high SII (SII-H) group (92% vs. 80%, P < 0.001), especially in the elderly and stage II patients (91% vs. 73%, P = 0.001; 86% vs. 67%, P = 0.003, respectively). The significant prognostic values of SII were consistent in most subgroups. In multivariate analysis, SII and CA19-9 were the only two independent prognostic hematology indices. The AUC value of SII (0.624) was greater than that of CA19-9 (0.528) and other prognostic parameters. Adding SII to the conventional model improved the predictive ability of 5-year overall survival as shown by the significantly increased net reclassification improvement (NRI) and integrated discrimination improvement (IDI) (P = 0.033, P = 0.053, respectively) and modestly improved consistency index (C-index) (increased by 1.6%). External validation of SII-based nomogram demonstrated favorable predictive performance and discrimination. In addition, interactive web dynamic nomogram was published to facilitate clinical use.



Conclusion

SII is a simple but powerful index with a high predictive value to predict survival outcome in patients with stage I–II GC after radical operation. The SII-based nomogram can provide intuitive and accurate prognosis prediction of individual patients.





Keywords: stage I–II gastric cancer, hematological biomarkers, nutrition indices, inflammation indices, serum tumor markers, prognosis, dynamic nomogram



Introduction

Gastric cancer (GC) is one of the most common malignant tumors and the fourth leading cause of cancer-related death worldwide according to the data from the World Health Organization (WHO) (https://gco.iarc.fr/). In China, approximately 478,508 new GC cases and 373,789 deaths occurred in 2020, ranking fifth and fourth all over the country, respectively. Although radical surgery is considered the best choice for patients with early and limited-stage cancer, about 35%–70% patients died within 5 years according to Surveillance, Epidemiology, and End Results (SEER) database (http://seer.cancer.gov/statfacts/html/stomach.html). Therefore, precise evaluation and prediction of individual prognosis of GC patients are the foundation for guiding treatment regimens and follow-up strategies.

The Tumor, Node, Metastasis (TNM) Staging System proposed by The American Joint Committee on Cancer (AJCC)/Union for International Cancer Control (UICC) is widely applied by clinical physicians to predict prognoses of GC patients. However, it is noticed that, in clinical practice, the heterogeneous survival prognosis is not uncommon even among patients with the same pathological stage, which cannot simply be explained by tumor TNM stage. Therefore, further studies are needed to discover better predictors of prognosis for patients with cancer.

Tumor-related inflammation plays an essential role in DNA damage, gene mutation, angiogenesis, proliferation, invasion, and metastasis of the tumor (1, 2). Tumor microenvironment is determined not only by the tumor itself but also by the host’s systemic immune-inflammatory response (3). Some inflammation-related indices, such as neutrophil-to-lymphocyte ratio (NLR), monocyte-to-lymphocyte ratio (MLR), platelet-to-lymphocyte ratio (PLR), advanced lung cancer inflammation index (ALI), and systemic immune–inflammation index (SII), which systemically calculate the status of immune-inflammatory cells, are considered to be promising prognostic indicators in several solid tumors, including GC (4–7). Due to the close relationship between immune function and cell metabolism and nutritional status (8), some studies have further found that some nutritional indices, such as albumin, body mass index (BMI), and prognostic nutritional index (PNI), are potential predictors of prognosis in patients with cancer (9, 10). In addition, serum tumor markers, recognized as prognostic factors, are widely used in assessing the effect of treatment, predicting prognosis and recurrence (11). SII, based on neutrophil (N), platelet (P), and lymphocyte (L) counts, has been regarded as a more promising prognostic index than other inflammation indices in recent years, but its prognostic value in early-stage GC remains unknown. Furthermore, there are still few studies comparing the prognostic value of inflammatory indices, nutritional indices, and serum tumor markers in patients with early-stage GC.

In the present study, we aim to compare multiple hematological indicators for predicting survival outcomes and further determine the superior prognostic value of SII in patients with stage I–II GC who are undergoing radical resection. In addition, SII-based nomogram is established to visualize risk factors and facilitate clinical decisions.



Materials and Methods


Ethics Statement

This research was reviewed and approved by the ethics committee of the Jiangsu Cancer Hospital, and all procedures were in compliance with the Helsinki declaration.



Patients

A total of 1,725 patients who were diagnosed in our center as having GC from January 1, 2009, to March 31, 2016, were enrolled retrospectively. The inclusion criteria were as follows: 1) patients who underwent curative gastrectomy (R0) and had been pathologically diagnosed as stage I–II; 2) patients with Eastern Cooperative Oncology Group (ECOG) performance status between 0 and 2; 3) patients with complete clinicopathological and follow-up records. The exclusion criteria were as follows: 1) patients with distant metastases and/or other malignant diseases previously diagnosed; 2) patients who received neoadjuvant chemotherapy and/or radiotherapy; 3) patients with a history of autoimmune, inflammatory disease and hematological disease; 4) patients who received blood transfusion and nutrition supplement therapy within 1 month before blood collection. Finally, 548 patients who fulfilled the inclusion/exclusion criteria were included in our study; 358 patients diagnosed from January 1, 2009, to December 31, 2014, were assigned to the training group, and 190 patients diagnosed from January 1, 2015, to March 31, 2016, were assigned to the validation group. A detailed flowchart for the selection process is shown in Figure 1. After comprehensive consideration of therapy guidelines, pathological examination, radiological imaging tests, and patient willingness, the adjuvant chemotherapy regimens were decided, and the regimens were single-agent capecitabine.




Figure 1 | Flow diagram of the patient selection process.





Data Collection

Clinicopathologic features included gender, age, history of smoking and alcohol intake, BMI, ECOG score, tumor site, pathological type, TNM stage. Nutrition-based indices, such as PNI and BMI, were calculated as follows: PNI = 10×albumin (g/dL) + 5×lymphocyte count (109/L), BMI = body weight (kg)/height squared (m²). Inflammation-based indices, such as SII, NLR, PLR, MLR, and ALI, were calculated as follows: SII = platelet (P) × neutrophil (N)/lymphocyte (L); NLR = N/L; PLR = P/L; MLR = macrophagocyte (M)/L; ALI = BMI (kg/m²) × albumin (g/dl)/NLR. In addition, systemic inflammation score (SIS) was defined as follows: 0 point: both albumin ≥40 g/L and LMR ≥4.44; 1 point: patients with either albumin ≥40 g/L or LMR ≥4.44; and 2 points: both albumin <40 g/L and LMR <4.44. Serum tumor markers, such as carcinoembryonic antigen (CEA), carbohydrate-associated antigen 19-9 (CA19-9), cancer antigen 125 (CA125), and alpha-fetoprotein (AFP), were also analyzed in this study. According to the laboratory reference values, the cutoff values of albumin, CEA, AFP, CA125, and CA19-9 levels were 35 g/l, 3.5 ng/ml, 7 ng/ml, 35 U/ml, and 39 U/ml, respectively. Therefore, patients were further classified into the normal or the high group based on the cutoff value of each parameter. Blood samples for routine laboratory tests, such as complete blood count (CBC) and serum tumor markers, were collected within 7 days before surgery.



Statistics

The time-dependent receiver operating characteristic (t-ROC) curves were used to determine the optimal cutoff value of inflammatory index and nutritional index. Patient clinicopathological characteristics were compared using t-test for continuous variables and chi-square test or Fisher’s exact test for categorical variables. Survival differences were compared by Kaplan–Meier method and log-rank test. Variables with P value <0.1 in the univariate survival analysis were included in multivariate Cox proportional hazards model to identify independent prognostic factors. In addition, BMI with marginal significance (P = 0.111) was also included in multivariate analysis because of its acknowledged prognostic value for GC and broad application in clinical practice. The area under the curve (AUC) was used to compare the prognostic ability of prognostic factors based on 5-year overall survival (OS). For model construction, the variables with P value <0.1 in the univariate survival analysis were candidates for the Cox proportional hazards bidirectional stepwise regression model to screen the risk factor used for the construction of the nomogram. Consistency index (C-index) and calibration curve were used to evaluate the discrimination ability of the nomogram. C-index, net reclassification improvement (NRI), and integrated discrimination improvement (IDI) were performed to assess whether there was a difference in diagnostic ability between conventional and SII-based model. Two-sided P values <0.05 were considered statistically significant. All statistical analyses were performed using SPSS 22.0 software (Chicago, IL, USA) and R software version 4.1.1 with the assistance of several R packages (including “survival,” “survminer,” “survivalROC,” “timeROC,” “forestmodel,” “rms,” “dplyr,” “DynNom,” “shiny,” “rsconnect,” “dcurves,” and “ggplot2”) (http://www.r-project.org/).




Results


Baseline Characteristics

A total of 358 cases in the training group (284 males and 74 females) with the median age of 61 years (range 56–67 years) were retrospectively analyzed in this study. All patients underwent radical gastrectomy and were pathologically diagnosed as having GC. Of all cases, 231 were stage I and 127 were stage II. Of the primary tumor location, 170 cases (47.5%) were located in the upper third of the stomach, 44 cases (12.3%) in the middle third, and 144 cases (40.2%) in the lower third. Here, 159 cases received postoperative adjuvant chemotherapy, and 199 cases did not. Detailed information is shown in Table 1.


Table 1 | Baseline patient clinicopathological characteristics.





The Optimal Cutoff Values for Inflammatory Index and Nutritional Index

The t-ROC curve was used to determine the optimal cutoff value for each inflammatory and nutritional index. The end point was 5-year OS rate. The optimal cutoff values for NLR, PLR, MLR, ALI, SII, and PNI were 1.2, 71.4, 0.24, 40.5, 508.3, 50.8, respectively. Patients were stratified to two groups (low and high group) based on the optimal cutoff value of each index.



The Relationship Between Systemic Immune–Inflammation Index and Patient Characteristics

Finally, 267 patients in the low SII (SII-L) group and 91 patients in the high SII (SII-H) group were retrospectively analyzed. In terms of clinicopathological characteristics, better ECOG score and normal CA125 level tended to appear in patients in the SII-L group than patients in the SII-H group (P < 0.001, P = 0.013, respectively). In terms of other baseline characteristics, such as sex, age, BMI, tumor site, pathological type, TNM stage, albumin, and so on, no significant difference was observed between the SII-L and SII-H groups. In terms of serum tumor markers, the CEA, CA19-9, and AFP levels were similar between the two groups (P = 0.594, P = 0.785, P = 0.628, respectively). Details are shown in Table 2. In terms of inflammatory index, higher level of NLR, PLR, and MLR, lower level of ALI and PNI, and lower SIS score showed in SII-H group than those in SII-L group, and the differences were statistically significant (all P < 0.001) (Table 3).


Table 2 | Baseline patient clinicopathological characteristics based on systemic immune–inflammation index (SII).




Table 3 | Association between the systemic immune–inflammation index (SII) and hematological parameters.





Survival Analysis

As of December 31, 2020, no patients were lost to follow-up. The mean follow-up duration was 101 months (range, 2–166 months). In terms of survival outcomes, the 5-year OS rate of SII-L patients was statistically higher than that of SII-H patients (92% vs. 80%, P < 0.001; Figure 2A). Furthermore, we also found that the 5-year OS rate of low MLR (MLR-L) patients was statistically higher than that of high MLR (MLR-H) patients (92% vs. 85%, P = 0.005; Figure 2B), and high ALI (ALI-H) patients had a significantly higher 5-year OS rate than that of low ALI (ALI-L) patients (91% vs. 85%, P = 0.016; Figure 2C).




Figure 2 | Subgroup survival analyses for different immunoinflammatory indices: (A) SII. (B) MLR. (C) ALI. Survival curves of OS comparing SII-L group and SII-H group according to the BMI score: (D) In the BMI < 18.5 group. (E) In the 18.5 ≤ BMI < 25.0 group. (F) In the BMI ≥ 25.0 group. SII, systemic immune-inflammation index; MLR, monocyte to lymphocyte ratio; ALI, advanced lung cancer inflammation index; BMI, body mass index.



Univariate analysis showed that age (P < 0.001), tumor site (P = 0.005), TNM stage (P < 0.001), MLR (P = 0.006), ALI (P = 0.018), SII (P < 0.001), CA19-9 (P = 0.019), and AFP (P = 0.014) were statistical prognostic factors. Multivariate Cox survival analysis found that SII (P = 0.009), CA19-9 (P = 0.039), age (P < 0.001), and TNM stage (P < 0.001) were independent prognostic factors. Details are shown in Table 4.


Table 4 | Univariate and multivariate analyses of overall survival according to clinicopathologic factors.





Subgroup Analysis of the Prognostic Value of Systemic Immune–Inflammation Index

Based on different BMI scores, patients were divided into three groups (BMI < 18.5, 18.5 ≤ BMI < 25.0, and BMI ≥ 25.0). In the BMI < 18.5 group, there was no significant difference in the 5-year OS rate between SII-L and SII-H group (94% vs. 80%, P = 0.583; Figure 2D). In the 18.5 ≤ BMI < 25.0 group, the 5-year OS rate in SII-L was significantly improved than that in SII-H (91% vs. 80%, P < 0.001; Figure 2E). In the BMI ≥ 25.0 group, there was no significant difference in the 5-year OS rate between SII-L and SII-H groups (94% vs. 80%, P = 0.051; Figure 2F). Based on age, patients were divided into the non-elderly group (aged < 60 years) and the elderly group (aged ≥ 60 years). In the non-elderly group, there was no obvious difference in the 5-year OS rate between the SII-L group and the SII-H group (94% vs. 96%, P = 0.543; Figure 3A). In the elderly group, postoperative survival was significantly longer in the SII-L group than that in the SII-H group (91% vs. 73%, P = 0.001; Figure 3B). Based on the TNM stage, patients were divided into stage I and stage II group. The 5-year OS rate in SII-L was statistically higher than that in SII-H in both stage I group (96% vs. 89%, P = 0.029; Figure 3C) and stage II group (86% vs. 67%, P = 0.003; Figure 3D). Based on adjuvant chemotherapy status, patients were further divided into adjuvant and non-adjuvant group. In the non-adjuvant group, the survival outcome of SII-H patients was significantly worse than that of SII-L patients (79% vs. 93%, P = 0.001; Figure 3E). However, in the adjuvant group, no noticeable survival difference was observed between the two groups (81% vs. 91%, P = 0.078; Figure 3F). After comparing the prognostic value of SII in the subgroup of each clinicopathological factor, we found that the prognostic value of SII was consistent in most subgroups (Figure 4).




Figure 3 | Survival curves of OS comparing SII-L group and SII-H group based on the age, TNM stage, and adjuvant chemotherapy status. (A) In the non-elderly group. (B) In the elderly group. (C) In the stage I group. (D) In the stage II group. (E) In the non-adjuvant group. (F) In the adjuvant group. SII, systemic immune-inflammation index.






Figure 4 | Forest plots for subgroup analyses of SII in stage I–II GC. BMI, body mass index; ECOG, Eastern Cooperative Oncology Group; CEA, carcinoembryonic antigen; CA125, cancer antigen 125; CA19-9, carbohydrate associated antigen 19-9; AFP, alpha-fetoprotein.





Predictive Ability of Systemic Immune–Inflammation Index

AUC was performed to evaluate the predictive values of prognostic factors. The results indicated that the predictive ability of SII (0.624, 95% CI 0.544–0.705) was better than other components, as follows: inflammatory indices (Figure 5A): NLR (0.524, 95% CI 0.442–0.607, P = 0.015), PLR (0.557, 95% CI 0.517–0.596, P = 0.106), MLR (0.599, 95% CI 0.518–0.680, P = 0.599), ALI (0.585, 95% CI 0.504–0.667, P = 0.235), and SIS (0.592, 95% CI 0.505–0.679, P = 0.487); nutritional indices (Figure 5B): PNI (0.528, 95% CI 0.446–0.611, P = 0.171), BMI (0.506, 95% CI 0.427–0.584, P = 0.051), and albumin (0.506, 95% CI 0.470–0.543, P = 0.004); tumor markers (Figure 5C): CEA (0.560, 95% CI 0.483–0.638, P = 0.253), CA125 (0.503, 95% CI 0.478–0.528, P = 0.003), CA19-9 (0.528, 95% CI 0.480–0.576, P = 0.043), and AFP (0.539, 95% CI 0.486–0.592, P = 0.090). Furthermore, in several blood parameters analyzed above, SII and CA19-9 were the only two independent prognostic factors in the multivariate Cox analysis. Time-dependent AUC curves of SII and CA19-9 were generated to further compare the predictive accuracy of OS throughout the observation period. The result showed that SII was superior to CA19-9 for predicting OS during the entire observation period (Figure 6). 




Figure 5 | Predictive abilities of SII and other hematological indices for OS examined using t-ROC curves. (A) Predictive ability of SII and immunoinflammatory indices. (B) Predictive ability of SII and nutritional indices. (C) Predictive ability of SII and tumor markers. NLR, neutrophil to lymphocyte ratio; PLR, platelet to lymphocyte ratio; MLR, monocyte to lymphocyte ratio; ALI, advanced lung cancer inflammation index; SII, systemic immune-inflammation index; SIS, systemic inflammation score; PNI, prognostic nutritional index; BMI, body mass index; CEA, carcinoembryonic antigen; CA125, cancer antigen 125; CA19-9, carbohydrate associated antigen 19-9; AFP, alpha-fetoprotein.






Figure 6 | Dynamic change for predictive abilities of SII and CA19-9 during the observation period. SII, systemic immune-inflammation index; CA19-9, carbohydrate associated antigen 19-9.





Comparison Between the Conventional Nomogram and Systemic Immune–Inflammation Index-Based Nomogram

In order to further predict 1–5-year OS of stage I–II GC patients after surgery, nomograms were established based on the results of the Cox proportional hazards bidirectional stepwise regression model (including age, TNM stage, primary location, SII, and CA19-9) (Figures 7A, B). The C-index of the conventional nomogram (including age, TNM stage, primary location, and CA19-9) was 0.733. The C-index of SII-based nomogram (including age, TNM stage, primary location, SII, and CA19-9) was 0.745. Adding SII to the conventional model improved the predictive ability of 5-year OS as shown by the statistically improved net reclassification improvement (NRI) of 0.249 (P = 0.033) and integrated discrimination improvement (IDI) of 0.027 (P = 0.053) and modestly improved C-index of 0.745 (P = 0.261); detailed information is shown in Table 5. Decision curve analyses also confirmed that the clinical net benefit for SII-based nomogram at the time point of 5-year OS was better than that of conventional one within the threshold probabilities of 13%–63% (Figure 8A). In addition, compared with the calibration curve of conventional nomogram, the calibration curve of SII-based nomogram showed better consistency between predictions and actual observations for the probability of 5-year OS (Figures 9A, B).




Figure 7 | Nomogram for 1–5-year overall survival in stage I–II GC. (A) Conventional nomogram with significant clinical factors. (B) SII-based survival nomogram with SII and significant clinical factors. SII, systemic immune-inflammation index; CA19-9, carbohydrate associated antigen 19-9.




Table 5 | Evaluation of predictive models for overall survival.






Figure 8 | Decision curve analysis of the prediction model in the (A) training group and (B) validation group. SII, systemic immune-inflammation index.






Figure 9 | The calibration curve of nomograms for predicting 5-year overall survival. (A) Conventional nomogram and (B) SII-based nomogram in the training group. (C) SII-based nomogram in the validation group. SII, systemic immune-inflammation index.



Finally, in addition to the traditional nomogram, we also published a dynamic nomogram (based on SII) that can predict the prognosis of patients through a simple operation on the website (https://hekang.shinyapps.io/DynNomapp/).



External Validation of Systemic Immune–Inflammation Index-Based Model

Patient baseline characteristics in the training dataset were basically consistent with those of the validation dataset (Table 6). As of December 31, 2021, no patients of the validation group were lost to follow-up. The mean follow-up duration was 65 months (range, 4–85 months). The performance of the SII-based model was validated using the external dataset; the C-index of SII-based model was 0.737. Decision curve analysis of SII-based nomogram at the time point of 5-year OS is shown in Figure 8B. Most importantly, the calibration curve (Figure 9C) showed that the predicted 5-year OS of the validation dataset closely corresponded to the actual survival outcome.


Table 6 | Baseline patient clinicopathological characteristics based on different datasets.






Discussion

Though the incidence of GC was gradually decreasing in China, it was still one of the most common cancer types of the digestive tract. Early diagnosis and early treatment were key principles during the whole period of cancer treatment and follow-up. For GC patients who received curative gastrectomy, pathological TNM (pTNM) stage was regularly used as a critical standard to predict prognosis and guide therapy regimens. However, in clinical practice, the survival outcomes for GC patients were diverse even in the same disease stage. One possible reason might be that the TNM stage can only reflect the biological characteristics of the primary tumor but not tumor and host inflammatory response (12). It was generally believed that a great number of inflammatory mediators could induce an inflammatory cascade and tissue atrophy and promote tumor proliferation and metastasis (13, 14). Therefore, the systemic inflammatory response was closely related to tumorigenesis and the prognosis of cancer patients. By comparing indices such as nutrition indices, inflammation indices, and serum tumor markers, this study aimed to discover the best prognostic factors in patients with early-stage GC. We also established a nomogram to intuitively assess an individualized survival outcome and guide clinical practice.

Tumor cells played an important role in the formation of proinflammatory mediators. Systemic inflammation promoted tumor invasion and progression by reducing apoptosis and promoting angiogenesis (15, 16). Peripheral blood cells, like neutrophils, platelets, and lymphocytes, were regarded as systemic immune and inflammatory cells in the body. Neutrophils not only inhibited the lymphocyte-mediated immune system (mainly T-cell activation) to promote tumor proliferation by secreting numerous inflammatory mediators, such as interleukin (IL)-6, IL-8, and vascular epithelial growth factor (17, 18) but also enhanced adhesion and distant metastasis of circulating tumor cells (CTCs) (19, 20). Lymphocytes played a core role in cellular immune surveillance and suppression of cancer cell proliferation and migration by inducing the growth of cytotoxic cells and secreting cytokines (15). In addition, previous experimental evidence showed that platelets could protect CTCs from shear stress in the circulation and enhanced epithelial–mesenchymal transition (21, 22). Platelets also allowed tumor cells to escape from the immune surveillance to distant organs by releasing ATP and relaxing the endothelial barrier (23). In recent years, several studies found that some inflammation-based indices, such as NLR, PLR, MLR, ALI, SII, and SIS, were calculated based on the combination of the blood components mentioned above and served as prognostic factors in many different types of cancer (4–7), where NLR and PLR were the most well-studied prognostic indices in GC. In a meta-analysis published in 2020, Kim et al. (24) recruited 18,348 patients and found that NLR was an independent factor for GC patients, regardless of race, tumor stage, and chemotherapy strategy. Cao et al. (25) confirmed in a meta-analysis that elevated PLR was related to poor OS in GC patients. Based on an integrated index of NLR and PLR, SII was recently recognized as a better predictor of the clinical prognosis in hepatocellular carcinoma (26), non-small cell lung cancer (27), colorectal cancer (28), and GC (29, 30). Due to high metabolism and proliferation of tumor cells, patients with cancer were more prone to malnutrition that correlated with damaged immune function and increased mortality (31). Several studies showed that some nutritional indices, such as albumin, BMI, and PNI, were also related to prognosis in GC patients after gastrectomy (9, 32). As far as we know, this was the first study to compare multiple hematological markers, such as immunoinflammatory indices, nutritional indices, and serum tumor markers, to find the optimal prognostic factors for stage I–II GC patients after radical gastrectomy.

In our study, the optimal cutoff value of several blood indices was analyzed through t-ROC curve according to 5-year OS, where the optimal cutoff value for SII, NLR, PLR, MLR, ALI, and PNI were 508.3, 1.2, 71.4, 0.24, 40.5, and 50.8, respectively. Correlation analyses showed that the ECOG score of patients in the SII-H group was poorer than that in the SII-L group, while the level of CA125 of patients in the SII-H group was higher than that in the SII-L group, partly validating the hypothesis that the increased inflammatory response might promote tumor metabolism and proliferation to cause the hypermetabolic state of patients.

Multivariate survival analyses showed that SII and CA19-9 were the only two independent prognostic factors for OS in several hematological indices included in this study. For further evaluating and comparing the predictive abilities of several indices based on the AUC values, these indices were divided into three groups (inflammatory parameters group, nutritional parameters group, and tumor markers group) and compared with SII, respectively. We also compared the predictive abilities of SII and CA19-9 in each year of the observation period and finally demonstrated that SII was the most valuable predictor for long-term survival outcome. Consistent with the results of previous studies, Shi et al. (30) confirmed that SII was the most effective predictor of OS compared to NLR, PLR, and MLR in GC patients; Zhu et al. (33) also reported on the superior predictive abilities of SII in patients with signet-ring cell GC.

In subgroup analyses, we found that, regardless of TNM stage, the survival outcomes of SII-H patients were significantly poorer than those of SII-L patients, and the survival differences were more significant in stage II group. The results were consistent with the findings of a previous study (29). When patients were stratified based on BMI scores, we found that in the normal-weight (BMI = 18.5–25.0) group, the survival time of GC patients in the SII-L group was statistically longer than that of patients in the SII-H group, while no statistical survival difference was found in wasting (BMI <18.5) group and overweight (BMI ≥25.0) group. This observation suggested that clinicians should realize the interaction between inflammation and nutrition status in cancer patients and pay more attention to inflammatory status of GC patients with normal weight and improve the nutritional status of non-normal-weight patients. In addition, SII was a prognostic factor in the elderly patient group, but not in the non-elderly patient group, which was consistent with previous studies (34). The elderly tended to develop cancer-related inflammation and immune defects, and regardless of the presence of cancer, the possibility of immunodeficiency increased with age (35, 36). SII might be a potential prognostic factor in aged GC patients, especially in today’s growing aging society.

In clinical practice, each variable alone could only play a limited prognostic ability to assess the risk of death because of the complex and heterogeneous nature of cancer. The nomogram seemed to be a good way to improve the prediction ability and facilitate clinical application that could integrate several risk factors into the prediction and considered the weight of each variable. With the nomogram, we could predict the 1–5-year OS of each patient by adding up the total scores shown in the bottom scale. In our study, variables with P values <0.1 in the univariate analysis were candidates for the Cox proportional hazards bidirectional stepwise regression model; we finally screened five variables (including age, TNM stage, primary location, SII, and CA19-9) to construct the nomogram. In order to validate the contribution ability of SII to model performance, we developed two nomograms, one was conventional nomogram (including age, TNM stage, primary location, and CA19-9) and the other was SII-based nomogram (including age, TNM stage, primary location, CA19-9, and SII). Compared to the conventional nomogram, improved predictive ability of SII-based nomogram was shown by the significantly increased NRI and IDI and modestly improved C-index. Decision curve analyses were also performed in our study to compare the net benefit between two nomograms; the results showed that the net benefit of the SII-based nomogram was better than that of the conventional nomogram at the time point of 5-year OS. The calibration curve also showed good predictive performance of the SII-based nomogram.

To further assess both performance and generalizability of the SII-based nomogram, we verified the model in an external validation queue. According to the results of C-index and calibration curve, the SII-based nomogram showed a stable and good performance in the external dataset. Furthermore, on the basis of the traditional nomogram, we also established a dynamic nomogram that can predict the survival outcome of individual patients. By dragging the slider to change the corresponding parameters, survival curve, predicted values, and corresponding 95% confidence intervals of individual patients were displayed automatically, which were convenient for broad clinical application. Prognosis of GC patients became worse as cumulative scores increased; patients with higher scores might have higher inflammatory status and poorer survival outcomes. This nomogram, to a certain extent, could be used as a reference for predicting the prognosis of GC patients and guiding individualized therapy strategy.

There were some limitations in our study. Firstly, although the sample size of the current study was already the largest in existing studies focusing on the prognostic value of SII in patients with early-stage GC, due to the nature of single-center retrospective study, the results might be affected by selection bias. Secondly, there was no consensual cutoff value for most inflammation and nutrition indices. In our retrospective studies, optimal cutoff values of these indices, such as SII, NLR, PLR, ALI, and PNI, were determined through t-ROC curve. Therefore, further large-sample prospective studies are needed to determine the universal cutoff value and validate the results of this study. Finally, blood samples were only collected at a single time point, so further study should collect blood samples in multiple time points and evaluate dynamic changes of SII.



Conclusion

By comparing several inflammatory indices, nutritional indices, and serum tumor markers, this study confirms that SII has a better predictive value of OS in patients with stage I–II GC after radical surgery, especially in the elderly and stage II patients. In addition, the prognostic value of SII is also consistent in most subgroups. The SII-based nomogram can provide intuitive and accurate prognosis prediction of individual patients. In conclusion, as a low-cost, noninvasive, easy-to-assess, and reproducible prognostic parameter, SII can be a simple but powerful index for identifying the different prognoses of stage I–II GC patients.
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Objective

The aim of the study was to evaluate the computed diffusion-weighted images (DWI) in image quality and diagnostic performance of rectal cancer by comparing with the acquired DWI.



Methods

A total of 103 consecutive patients with primary rectal cancer were enrolled in this study. All patients underwent two DWI sequences, namely, conventional acquisition with b = 0 and 1,000 s/mm2 (aDWIb1,000) and another with b = 0 and 700 s/mm2 on a 3.0T MR scanner (MAGNETOM Prisma; Siemens Healthcare, Germany). The images (b = 0 and 700 s/mm2) were used to compute the diffusion images with b value of 1,000 s/mm2 (cDWIb1,000). Qualitative and quantitative analysis of both computed and acquired DWI images was performed, namely, signal-to-noise ratio (SNR), contrast-to-noise ratio (CNR), and signal intensity ratio (SIR), and also diagnostic staging performance. Interclass correlation coefficients, weighted κ coefficient, Friedman test, Wilcoxon paired test, and McNemar or Fisher test were used for repeatability and comparison assessment.



Results

Compared with the aDWIb1,000 images, the cDWIb1,000 ones exhibited significant higher scores of subjective image quality (all P <0.050). SNR, SIR, and CNR of the cDWIb1,000 images were superior to those of the aDWIb1,000 ones (P <0.001). The overall diagnostic accuracy of computed images was higher than that of the aDWIb1,000 images in T stage (P <0.001), with markedly better sensitivity and specificity in distinguishing T1–2 tumors from the T3–4 ones (P <0.050).



Conclusion

cDWIb1,000 images from lower b values might be a useful alternative option and comparable to the acquired DWI, providing better image quality and diagnostic performance in preoperative rectal cancer staging.
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Introduction

The incidence and mortality of colorectal cancer (CRC) in China has been increasing yearly, 30–35% of which are rectal cancers (1). Patients with rectal cancers are treated with surgery only or a combination of surgery and chemoradiation therapy (CRT)according to their preoperative staging (2). Therefore, accurate preoperative staging is critical for decision-making in clinical practice.

During the past decade, MRI has been proven to be the most accurate staging modality in patients with rectal cancer (3). Diffusion-weighted imaging (DWI) with two b-values has been validated in detecting and staging primary rectal cancer and also restaging and predicting tumor response after neoadjuvant CRT (4). However, appropriate b-value of DWI is of significance in achieving balance among image quality, diagnostic capability, and acquisition time. On one hand, T2 ‘shine-through effects’ of lower-b value (<800 s/mm2) images often reduce the tumor conspicuity and hamper the detection and staging/restaging of rectal cancer (5–8). On the other hand, higher b-value DWI images of the rectum always suffer from low image quality, namely, relatively low SNR in the high-b-value images or distortion artifact due to gas within the rectum (9, 10). To improve the SNR of the high-b-value images, normally large number of averages is used, which would prolong the scanning time and thus increases the motion sensitivity during the whole acquisition. Moreover, high-b images are more prone to being contaminated by the distortion artifact due to the applied high gradient amplitude. To our knowledge, DWI with a b-value of greater than 800 s/mm2 specially 1,000 s/mm2 has been accepted as the standard high b-value DWI in rectal cancer imaging achieving the balance in clinical practice (11–15). Computed DWI is a voxel-wise apparent diffusion efficient (ADC)-based postprocess method to calculate random high b-value images from DWI images acquired with at least two different lower b-values (9, 15). Studies have reported the usefulness of this technique for the detection of hepatic metastases, pancreatic adenocarcinoma, and grading prostate cancer (9, 16–18). Based on previous studies, due to computed DWI images from lower b-values with less acquisition time, poor SNR, and image distortion related to direct high b-value measurements may be avoided while adequate cancer detection rate maintained. However, the efficacy of computed high b-value DWI in rectal cancer imaging has not been determined.

Therefore, the purpose of our study aimed to evaluate the value of the computed DWI by assessing its image quality and diagnostic performance on rectal cancer, comparing with the conventionally acquired DWI.



Material and Methods


Patients

This retrospective study was approved by the Institutional Review Board and the requirement for formal informed consent from all patients was waived. Between February 2020 and March 2021, patients whose endoscopic biopsy results had proven or raised suspicions of primary rectal adenocarcinoma were referred for a rectal MR examination. A total of 186 patients who satisfied the following criteria were initially enrolled in this study: pathologically proven rectal adenocarcinomas with surgical specimens and a time interval of 3 days or greater between biopsy and MR imaging. The following exclusion criteria were employed for further exploration: a) Patients who accepted any adjuvant treatment between MR examination and surgery (n = 53); b) Time interval ≥2 weeks between MR examination and surgery or absence of surgical records in our hospital (n = 5); c) Patients whose DWI images were inadequate to fully display the lesion and draw precise regions of interest because of motion or susceptibility artifacts (n = 25). Finally, 103 patients (median age, 64 years; range, 30–91 years), consisting of 42 women and 61 men, were finally included in our study (Figure 1). Among the final population, 58 patients were staged as T3–4/N1–2M0 in preoperative radiological reports, yet they still underwent radical surgery taking multi-disciplinary team discussion and desire into consideration of the patients.




Figure 1 | Flowchart of the study.





MR Image Acquisition

All MRI examinations were performed on a MAGNETOM Prisma 3.0 T MRI scanner (Siemens Healthcare, Erlangen, Germany) with an 18-channel body coil. Before the MR scanning, each subject fasted for 4 h, and a 40-ml enema (Glycerol Enema, Shanghai, China) was rectally administered 1–2 h to achieve better contrast between the tumor and the rectal lumen for detecting small lesions (19). All examinations followed a standard procedure in our hospital. First, a sagittal T2-weighted turbo spin-echo sequence without fat saturation was obtained for the selection of both oblique axial and coronal images, which were orthogonal and parallel to the long axis of the tumor, respectively. Two DWI sequences, one with b-values of 0 and 1,000 s/mm2 (aDWIb1,000) and another with b-values of 0 and 700 s/mm2 were performed in the oblique axial plane by using a single-shot echo-planar imaging sequence with comparable parameters (Table 1). The diffusion gradients were set along three orthogonal directions. A dynamic field correction is applied inline to correct eddy current-induced geometric distortion for all diffusion-weighted images.


Table 1 | Imaging Protocol Parameters for DWI and HRT2WI Sequences.





Imaging Analysis


Computed Diffusion Images

The DWI images with b = 0 and 700 s/mm2 were imported into a prototype Diffusion Toolbox in syngo.via Frontier (Siemens Healthcare, Germany) to compute the diffusion images with b-value of 1,000 s/mm2 (cDWIb1,000) using a mono-exponential diffusion decay model.

The cDWIb1,000 and aDWIb1,000 diffusion images were copied and numbered randomly with corresponding T2-weighted (T2W) images by LZ, who was the only one who knew the numbering results.



Subjective Assessment

Interpretation of rectal MRI images was independently performed by two radiologists with 7 years (YX) and 10 years (LW) of abdominal imaging experience, respectively. They were both blinded to the corresponding patient clinical information and which diffusion images they assessed. Each radiologist evaluated diffusion images of 40–48 patients once every two weeks with corresponding T2W images as reference (20–25). The two radiologists worked separately. The assessments included image quality, tumor location and TN stages. The author (LZ) recorded and sorted all results according to the number of diffusion images. If the results differed when using the same diffusion images, a senior imaging expert (ZP), who had 25 years of experience in interpretation images of rectal masses was consulted to achieve consensus.

For subjective assessment of image quality, the two radiologists scored the diffusion images. The evaluation of image quality was analyzed using a Likert scale with scores ranging from 1 to 4 (26):

1. Sharpness (1 = not sharp; 2 = a little sharp; 3 = moderately sharp; 4 = sharp);

2. Distortion (1 = severe; 2 = moderate; 3 = mild; 4 = no distortion);

3. Artifacts (1 = serious, difficult to diagnose; 2 = moderate; 3 = mild; 4 = absence of artifacts);

4. Lesion conspicuity (1 = difficult to find; 2 = minimally perceivable; 3 = recognizable; 4 = easy to detect, good contrast of lesion and background noise).

Total subjective image quality scores were then obtained by adding the four values above.



Assessment of Local Preoperative TN Staging and Tumor Location

The two radiologists evaluated the given cases on the postprocessing workstation (syngo.via, Siemens Healthcare). The criteria used for determining the TN stage were based on the eighth edition of American Joint Committee on Cancer Staging Manual for rectal cancer (27). Carcinoma growing within submucosa layer was staged as T1, while T2 tumor extended submucosa layer and penetrates into but within muscularis propria. Carcinoma of T3 stage extended into subserosa and/or perirectal tissue, while tumor invaded the surface of the visceral peritoneum or other organs/structures staged as T4. For N staging, N0 represents no regional lymph node metastasis; N1 for metastases of 1 to 3 regional lymph nodes occurred, and N2 means metastases of no less than 4 regional lymph nodes occurred. Morphological criteria for suspicion of positive lymph node included a short-axis diameter of ≥5 mm, an irregular border, mixed-signal intensity or a round shape, and diffusion criteria (high signal intensity on images of high b-values) (28, 29).

The tumor location of all cases was grouped according to the distances between the lowest part of the tumor and anal verge on sagittal T2WI images. The lower/distal rectal cancer was defined when the distance was less than 5 cm, while mid-rectal cancer was defined when the distance ranged from 5 to 10 cm. The others (10–15 cm from the anal verge) were grouped as upper rectal cancers (Figure 2).




Figure 2 | A 85-year-old male patient with moderately-to-poorly differentiated rectal adenocarcinoma (T3 stage). (A) High-resolution T2WI exhibited irregular thickening of rectal wall. The aDWIb1,000 (B), aDWIb700 (C) and cDWIb1,000 (D) images showed corresponding rectal wall with partially high signal intensity. When using T2WI and aDWIb1,000 images, two radiologists considered the tumor invades but does not penetrate muscularis propria as T2 stage, while combining T2WI and cDWIb1,000 images, the papillary (arrow) suggested tumor invades subserosa through muscularis propria, both radiologists considered the tumor as T3 stage. aDWIb1,000, acquired diffusion-weighted imaging with b-value of 0 and 1,000 s/mm2; aDWIb700, acquired diffusion-weighted imaging with b-value of 0 and 700 s/mm2; cDWIb1,000, computed diffusion images with b-value of 1,000 s/mm2 from 0 and 700 s/mm2.





Objective Assessment of Image Quality

The signal-to-noise ratio (SNR) was defined as the ratio between the mean signal intensity (SI) inside the tumor (Stumor) and the standard deviation (SD) of background noise (SDbackground) using the following equation:

	

The contrast-to-noise ratio (CNR) was defined as the ratio of the mean signal intensity difference between tumor (Stumor) and normal tissue (Stissue) divided by the standard deviation of the tumor (SDtumor) and normal tissue (SDtissue) using the following equation:  . The signal-intensity-ratio (SIR) was defined as the ratio of the mean signal intensity difference between tumor (Stumor) and normal tissue (Stissue) using the following equation:  .

ROIs in this study were drawn by the two radiologists mentioned above using the single-section method (30) and the principle as follows. For lesions, a single freehand ROI was defined by tracing a line around the perceived tumor margins on the section containing the largest tumor area, the mean signal intensity and its standard deviation were obtained as Stumor and SDtumor. Similarly, a single circle ROI was drawn in homogeneous normal tissue, which was located on the same slice but far from the tumor area, and then the mean signal intensity and standard deviation were recorded as Stissue and SDtissue.The tissues we included to compute CNR or SIR as follows: the mesorectum (CNR/SIR-mesorectum), gluteus maximus (CNR/SIR-gluteus), subcutaneous fat (CNR/SIR-fat), and the interface between gluteus maximus and subcutaneous fat (CNR/SIR-interface) to conduct a comprehensive assessment. Besides, a single circle ROI was placed in the signal-free background as mentioned above (Figure 3), and its standard deviation was recorded as SDbackground. The above quantitative assessment was performed on a commercial postprocessing workstation (syngo.via, Siemens Healthcare).




Figure 3 | Example images for delineating ROI and comparison between aDWIb1,000 and cDWIb1,000 images in a 39-year-old male patient with moderately differentiated rectal adenocarcinoma (T2 stage). (A) High-resolution T2WI exhibited irregular thickening of rectal wall. The aDWIb1,000 (B), aDWIb700 (C) and cDWIb1,000 (D) images showed corresponding rectal wall with partially high signal intensity. The two circle ROIs were distributed in the background and gluteus maximus on the same slices and the same locations on both diffusion images to compute objective parameters. SNR, CNR and SIR were 147.67 vs. 257.90, 8.68 vs. 13.88 and 5.17 vs. 5.23 for aDWIb1,000 and cDWIb1,000 images, respectively. The cDWIb1,000 images achieved higher scores than aDWIb1,000 images by both readers in terms of subjective image parameters. aDWIb1,000, acquired diffusion-weighted imaging with b-value of 0 and 1,000 s/mm2; aDWIb700 = acquired diffusion-weighted imaging with b-value of 0 and 700 s/mm2; cDWIb1,000 = computed diffusion images with b-value of 1,000 s/mm2 from 0 and 700 s/mm2.






Statistical Analysis

All parameters were first tested by using the Kolmogorov–Smirnov test for normality analysis. The comparison of subjective image quality analysis scores was performed using the Friedman test. Differences in objective image quality parameters (SNR, CNR, and SIR) between cDWIb1,000 and the aDWIb1,000 images were compared using the paired Wilcoxon test. The McNemar or Fisher exact probability test was performed to evaluate the difference (namely, accuracy, sensitivity, and specificity) of TN staging between both techniques. The interobserver variability for subjective image quality parameters, diagnostic performance, and consistency between preoperative MR and histopathologic TN staging was evaluated using weighted kappa statistics. The interobserver variability for objective image quality parameters was assessed using the interclass correlation coefficient (ICC) test. The ICC and κ value obeyed the grouping criteria as follows: poor agreement: 0.00–0.20; fair agreement: 0.21–0.40; moderate agreement: 0.41–0.60; good agreement: 0.61–0.80; and excellent agreement: 0.81–1.00.

Statistical analysis was performed by using statistical software (SPSS 26.0, SPSS, IBM; and Medcalc17.9, Medcalc, Mariakerke, Belgium). Results with P <0.050 were considered statistically significant.




Results


Patients and Pathologic Results

A total of 103 patients (61 men and 42 women) with a mean age of 63.58 ± 10.81 years and a range of 30–91 years were included in the final analysis. A total of 55 patients had mid-rectal cancer, while 32 and 16 patients had lower and upper rectal cancers, respectively. All pathologic TN staging (pTN) was conducted after surgery. Among these, 12 (11.65%) were staged as pT1, 37 (35.92%) as pT2, 49 (47.57%) as pT3 and 5 (4.85%) as pT4. As for histopathologic N staging, 65 (63.11%) were staged as pN0, 28 (27.18%) as pN1, and 10 (9.71%) as pN2.



Assessment of Local Preoperative TN Staging


T Staging of Rectal Cancer

The accuracy, sensitivity, and specificity of each T stage are shown below (Table 2). Compared to T2W and aDWIb1,000 images, evaluation with T2W and cDWIb1,000 images demonstrated higher overall MR T staging accuracy and excellent consistency with pathologic T staging (accuracy: 93.20% vs. 69.90%; κ value: 0.892 vs. 0.530, respectively, all P <0.001).


Table 2 | T staging of rectal cancer using cDWIb1,000 and aDWIb1,000 images.



In detail, there were no significant differences in accuracy, sensitivity, and specificity of both cDWIb1,000 and aDWIb1,000 images to diagnostic T4 tumors (all P >0.050). The cDWIb1,000 images exhibited higher accuracy in determining T1, T2, and T3 rectal cancers (T1: χ2 = 5.640, P = 0.018; T2: χ2 = 15.537, P <0.001; T3: χ2 = 11.223, P <0.001), and so as the sensitivity (T1: χ2 = 37.951; T2: χ2 = 24.414; T3: χ2 = 13.342, all P <0.001). In combination with T2WI, the cDWIb1,000 and aDWIb1,000 images had similar diagnostic specificity in staging T1 cancers (χ2 = 3.439, P = 0.064), while the former one performed better in identifying T2 and T3 neoplasms (T2: χ2 = 11.040, P <0.001; T3: χ2 = 9.425, P = 0.002).

Speaking of distinguishing T1–2 from T3–4 rectal cancers, cDWIb1,000 images combining T2W images demonstrated higher both sensitivity (95.92% vs. 81.63% for cDWIb1,000 and aDWIb1,000, respectively; χ2 = 10.502, P = 0.001) and specificity (98.15% vs. 88.89%; χ2 = 7.252, P = 0.007, respectively).




N Staging of Rectal Cancer

The accuracy, sensitivity, and specificity of each N stage are exhibited below (Table 3). With T2W and aDWIb1,000 images, the overall MR accuracy was 68.93%, and the κ value was 0.460 (P <0.001). While evaluated with T2W and cDWIb1,000 images, the overall MR accuracy was improved to 78.64%, and the κ value was increased to 0.616 (P <0.001).


Table 3 | N staging of rectal cancer using cDWIb1,000 and aDWIb1,000 images.



No significantly different diagnostic accuracy, sensitivity, and specificity of the cDWIb1,000 and aDWIb1,000 images were found in the N staging except that the latter ones suffered from lower sensitivity in determining N1 tumors (85.71% vs. 67.86% for cDWIb1,000 and aDWIb1,000, respectively; χ2 = 9.161, P = 0.003).

In terms of discerning patients without metastatic nodes, the cDWIb1,000 and aDWIb1,000 images showed similarly moderate sensitivity (76.92% vs. 69.23% for cDWIb1,000 and aDWIb1,000, respectively; χ2 = 10.502, P = 0. 215) and high specificity (89.47% vs. 86.84%; χ2 = 0.339, P = 0.560).



Subjective Assessment of Image Quality

The comparison of subjective image quality parameters between cDWIb1,000 and aDWIb1,000 images based on the 4-point scoring system is presented in Table 4. The image quality of cDWIb1,000 was superior to that of aDWIb1,000 for all criteria, namely, sharpness (4.330 ± 0.493 vs. 3.505 ± 0.655, P <0.001), distortion (4.165 ± 0.643 vs. 4.097 ± 0.748, P = 0.008), artifacts (4.262 ± 0.593 vs. 4.194 ± 0.611, P = 0.035), lesion conspicuity (4.252 ± 0.589 vs. 4.029 ± 0.649, P <0.001) and total subjective imaging quality score (17.010 ± 2.089 vs. 15.825 ± 2.198, P <0.001).


Table 4 | Comparisons of Image Quality Between cDWIb1,000 and aDWIb1,000 images.





Objective Assessment of Image Quality

The comparison of objective image quality parameters between both methods is shown in Table 4. The overall SNR of cDWIb1,000 was significantly higher than those of aDWIb1,000 (P <0.001). It was remarkable that CNR and SIR of the mesorectum, gluteus maximus, subcutaneous fat, and the interface between gluteus maximus and subcutaneous fat all showed advantages in cDWIb1,000 images (p <0.001).



Interobserver Variability Evaluation of Objective Image Quality

The objective image quality parameters of both methods had excellent agreement (P <0.001 for each parameter) with ICC values ranging from 0.817 to 0.952 (Table 5).


Table 5 | Interobserver Variability of Image Quality of DWIb1,000 and aDWIb1,000 images.






Discussion

Our results showed that the computed diffusion images with b-value of 1,000 s/mm2 had both higher subjective and objective image quality than that of the acquired DWI images. Additionally, despite being verified to have no significant difference between both diffusion images in the N and T4 staging performance, notable T staging and discrimination between T1–2 and T3–4 rectal cancers advantages were found when using T2W and the cDWIb1,000 images than T2W and aDWIb1,000 images. Therefore, cDWIb1,000 images generated from lower b-values may potentially serve as substitute for the acquired DWI with better image quality and equal or even better diagnostic performance in preoperative rectal cancer staging.

In recent years, increasing evidence shows that DWI provides added great benefit to conventional morphological sequences, namely, preoperative staging, the assessment of treatment response, and prediction of the status of lymph nodes (4, 26, 28, 31, 32). The routine use of DWI for rectal cancer imaging has recently been recommended in the expert consensus guidelines of the European Society of Gastrointestinal Abdominal Radiology (4). Image contrast on DWI varies greatly with the b-value. At higher b-values, tissues with high water molecule path lengths tend to lose signal rapidly, while image noise does not (5). However, images with high b-values are of great significance in tumor detection and staging/restaging for rectal cancer (9, 10, 13). Despite the clinical necessity of DWI with satisfying higher b-values, obtaining such images is needed for prolonged acquisition times. Computed DWI is a mathematical computation method that generates diffusion images of any b-value by using acquired DWI data with at least two different b-values. Based on the ADC value and a mono-exponential model, estimated ADC value was figured out and thus the computed diffusion images. From previous studies on phantom and different tumors, computed diffusion images can suppress background noise, maintain lesion signals, and lead to a better contrast between the cancerous lesions and normal tissue (9, 17, 18). In this study, we have computed diffusion images with b-value of 1,000 s/mm2 from lower b-values (0 and 700 s/mm2) and compared it with the conventionally acquired DWI images in terms of the image quality and diagnostic performance.

In our study, the cDWIb1,000 images demonstrated both significantly better subjective and objective image quality with greater background signal suppression, less distortion, and fewer artifacts than aDWIb1,000 images. However, DelPriore et al. found CNR was adequate but slightly higher for acquired versus computed images at the same b-value when employed in breast cancers (33). In their study, they employed diffusion images with 100 and 800 s/mm2 from phantom and 30 women patients to computed high b-value of 1,500 s/mm2. Different cancers, population and lower b-values used might be the reason for the inconsistency. In another article performed by Fukukura et al., the authors reported that computed diffusion with b-values of 1,500 and 2,000 s/mm2 generated from two b-values of 0 and 1,000 s/mm2 produced a significantly lower image quality than directly acquired images (16). It might be caused that the 1,000 s/mm2 they used as “lower b-value” suffered from lower SNR itself. Other previous studies on prostate cancer employed 3 lower b-values (<800 s/mm2) to computed diffusion images with b-value of 2,000 or 2,500 s/mm2 (18, 34). They found similar results as ours that computed diffusion images had higher image quality than acquired images. The significant improvement of image quality may relate to the higher SNR and less distortion artifact of the original images with lower b-value (<800 s/mm2) as its principle indicated.

When it comes to staging performance, overall accuracy was increased in each T stage with the use of the computed diffusion images. Moreover, the computed images exhibited better qualities in distinguishing T1–2 from T3–4 tumors. This improvement is meaningful for clinical decision-making, taking into consideration neoadjuvant therapy in patients with the latter, known as locally advanced rectal cancer. Overstaging may lead to overtreatment for patients with T1–2 tumors and an elevated risk for therapy-related morbidity and mortality, while the underestimation might lead to lower possibility of local control (35). In the present study, the computed diffusion images avoided 7 cases with T3 tumors from overstaging, and 5 cases with T3 tumors from underestimation, providing higher accuracy, sensitivity, and the specificity in detecting T3 tumors. It might be attributed to the higher confidence of computed diffusion images for identifying diffusion restriction because of efficient long T2 suppression. Unfortunately, there is no other similar research on rectal cancer to be compared with. Further study with a larger population is needed to confirm our results.

Speaking of N staging, we adopted the combination morphology-size-diffusion criteria using cDWIb1,000 and aDWIb1,000 diffusion images. No significant difference in each N stages were found using the cDWIb1,000 images compared to aDWIb1,000 images except for higher sensitivity of the cDWIb1,000 images in determining N1 tumors. Additionally, the cDWIb1,000 and aDWIb1,000 images showed similar moderate sensitivity and high specificity in identifying patients without metastatic nodes. Our results may approve the conclusions of Fornell-Perez et al. (29). They reported adding diffusion criteria did not demonstrate a clear advantage over the mixed morphology-size criteria.

There are some limitations in this study. First, the grouping criteria we used in the T stages could be roughly simple because we did not consider different prognoses of various T3 subgroups on the basis of the distance invasion outside the border of the muscularis propria (36). Large pT3 tumors that behave more like pT4 tumors are associated with poorer prognosis, whereas borderline pT3 tumors are known to have better prognosis as pT2 tumors do. Second, we only conducted the feasibility of computed high b-value of 1,000 s/mm2. Hausmann et al. reported ultra-high b-value of 2,000 s/mm2 may be beneficial in assessing both the primary and the residual tumor after CRT in rectal cancer (22). On the basis of our study, the value of computed ultra-high b-values from lower b-values would be explored in the future. Finally, the number of the whole study population and some subgroups including patients with T4 or N2 tumors in this study was relatively small. It might be attributed to that patients with locally advanced rectal cancer usually underwent adjuvant chemoradiation and then were excluded from the study.

In conclusion, the computed diffusion images with value of 1,000 s/mm2 provided significantly better image quality, lesion conspicuity, and diagnostic performance than the acquired DWI images with the same b-value. Therefore, the use of computed diffusion images from lower b-values might be a promising tool to be effective and feasible in routine work, helpful for better decision-making in clinical practice.
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Objectives

Upper gastrointestinal (G.I.) cancer screening has been conducted in China for decades. However, the economic burden for treatment “intensively” occurred in advance due to screening in resource-limited communities remain unclear.



Methods

We compared the treatment costs for upper G.I. cancers from the screening and control arms of a population-based randomized trial in a high-risk area for esophageal cancer (EC) in China based on claims data from the health insurance system in the local area which included whole population coverage.



Results

The average out-of-pocket cost per treatment of EC in the screening arm was lower than that in the control arm ($5,972 vs. $7,557). This difference was a consequence of down-staging from screening which resulted in lower cost therapy for earlier stage cancers. Moreover, this result is similar for cardial and non-cardial gastric cancer in the two study arms ($7,933 vs. $10,605). However, three times as many (103 vs. 36) families in the screening arm suffered catastrophic health expenditure for all cancer types. The overall treatment cost for all EC patients in the screening arm ($1,045,119) was 2.44 times that in the control arm ($428,292), and the ratio for cardial and non-cardial gastric cancer was 1.12 ($393,261 vs. $351,557).



Conclusion

Cancer treatment secondary to screening may triple the likelihood of catastrophic patient medical expenditure, and sharply increase the economic pressure on the local community, particularly for cancer types which are of high prevalence. Financial support for patients and the health insurance system should be taken into consideration when planning budgets for cancer screening programs in communities which are resource-limited.





Keywords: upper gastrointestinal cancer screening, treatment costs, catastrophic medical expenditure, health insurance sectors, randomized controlled trials



Introduction

Cancer is the second leading cause of death globally and accounted for an estimated 9.6 million deaths in 2018 (1). Etiologic factors for cancers are incompletely understood, and extensive resources have been invested in cancer screening (2). Currently, economic evaluation is widely used to guide the formulation of cancer-screening strategies (3). However, in screening programs without therapeutic intervention, government budgets are mainly focused on the screening phase, and high expenses for treatment therefore fall directly on the patients themselves and/or on local insurance sectors. This may cause unanticipated problems that cannot be well accounted for by traditional cost-effectiveness analysis. On the one hand, patients from low-income households may easily be impoverished by catastrophic health expenditures for cancer treatment, even after medical reimbursement, resulting in deterioration of quality of life (4, 5). Moreover, financial pressure may obstruct timely treatment and hamper the effectiveness of screening programs in the real world (6). On the other hand, significant increases in treatment costs which result from cancer screening may result in a financial deficit in local medical insurance systems. Such problems are unfortunately not strongly enough emphasized in current studies of cancer screening strategies. Hence, more attention should be given to the economic burden consequent to screening intervention, especially in areas of limited resources.

Several large-scale cancer-screening programs have been carried out in China since 2000, including upper G.I. cancer screening for high-risk populations. Over 2.16 million participants had accepted endoscopic screening by 2018, but most patients with cancer detected by screening received no financial support for subsequent treatment under current screening policies (7–10). Most studies estimated treatment costs for upper G.I. cancers in order to calculate total cost-effectiveness of the screening program (8, 11–13). However, few of these studies have thoroughly investigated the economic burden of cancer treatment specifically on patient households and the local health insurance system. Lack of focused evaluation on this problem may engender unanticipated financial consequences, and lead to suboptimal screening effectiveness. Formulation of comprehensive cancer screening policies must allow for the potential impact of treatment, which entails evaluation of the economic burden brought about by screening.

In this study, we used claim records in the medical insurance system with high population coverage to extract information on treatment costs for upper G.I. cancers in an endoscopic screening trial which was randomized and controlled in a poverty-stricken county of northern China. Costs were calculated from the patients’ perspective and the societal perspective respectively, and were analyzed at both the individual level and the government level. Upper G.I. endoscopic examination could detect esophageal cancer simultaneously with cardial and non-cardial gastric cancer, and cost analysis was stratified by these two major types of cancer to distinguish the economic impact of screening for cancers of different incidence in the target population (12.45/105 for cardial and non-cardial gastric cancer vs. 25.58/105 for esophageal cancer) (14). Comparisons were conducted between patients from the screening and control arms of the study. We aimed to investigate the underappreciated financial impact brought about by cancer screening in resource-limited regions, and provide real-world evidence for design of cancer control policy.



Methods and Materials


Parent Study

In January 2012, we initiated the ESECC (Endoscopic Screening for EC in China) randomized controlled trial (NCT01688908) in Hua county, Henan Province, which is a region of high-risk for esophageal squamous cell carcinoma (ESCC) in northern China. The gross domestic product per capita (¥18,079 in 2017) of this region was far below the national average level (¥59,201 in 2017) (15, 16). The design of this study has been reported elsewhere (7). Briefly, 668 target villages were randomly selected and allocated into the screening arm or control arm at a ratio of 1:1 (334 villages in each arm) with 17,151 individuals in the screening arm and 16,797 in the control arm. Residents in the screening arm aged 45–69 years who had no history of cancer or endoscopic examination within five years were assigned to undergo an endoscopic examination with iodine staining. No endoscopic screening was undertaken in the control arm.



The New Rural Cooperative Medical Scheme System

The New Rural Cooperative Medical Scheme (NCMS) system is a government-run health insurance program in rural China with population coverage of nearly 100%. NCMS claims data were recorded and uploaded in a real-time manner in health facilities where inpatients were diagnosed and treated.



Identification and Verification of Study Subjects

Upper G.I. cancer cases from the ESECC cohort were found through endoscopic screening or clinical visits. Patients in the screening arm included screening-detected and clinically diagnosed cases, while patients in the control arm were all diagnosed clinically. Annual active follow-up and passive linkage with claims data were jointly adopted to identify clinically diagnosed cases, and the efficiency of this approach has been evaluated (14, 17). Participants identified as upper G.I. cancer cases and matched with NCMS claims records for treatment were included in this evaluation. Name, address, gender, and ID number were used to match cases in the NCMS system from January 1, 2012 to December 31, 2018. The following criteria were adopted to ensure that clinical cases were in fact diagnosed with upper G.I. cancers: 1) the diagnosis in the NCMS system was upper G.I. cancer, or a related precancerous lesion (C15, C16, D00, K22); 2) therapies recorded in the expense details were related to upper G.I. cancer treatment.



Construction of a “Perfect Cohort” and “Standard Observation Window”

As in other community-based cluster randomized trials, enrollment for the two arms of the ESECC trial was not strictly parallel at the individual level. Participants in the screening arm were enrolled earlier and had longer follow-up time. Thus, the control arm tended to generate fewer clinically diagnosed cases within shorter follow-up periods after enrollment up to 31 December 2018; and these cases also had fewer medical records and costs collected during a shorter observation window for treatment (after the first hospitalization up to 31 December 2018). To ensure inter-group comparability, we constructed a “Perfect Cohort” which included cancer cases from both arms of the study, and captured a “Standard Observation Window” to collect treatment records and costs.

We first identified the shortest follow-up time (857 days) among all verified cancer cases and set it as the uniform follow-up time for the “Perfect Cohort”. Only those patients diagnosed within the uniform follow-up time after enrollment were included, which allowed investigation of two arms with comparable numbers of cancer cases which fell into the same follow-up time period. (Figure 1) A selection bias analysis was conducted which compared excluded cases and those cases which remained in the “Perfect Cohort”.




Figure 1 | Construction of the “Perfect Cohort” to include cancer cases from the ESECC trial. Segments refer to time periods of follow-up for participants in the two study arms. The left endpoint of a segment refers to the time of enrollment, and the right endpoint refers to the end of follow-up (2018.12.31) or death (a dot). × The symbol “×” above each segment refers to the time of diagnosis for upper GI. cancer.



Secondly, a “Standard observation window” was needed for subjects in the “Perfect Cohort”. For each patient, the first hospitalization with a discharge diagnosis of upper G.I. cancer in a secondary (county-level) or tertiary (city-level and above) health care facility was chosen as the starting point of treatment. We explored the temporal trend of treatment costs by calculating the average treatment cost per patient under observation in each month after treatment began, as in Eq. (1) below:



Average monthly treatment cost showed an “L-shaped” pattern, which peaked at the beginning and sharply declined to almost zero at around 12 months, and thereafter remained close to zero (Supplementary Figure 1). A “standard observation window” of one year was thus adopted.



Data Collection

Each claims record contained the name of the health facility, date of admission and discharge, doctor in charge, discharge diagnosis, total expenses, reimbursed expenses, and out-of-pocket expenses. Cost details attached to the record displayed information for all medical services used during hospitalization, including the date, classification, quantity, and unit cost, together with the out-of-pocket part of the cost. Original clinical information such as cancer site, stage at diagnosis, and therapy were collected from medical records in the hospital. Socio demographic factors including age, gender, education, occupation, and yearly household income were extracted from the database of the ESECC trial.



Cost Calculation

Two perspectives were adopted in cost calculations. From the patient perspective, we calculated total out-of-pocket costs of all cancer-related hospitalizations. From a social perspective, we calculated the treatment cost which was defined as the sum of the hospitalization cost and time cost. The Human Capital Approach was used to evaluate time cost based on Overall Length of Stay (OLS) and Annual Net Income (ANI) per capita for rural residents in Henan province during hospitalization (18) (Supplementary Table 1). Expenses for a caregiver were taken into consideration and the time cost for each hospitalization was calculated from Eq. (2) as follows:



Costs were reported in the form of mean (upper quartile, lower quartile) to describe the average level and degree of dispersion since they are usually with skewed distributions (19). A discount rate of 3% was used to annualize capital investments to year 2018. Costs were adjusted by the Chinese consumer price index for medical goods and services (16, 20). Currency was converted from Chinese Yuan to U.S. dollars using purchasing power parity exchange rates of 2018 ($1=¥3.55) (21).



Statistical Analysis

Characteristics of patients in the two arms of the “Perfect Cohort” were compared using the χ2 test and the rank-sum test for categorical and continuous variables respectively. Univariate logistic regression was applied to investigate impact factors of treatment costs. The temporal trends of accumulated total treatment costs for two arms stratified by cancer type were evaluated within one year after the first hospitalization. The average hospitalization cost per case was divided into nine pre-defined classifications in the NCMS system. Data management and statistical analysis were conducted using R version.3.5.1. All tests were two-sided and had a significance level of 0.05 unless otherwise specified.

All authors had access to the study data and all authors reviewed and approved the final manuscript.




Results


Study Subjects

A total of 180 cancers detected by screening (150 ECs,13 cardial cancers, 16 non-cardial gastric cancers and one duodenal cancer) and 55 clinically diagnosed (37 ECs, 7 cardial cancers, 11 non-cardial gastric cancers) cases of upper G.I. cancer were reported in the screening arm. Among these cancers 142 (117 ECs, 11 cardial cancers and 14 non-cardial gastric cancers) and 52 (34 ECs, 7 cardial cancers and 11 non-cardial gastric cancers) respectively received treatment. (Figure 2) In the control arm, 61 incident cancer cases (35 ECs,12 cardial cancers, and 14 non-cardial gastric cancers) were diagnosed and treated during the follow-up period. Detailed cost data were available for 94% (240/255) of these treated cancer cases.




Figure 2 | Flow of upper G.I. cancer cases included in the “Perfect Cohort” from the ESECC trial. *The “Perfect Cohort” refers to all upper G.I. cancer cases from both arms who were diagnosed within 857 days (the shortest follow-up time by the end of 31st December 2018 among all cases) after their enrollment in the ESECC trial.



In the uniform follow-up time period of 857 days following enrollment, a total of 147 of the 240 cases were included in the “Perfect Cohort”, including 41 clinically diagnosed cases in the control arm, and 106 cases (20 clinically diagnosed and 86 screening-detected) in the screening arm. The 147 cases under study and the 93 cases which were excluded were balanced in terms of age at enrollment (P=0.104), type of case (clinically diagnosed or screening-detected) (P=0.350), gender (P=0.890), education (P=0.999), occupation (P=0.999) and cancer site (P=0.608) (Supplementary Table 2). Eventually, with a “Standard observation window” of one year, a total of 344 hospitalization reimbursement records for these 147 patients were eligible for the following analysis.



Comparison of Patient Characteristics

Socio-demographic characteristics including age at diagnosis, gender, occupation, and yearly household income were balanced in the two arms of the study. (Table 1) Regarding clinical features, a higher proportion of EC was detected in the screening arm (77% vs. 59%, P=0.023). Patients in the screening arm were generally earlier stage (67% were stage 0-I), while in contrast most patients (81%) in the control arm were stage III-IV. Accordingly, patients in the screening arm were more likely to receive early endoscopic treatment (12%) or radical resection without adjuvant treatment (62%) compared with the control arm (4% and 24%). Patients from the screening arm had fewer episodes of hospitalization (median 1 vs. 2) as well as a shorter accumulated median LOS per case (21 days vs. 39 days).


Table 1 | Social-demographic and clinical features of subjects in the “Perfect Cohort” from the ESECC a trial.





Comparison of Economic Burden Between Arms

The economic burden stratified by cancer type was evaluated at both the individual level and the societal level (Table 2). Due to down staging and less costly treatment for cancer cases at earlier stages in the screening arm, average time cost per EC case ($573 vs. $993) and average hospitalization costs per EC case ($12,173 vs. $16,852) were lower than in the control arm. The out-of-pocket hospitalization cost after reimbursement ($5,972 vs. $7,557) was also lower. In spite of the lower individual economic burden in the screening arm, nearly four times the number of patients (80 vs. 21) compared with the control arm suffered catastrophic medical expenditures as gauged by the general standard wherein out-of-pocket expenses exceeded 40% of capacity to pay (15, 22). As a result, at the societal level, the overall treatment cost (sum of hospitalization cost and time cost) for all EC patients in the screening arm ($1,045,119) was 2.44 times that in the control arm ($428,292), as many cancer cases were identified in screening and were thus treated in advance (82 vs. 24).


Table 2 | Treatment costs for subjects included in the “Perfect Cohort” from the ESECC a trial.



Similar results were observed for cardial and non-cardial gastric cancer. Individual economic burden such as average time cost ($602 vs. $804), average hospitalization cost ($15,784 vs. $19.876) and average out-of-pocket hospitalization cost ($7,933 vs. $10,605) were lower in the screening arm, while in the screening arm more families suffered catastrophic health expenditures (23 vs. 15). Moreover, the overall treatment cost in the screening arm ($393,261) was 1.12 times that in the control arm ($351,557).

In temporal trend analysis, total treatment costs in both arms increased in an almost “parallel” manner within one year after the start of treatment, and cost in the screening arm remained higher than that in the control arm in both cancer types. The absolute difference in total treatment cost comparing the two arms of the study was much larger for EC than that for cardial and non-cardial gastric cancer (Figure 3)




Figure 3 | Temporal trends of accumulated treatment costs stratified by cancer type in the two study arms.



Among the nine classifications, the greatest overspending for average hospitalization cost per case in the control arm resulted from radiation treatment fees ($2,716 vs. $1,299) and medication fees for chemotherapy ($6,518 vs. $4,547). In contrast, surgical fees for endoscopic treatment and radical resection were lower in the control arm ($724 vs. $1,039) (Supplementary Figure 2). This is consistent with the finding that a higher proportion of patients in the screening arm received early treatment such as endoscopic treatment or radical resection without adjuvant therapy which proved to be less costly than complicated therapies for advanced stage cancer (Supplementary Table 3).




Discussion

In China, population level cancer screening programs have typically been funded and initiated by the national or local government, and have been implemented by local health care facilities. This approach is different from that in many western countries. In such pattern in which cancer screening was provided like a public service and welfare, during formulation of policy and budget planning most attention has been focused on the direct cost of screening, while incidental economic burden on cancer patients, households and target communities has been largely ignored. That is, resources for cancer screening are focused on screening intervention, and little attention is paid to the subsequent treatment phase. Cancer treatment costs resulting from screening have been borne mainly by patients and medical insurance sectors. Therefore, seen from a more comprehensive societal perspective, there is need for accurate evaluation of such economic burden in order to gain the attention of policymakers, and help anticipate potential financial impact on target communities. This will facilitate rational allocation of resources, allowing for compensation to patients and medical insurance departments when formulating budget plans. We thus made use of claims data from the health insurance system to estimate cancer-related treatment costs for upper G.I. cancer cases in the ESECC trial, and demonstrated the financial influence of screening. This research may shed light on this underappreciated problem in cancer screening programs worldwide, and provide insight for formulation of cancer screening policy in undeveloped regions.

In this study, individual economic burden of cancer treatment was relatively less in the screening arm, as a higher proportion of cancer cases were diagnosed in earlier stages, and therefore received less costly therapies such as endoscopic treatment and single radical resections. However, considering the low socio-economic level in targeted communities, the out-of-pocket treatment costs for most patients met the standard of catastrophic medical expenses, and the number of families suffering catastrophic health expenditure was much higher in the screening arm (103 vs. 36). We must keep in mind that such a significant influence on patient quality of life is worthwhile only when the effectiveness and cost-utility of cancer screening proves beneficial to participants, and this crucial evidence should be derived only from population-level randomized controlled trials.

The economic burden of cancer treatment is also stressful on the local community. In comparison with a “natural” population, many asymptomatic cancer cases would be identified in advance by screening. This is true in particular for cancer types of high-prevalence, which would lead to many more cases appearing in the screening arm (82 ECs) than in the control arm (24 ECs) within a time period where there are equal lengths of observation. Consequently, total demands for medical care and societal health expenditure increase soon after screening intervention. A sudden increase in health expenditure may cause significant problems throughout the medical system, especially when several screening programs are under way simultaneously which may magnify this effect. In this study, a “Perfect Cohort” and a “standard observation window” were constructed to eliminate all possible imbalances between the study arms. This allows a balanced comparison of cancer treatment costs, and we found that the total treatment cost for EC cases from the screening cohort ($1,045,119) was over twice that of its parallel control ($428,292). In contrast, for cardial and non-cardial gastric cancer with lower incidence risk in targeted communities, overall treatment costs for patients from the screening cohort ($393,261) was only 112% of that for the control arm ($351,557). This indicates that the higher the cancer risk is in a given population, the larger the financial impact for treatment cost introduced by cancer screening may be. Apart from the potential benefit of clinical down-staging and improved survival conferred by screening, more attention must be paid to the pressure which the medical insurance department may unexpectedly face due to a sharp increase in overall medical expenses caused by the great numbers of cancer cases detected in the screening. Therefore, the magnitude of unexpectedly explosive treatment costs should be assessed to facilitate appropriate compensation to the local health insurance department when planning cancer-screening budgets in areas of limited resources.

This study has three strengths. First, it has a high-quality control which serves as a baseline reference. Parallel and random control in a randomized controlled trial was used to achieve high comparability between groups. Second, there is parity of case inclusion and cost collection in the two study arms. Cancer treatment is often a prolonged undertaking with multiple hospitalization records, and case numbers and length of observation time have significant impact on total cost estimation. We constructed a “Perfect Cohort” and set a “Standard Observation Window” to abolish potential imbalances in cost estimation between study arms. Third, high-quality data is used to generate a precise estimation of economic burden. Our calculation of treatment cost was based on detailed first-hand medical claims data with accurate costs, excellent coverage of studied subjects and complete records of treatment in all health facilities involved.

This study has two limitations. First, this is a single-center study, and there may be variations in the severity of financial impact after screening due to different economic development levels, cancer type, disease burden, insurance coverage, response rate of screening and treatment cost in other communities. For example, a lower level of economic development and heavier disease burden are more likely to induce hardship due to the financial impact of cancer screening. Hence, the capacity for generalization of our conclusion requires broader evidence from other populations. Secondly, costs within the first year of treatment were adopted as an approximation of life-time costs which is the optimal choice for estimation of overall economic burden. However, considering the “L-shaped” trend of treatment cost flow over time which was identified in our study subjects, this will not impact our main conclusions.



Conclusions

Population-level cancer screening in resource-limited areas will lead to further occurrences of catastrophic medical expenses among patients and sharply increase the total economic burden of cancer treatment on local government, especially for cancer types of high-prevalence. Greater financial support for the patients in this situation, as well as to health facilities and medical insurance departments in targeted communities should be taken into consideration when a comprehensive budget plan for cancer screening programs is under formulation.
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Objectives

To build a radiomics model and combined model based on dual-energy CT (DECT) for diagnosing serosal invasion in gastric adenocarcinoma.



Materials and methods

231 gastric adenocarcinoma patients were enrolled and randomly divided into a training (n = 132), testing (n = 58), and independent validation (n = 41) cohort. Radiomics features were extracted from the rectangular ROI of the 120-kV equivalent mixed images and iodine map (IM) images in the venous phase of DECT, which was manually delineated perpendicularly to the gastric wall in the deepest location of tumor infiltration, including the peritumoral adipose tissue within 5 mm outside the serosa. The random forest algorithm was used for radiomics model construction. Traditional features were collected by two radiologists. Univariate and multivariate logistic regression was used to construct the clinical model and combined model. The diagnostic efficacy of the models was evaluated using ROC curve analysis and compared using the Delong’s test. The calibration curves were used to evaluate the calibration performance of the combined model.



Results

Both the radiomics model and combined model showed high efficacy in diagnosing serosal invasion in the training, testing and independent validation cohort, with AUC of 0.90, 0.90, and 0.85 for radiomics model; 0.93, 0.93, and 0.89 for combined model. The combined model outperformed the clinical model (AUC: 0.76, 0.76 and 0.81).



Conclusion

The radiomics model and combined model constructed based on tumoral and peritumoral radiomics features derived from DECT showed high diagnostic efficacy for serosal invasion in gastric adenocarcinoma.





Keywords: stomach neoplasms, serosal invasion, dual-energy CT, iodine map, radiomics



Introduction

In China, the incidence and mortality of gastric cancer remain high, and the majority of patients are in the advanced stage (1). Gastric serosa has a defensive function, preventing tumor cells from spreading to the surroundings. The risk of peritoneal metastasis (PM) increases after serosal invasion in gastric cancer patients (2–5). According to the 2016 clinical practice guidelines for gastric cancer established by the National Comprehensive Cancer Network (NCCN) (6), neoadjuvant chemotherapy (NAC) is recommended for patients with T4 advanced gastric cancer to achieve lower staging, improve R0 resection rate, and improve prognosis. Both European Society for Medical Oncology (ESMO) (7) and National Comprehensive Cancer Network (NCCN) guidelines (6) recommended that laparoscopy exploration should be applied to patients with advanced gastric cancer to detect occult PM. However, laparoscopy is an invasive diagnostic procedure and cannot directly determine serosal invasion. Currently, postoperative pathology is the gold standard for the diagnosis of serosal invasion, but it has a certain hysteresis. Therefore, if the serosal status can be accurately determined preoperatively, most inappropriate surgeries will be avoided.

MDCT is a first-line imaging modality for the preoperative evaluation of gastric cancer (8, 9). CT findings (10–12), (such as serosal nodule, enhancement of the serosa, perigastric fatty infiltration, and perigastric vascular invasion) are common indicators for serosal invasion. However, inflammatory peritumoral reaction and lack of perigastric adipose tissue can affect the determination of serosal status. Additionally, in cases of serosal microinvasion, it is difficult to observe the typical features of the serosal surface. CT accuracy for diagnosis of serosal invasion was reported to be 55.9%–90.8% (10–13). Thus, more objective and quantitative parameters are required for detecting serosal invasion more accurately.

Dual-energy CT (DECT) can provide more information without increasing the radiation dose (14, 15). It has been reported that the quantification of iodine concentration (IC) with DECT in peritumoral adipose tissue provides an accurate method for detecting serosal invasion in gastric cancer (16).

Radiomics is an emerging tool to quantitatively assess lesion characteristics from texture analysis techniques (17). A recent study showed that a radiomics model had a relatively high diagnostic efficacy for serosal invasion compared with a traditional model based on conventional CT signs (18). Another radiomics study showed that iodine map (IM) derived from DECT increased the diagnostic value of restaging in advanced gastric cancer patients after NAC (19). The volumes of interest (VOIs) were delineated in three dimensions without the peritumoral tissue in the above two studies. Numerous studies have demonstrated that the peritumoral radiomics features may provide important clues for predicting tumor aggressiveness (20, 21).

This study is aimed to construct a radiomics model and combined model based on tumoral and peritumoral radiomics features derived from DECT using a time-saving delineation method and evaluate their diagnostic efficacy for predicting serosal invasion in gastric adenocarcinoma.



Materials and Methods


Characteristics of Patients

We retrospectively reviewed the data of gastric cancer patients in our institution between April 2015 and December 2017. This study has been approved by the Ethics Committee of The Fourth Hospital of Hebei Medical University. Inclusion and exclusion criteria were as follows:

Inclusion criteria: (1) Gastric cancer was confirmed by gastroscopic biopsy and the patients had not received any antitumor therapy (e.g., radiotherapy, chemotherapy, and targeted therapy) before surgery. (2) Dual-energy abdominal enhancement scan was performed within 2 weeks before surgery, and the complete imaging data were available. (3) Gastric adenocarcinoma was confirmed by postoperative pathology with clear staging.

Exclusion criteria: (1) Inadequate preparation for CT examination (e.g., poor gastric filling and excessive food retention). (2) The presence of breathing or sclerotic artifacts in the image. (3) The lesion was too small to be detected by CT. (4) There was too little peritumoral adipose tissue to meet the requirements of the ROI delineation.

231 patients were eligible for enrollment (Figure 1). The patients were randomly divided into the developing and independent validation set at the ratio of 8:2, respectively. Moreover, the patients in the developing set were randomly divided into the training set and testing set at the ratio of 7:3.




Figure 1 | Flowchart of patient enrollment.





Imaging Protocol and Postprocessing


Patient Preparation

After fasting for 6–8 hours, all patients received intramuscular injection of 10 mg of 654-2 (anisodamine) 10 min before the examination, and orally administered 6 g of aerogenic powder with a small volume of tap water to fill the gastric cavity.



Examination Method and Scanning Parameters

The scan was performed using a dual-source CT scanner (SOMATOM Definition Flash; Siemens Healthcare, Germany). The scan range was from 5 cm above the diaphragm to the level of the lower margin of the symphysis pubis. The patients maintained a supine position during the examination. The plain scan parameters were as follows: tube voltage:120 kVp; tube current: 210 mAs; collimation width 32 × 1.2 mm, and pitch: 0.9. Non-ionic contrast agent (Iohexol, 300 mg/dL; GE Healthcare, USA) was injected intravenously through the elbow vein at a flow rate of 3 ml/s (2 mL/kg body weight). Two phase-enhanced with dual-energy scans were performed at 25 s (for the arterial phase) and 70 s (for the venous phase) after injection. Enhancement scan parameters were as follows: tube voltage A 100 kVp; reference tube currents 230 mAs; tube voltage B 140 kVp with a tin filter; reference tube currents 178 mAs; collimation:32 × 0.6 mm; pitch: 0.55, and gantry rotation time: 0.5s.



Image Reconstruction and Postprocessing

The raw data were transferred to the postprocessing workstation (syngoMMWP, VE36A) to generate 120-kV equivalent mixed images (with a weighted factor of 0.5) and IM images in the venous phase. The reconstruction thickness was 1.0 mm in all cases.




Clinical Model Development

Traditional features of patients, including clinical and semantic features, was obtained from the picture archiving and communication systems (PACS) of the hospital. Clinical features included sex (female = 0, male = 1), age (< 60 years = 0, ≥ 60 years = 1) and serum tumor markers (CEA, CA-199 and CA72-4) (negative=0, Positive=1). Two radiologists (SJY and YL with 5 and 17 years of experience in abdominal radiology, respectively) independently reviewed the venous phase CT images in PACS combined with multiple planes reconstruction (MPR) technology and recorded the semantic features using a dichotomous classification method. The radiologists knew the location of the tumor, but they were blinded to postoperative pathology. Detailed description on semantic features is provided in Supplementary A1. A consensus was reached through consultation in case of disagreement. The independent predictors from traditional features were identified using univariate and multivariate logistic regression for the construction of clinical model.



Radiomics Model Development


Tumor Segmentation

The mixed images and IM images were imported into a dedicated radiomics software (Radiomics, Frontier, Siemens Healthineers, Forchheim, Germany). The ROIs were delineated manually on a single layer of the mixed images by a radiologist (SJY with 5 years of experience in abdominal radiology). As Figure 2 shows, a rectangular ROI was delineated from the mucosal to the serosal surface perpendicularly to the gastric wall, in the deepest location of tumor infiltration. The delineation slices where tumor infiltrated deepest were validated by a radiologist (YL with 17 years of experience in abdominal radiology). Differences in slice selection were resolved by consensus through negotiation. The gastric lumen, perigastric vessels, and lymph nodes were excluded. Meanwhile, the peritumoral fatty tissue within 5 mm outside the serosa was included. For ulcer type gastric cancer, the annular dike was delineated, instead of the bottom of ulcer. The ROI was automatically synchronized between the mixed image and IM with identical location, size, and shape.




Figure 2 | 120-kV equivalent mixed image in the venous phase (A) and iodine map (B) for simultaneous ROI generation.





Feature extraction and selection

The radiomics features were extracted using the Radiomics software. To ensure the reproducibility and robustness of the features, the ROIs of 50 randomly selected cases were re-drawn by same radiologist (SJY) after one month from the initial delineation. The intraclass correlation consistency analysis was used to assess the reliability of the two delineations, the features with intraclass correlation coefficient (ICC) of >0.8 were selected. The random-forest-based Boruta algorithm was used to select predictors. Boruta is a recursive feature selection algorithm by disrupt the order of feature variables and calculate the importance of feature variables to select the features with the highest importance (22). There are several methods available for feature selection based random forest algorithm. For datasets with many predictor variables, Boruta is preferable due to its higher computational efficiency (23).



Radiomics Modeling

The radiomics model was constructed with the R package randomForestSRC (24). In a random forest, multiple classification and regression trees are constructed, and the results of each tree are aggregated to make predictions for each observation. Random forest consistently provides the high prediction accuracy compared to other models (25) and is not prone to overfitting (26). A 10-fold cross-validation on the model was applied in the developing cohort to optimize the parameters (including the number of trees, the maxima depth for trees, minimum size of terminal node) of random forest classifiers. Finally, the model generalization was evaluated in the independent validation cohort.




Establishing a Combined Model

The multivariate analysis was performed with binomial logistic regression in the statistically significant clinical factors identified by univariate analysis and multivariate analysis in clinical model development, and Rad-score. The factors with p-values < 0.05 were considered as significant predictor and used for developing combined model.

The radiomics workflow diagram of this study is presented in Figure 3.




Figure 3 | Schematic diagram of the radiomics workflow.





Statistical Methods

Kolmogorov–Smirnov test was used to test the normality of continuous variables. Independent samples t-test or Mann–Whitney U test was used for continuous variables whenever appropriate, and Fisher’s exact test or chi-square test was used for categorical variables. The diagnostic efficacies of the three models were assessed by using ROC curves, and the AUC, accuracy (ACC), sensitivity (SEN), and specificity (SPE) were calculated. Delong’s test was performed to compare the AUCs of each model and p-value < 0.0167 was considered as statistically significant for multiple comparisons according to the Bonferroni correction. Hosmer–Lemeshow test analyzed the goodness of fit for our risk prediction models and the calibration performance was evaluated by the calibration curve. The net clinical benefits were assessed by decision curve analysis (DCA).R software (version 4.0.5 http://www.Rproject.org) was used for statistical analysis and a two-sided p-value of <0.05 was used to indicate a statistically significance.




Results


Patients’ Characteristics

231 gastric adenocarcinoma patients (187 males, 44 females; mean age, 57.7 ± 9.9 years; age range, 27–80 years) were included in this study. Among them, 160 patients were pathologically confirmed serosal invasion-positive and 71 were negative, respectively. The training, testing, and independent validation cohort included 132, 58, and 41 patients, respectively. The traditional features of patients in the three cohorts are shown in Table 1.


Table 1 | Clinical and semantic features of the patients.





Clinical Model

Univariate logistic regression analysis was performed and the two factors, i.e., rough serosal surface and increased density of peritumoral adipose tissue, were combined owing to their high collinearity with a multiple variance inflation factor (VIF) of > 10. Supplementary Table 1 showed that CEA, the area of cancerous lumps involvement, Borrmann type, the thickness of the cancerous lumps, enhancement forms, rough serosal surface, increased density of peritumoral adipose tissue, serosal nodule, positive lymph nodes, and abdominal and pelvic effusion were significantly associated with serosal invasion (p < 0.05). Multivariate analysis showed that increased density of peritumoral adipose tissue was an independent predictor of serosal invasion (Supplementary Table 2).



Radiomics Model

A total of 2452 (1226 × 2) radiomics features were extracted from the mixed images and IM images for each patient, which did not include the three-dimensional information (Laplacian of Gaussian, LoG). The features of each cohort included 18 histogram features, 14 shape features, 24 gray co-occurrence matrix features, 16 gray-level run-length matrix features, 16 gray-level size zone matrix features, 5 neighboring gray tone difference matrix features, and 14 gray-level dependence matrix features. Moreover, 631 features (ICC > 0.8) were retained in the consistency analysis, and finally, 9 radiomics features with the highest mean importance were selected using Boruta for model construction. Among them, seven features were from the mixed images, including two first-order and five texture features, and two texture features were from IM. The importance of the 9 radiomics features are shown Figure 4. The original_firstorder_variance had the largest mean importance.




Figure 4 | Weights of the nine radiomics features in the radiomics model.



As the violin plot showed (Figure 5), The Rad-score had lower values in the serosal invasion-negative group than that in the positive group, which was statistically significantly different between the two groups in the training, testing, and independent validation cohort (all p < 0.001).




Figure 5 | Violin plot of Rad-score distribution in the training (A), testing (B), and independent validation cohort (C), with the outermost shape showing the density at that location. The dot on the black line is the median and the black line from the top to the end range is from the lower quartile to the upper quartile.





Combined Model

As shown in Supplementary Table 2, the multivariate logistic regression analysis indicated the increased density of peritumoral adipose tissue and Rad-score are the independent risk factors of serosal invasion and a combined model was constructed based on the two factors. An individualized nomogram which incorporated the two predictive factors based on the combined model in training cohort was constructed to predict serosal invasion (Figure 6). Figure 7 shows a typical clinically overstaged case of gastric adenocarcinoma without serosal invasion, and the nomogram showed better diagnostic performance.




Figure 6 | A individualized nomogram based on Rad-score and traditional feature.






Figure 7 | A 65-year-old male patient with increased perigastric fat density and Rad-score of 0.277,the nomogram showed a low risk of serosal invasion (risk = 0.11). (A) A mixed image in the portal venous phase showed the thickening of the lateral wall of the gastric lesser curvature with transmural enhancement, rough serosal surface, and increased perigastric fat density, with a positive clinical model diagnosis of serosal invasion. (B) Pathological images (HE, 100×) showed a large number of lymphocytes aggregated on the serosal surface with fibrous hyperplasia, and no cancer cell infiltration was observed, which was consistent with the judgement of nomogram.





Comparison of the Three Models

Pairwise comparisons of the AUCs of the clinical model, radiomics model, and combined model were performed by the Delong’s test. As Table 2 shows, in the training, testing, and independent validation sets, the AUC of the combined model was slightly higher than that of the radiomics model, although not statistically significant (all p > 0.0167). In the training cohort, the AUC of the combined model as well as the radiomics model was significantly higher than that of the clinical model (p < 0.01). In the testing cohort, the AUC of the combined model was significantly higher than that of the clinical model (p < 0.01) and the AUC of the radiomics model was slightly higher than that of the clinical model (p > 0.0167). And in the independent validation cohort, the AUC of the combined model and radiomics model were both slightly higher than that of the clinical model (both p > 0.0167).


Table 2 | Pairwise comparisons of AUCs of the clinical model, radiomics model, and combined model.



In addition, pairwise comparisons of the AUCs of the radiomics model for the training, testing, and independent validation cohort were performed with Delong’s test respectively, which showed no statistical difference (all p > 0.0167).

The ROC curves for the clinical model, radiomics model, and combined model are shown in Figure 8. Supplementary Table 3 shows the ACC, SEN and SPE of the three models. The combined model showed the best accuracy in all three cohorts. The calibration curves (Figure 9) of the combined model showed great calibration performances in the training, testing and validation cohorts. There was no statistical significance performing in the three groups (p >0.05) through the Hosmer–Lemeshow test, which demonstrated good agreement between prediction and observation. As Figure 10 shows, the net clinical benefit for the combined model was higher than that of the other two models when the threshold for the training, testing, and independent validation cohort was >0.09, >0.17, and >0.54, respectively.




Figure 8 | ROC curves of the three models in the training (A), testing (B), and independent validation (C) cohort.






Figure 9 | Calibration curves of the combined model in the training (A), testing (B), and independent validation (C) cohort. The horizontal axis represents the prediction probability of the traditional combined with radiomics feature model, and the vertical axis represents the actual occurrence probability, both of which demonstrated good agreement between prediction and observation of the model.






Figure 10 | Decision curves for the three models in the training (A), testing (B), and independent validation (C) cohort. The x- and y-axes of the curve represent the threshold probability and the net benefit, respectively.






Discussion

Accurate preoperative determination of the serosal invasion plays a crucial role in treatment decisions of gastric cancer patients (27). In this study, we developed a radiomics model and a combined model to detect serosal invasion of gastric adenocarcinoma patients based on the mixed images and IM images derived from DECT. Both models outperformed the clinical model in the training, testing, and independent validation cohort in terms of diagnostic efficacy, and among them, the combined model performed best.

The univariate logistic regression of traditional features showed that most of the features were significantly associated with serosal invasion (p < 0.05), which is consistent with previous studies (28–32). Among the features, the heterogeneous enhancement of the tumor reflects heterogeneity, and numerous studies have suggested that tumor heterogeneity is related to aggressiveness (33, 34). Similarly, in this study, the weight of variance was significantly higher than the other features among the 9 radiomics features used for the radiomics model construction. As a first-order feature, variance is a measure of the spread of the distribution about the mean, which indicates the degree of data deviation. A higher value of variance may represent stronger heterogeneity of the tumor, which may suggest a higher probability of serosal invasion in cases with strong heterogeneity.

Multivariate logistic regression of the traditional features revealed that increased density of peritumoral adipose tissue was an independent predictor of serosal invasion, which was consistent with the findings of Xu Chang et al. (18) and Sun et al. (35). However, Kim et al. (12) showed that irregular or nodular changes of serosal surface were independent predictors of serosal invasion, it might be attributed to inconsistent criteria of serosal nodule among investigators. In the present study, the sign of an irregular serosal surface without a significantly localized protrusion was only classified as rough serosal surface. The rough serosal surface was almost always accompanied by increased density of peritumoral adipose tissue in cases of this study, and thus, the two signs were combined. Therefore, compared with the study of Kim et al, the frequency of increased density of peritumoral adipose tissue was higher in the patients with serosal invasion (91.7%, 88/96 vs. 75.6%, 31/41), but that of serosal nodule was lower (26/96, 27.1% vs. 75.6%, 31/41), which suggested that there were differences in the interpretation of subjective signs by different observers. Thus, quantitative parameters are required for more objective determination for the serosal status.

Cutting-edge technologies such as IM derived from DECT and radiomics enable the quantitative assessment of lesion features (14–17). In this study, we established a radiomics model and a combined model based on DECT to detect serosal invasion. Unlike previous studies, we explored a new segmentation method, which is more timesaving than the whole tumor segmentation, avoiding errors due to the inaccurate determination of tumor boundaries. Meanwhile, peritumoral adipose tissue was included in the ROI, which helped to assess tumor aggressiveness more comprehensively. The results showed that the diagnostic performance of the combined model in the present study was superior to that of the combined model based on conventional enhanced CT (AUCs of testing set, 0.93 vs. 0.812) (16), and was comparable with that of the combined model based on DECT from Wang L et al.’s study (19) (AUCs of testing set, 0.93 vs. 0.914). The whole tumor segmentation was used in both two previous studies.

There were several limitations in this study. Firstly, this was a single-center study with relatively small sample size. Although an independent validation cohort was established, the results obtained herein still need to be validated based on multicenter data. Secondly, the width of ROI was not limited in spite of the relatively fixed delineation depth. And thus, the radiomics features with ICC of >0.8 only accounted for 25.7% (631/2452). Therefore, this proposed delineation method needs to be further standardized. In addition, 13 patients were excluded from the study due to the lack of peritumoral adipose tissue; it can be seen that the results of this study may not be applicable to certain patients with cachexia.

This study showed that the radiomics model and combined model, which were constructed based on tumoral and peritumoral radiomics features based on DECT, have good diagnostic efficacy and could be a useful tool to determine the serosal invasion for gastric adenocarcinoma.
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Background

Because of poor compliance or low sensitivity, existing diagnostic approaches are unable to provide an efficient diagnosis of patients with gastric and colorectal cancer. Here, we developed the ColoCaller test, which simultaneously detects the methylation status of the SDC2, TFPI2, WIF1, and NDRG4 genes in stool DNA, to optimize the screening of gastric and colorectal cancer in high-risk populations.



Methods

A total of 217 stool samples from patients with gastrointestinal cancer and from patients with negative endoscopy were prospectively collected, complete with preoperative and postoperative clinical data from patients. The methylation of these samples was detected using ColoCaller, which was designed by selecting CpGs with a two-step screening strategy, and was interpreted using a prediction model built using libSVM to evaluate its clinical value for gastric and colorectal cancer screening.



Results

Compared to pathological diagnosis, the sensitivity and specificity of the ColoCaller test in 217 stool DNA samples were 95.56% and 91.86%, respectively, for colorectal cancer, and 67.5% and 97.81%, respectively, for gastric cancer. The detection limit was as low as 1% in 8 ng of DNA.



Conclusion

In this study, we developed and established a new test, ColoCaller, which can be used as a screening tool or as an auxiliary diagnostic approach in high-risk populations with gastric and colorectal cancer to promote timely diagnosis and treatment.





Keywords: multi-gene, gastric and colorectal cancer, methylation, early detection, support vector machine



Introduction

Gastric and colorectal cancer (GCC) are important systemic diseases that affect human health. According to statistics, the number of new cases and deaths from GCC was 3,020,693 and 1,703,966, which represented 15.6% and 17.1% of total cancer in the world, respectively, in 2020 (1). Globally, about 48.6% of gastric cancer (GC) and 30.6% of Colorectal cancer (CRC) deaths occur in China (2). Most CRC patients are diagnosed with advanced cancer, of whom the 5-year survival rate is only 14%. The 5-year survival can be as high as 90% if the disease is detected at stage I, suggesting a better survival outcome is associated with early detection (3, 4). Likewise, the 5-year survival rate of patients with GC is up to 95% when patients are diagnosed as pT1a non-metastatic carcinomas, but below 1% for N3 cases (5). Therefore, it is of great significance to early detect GCC to decrease the morbidity and improve patients’ survival.

In recent years, endoscopy inspection is the most accurate method for early screening of GCC, but it is an invasive examination, with a certain risk of bleeding and perforation, poor patient compliance, and is not suitable for large-scale screening. Although there are currently many serum biomarkers used for screening early cancer, they do not meet the high sensitivity and specificity required for detecting GCC. Therefore, it is urgent to establish a non-invasive, convenient, and accurate screening method for the prevention and treatment of gastrointestinal cancer. Both of CRC and GC progresses through a multistep process that involves accumulation of both genetic and epigenetic alterations (6). As an early event in tumorigenesis and development, abnormal DNA methylation has been found to be strongly related to the occurrence of cancer and has great potential to become a tumor diagnostic biomarker (7–10). Although many sources, including serum/plasma and gastric washing lavage, could be used to access methylation analysis, the stool is perhaps the most convenient and promising source for cancer screening, especially for CRC screening. There are 109 epithelial cells that are shed from the normal mucosa every day. Due to the rapid renewal rate of tumor epithelial cells, at least 1% of cells fall into the intestine every day and are excreted from the feces (11, 12). In fact, many studies have shown that methylation in stool DNA is suitable for early detection of CRC and has a higher sensitivity and specificity than fecal occult blood test (FOBT) and colonoscopy (13–15). Ahlquist et al. reported that the sensitivity of DNA methylation of 4 genes (NDRG4, BMP3, TFPI2, vimentin) for patients with CRC and in patients with advanced adenomas (AA) (>1 cm) patients was 85% and 54%, respectively, and the specificity was 90% (16). Currently, several methylation tests have already been approved by the FDA or NMPA for the screening of CRC (17–19). The SEPT9 methylation kit was first approved based on epigenetic changes in blood for CRC screening. A meta-analysis showed that SEPT9 methylation has a relatively poor sensitivity of 73-78% and 8-31% in CRC and AA screening respectively (19). Therefore, the value of SEPT9 methylation for early CRC screening is questionable (20). With further research, additional methylated genes, were found to be useful in CRC screening, such as SFRP2, SDC2, and WIF1. However, early detection of GC by DNA methylation still has many challenges to overcome. There are few reports and products on the detection of GC using stool DNA methylation.

In this study, we explored the feasibility of DNA methylation for detection of GCC, and established a new assay, the ColoCaller test, which combined the detection of SDC2, TFPI2, WIF1, and NDRG4 methylation, and evaluated its clinical performance for early detection of GCC.



Material and Methods


Sample Collection and Processing

A total of 280 participants who were scheduled to undergo an endoscopy examination or with confirmed digestive tract cancer including CRC, advanced adenoma (AA), GC, other digestive tract cancer, and healthy individuals, were enrolled at the China-Japan Friendship Hospital and were asked to collect stool samples at home from July 2019 to November 2020 (Figure 1). Sixty-three patients with incomplete pathological data, insufficient samples, or that withdrew from the study were excluded and 217 patients with confirmed colonoscopy and/or pathological diagnosis were enrolled in this study. There was no history of infection or second malignancies in the patients and none received any preoperative radiotherapy, chemotherapy, or endocrine therapy. All patients provided their informed consent in writing. This study was approved by the Ethics Board of the Institute of China-Japan Friendship Hospital and was carried out in accordance with the specifications of the Declaration of Helsinki. Each patient was asked to collect a 3 g stool samples in a Stool Collection Tube (Apexbio, Suzhou, China). Samples were delivered to the laboratory at room temperature or stored at -20°C until further analysis. The CRC cell line HCT116 was purchased from the Peking Union Cell Resource Center (Beijing, China) and was cultured in Dulbecco’s modified Eagle’s medium (DMEM) at 37°C in 5% CO2.




Figure 1 | Study flowchart. GC, gastric cancer; CRC, colorectal cancer; AA, advanced adenomas; LASSO, Least Absolute Shrinkage and Selection Operation.





DNA Extraction and Bisulfite Conversion

All DNA was extracted using a stool DNA extraction kit (Apexbio, Suzhou, China) according to the manufacturer’s instructions. After measuring the concentration of DNA using the Qubit dsDNA HS Assay (Invitrogen, Carlsbad, CA, US), 800 ng of DNA was treated with sodium bisulfite using the DNA methylation kit (Apexbio, Suzhou, China) following the manufacturer’s instructions. The converted DNA was used immediately or stored at -20°C until use.



Selection of the Candidate Methylation Region

To comprehensively explore and verify the abnormal gene methylation in CRC, publicly available data including The Cancer Genome Atlas (TCGA) datasets (TCGA-COAD.methylation450; platform: Illumina Infinium Human Methylation 450K BeadChip, including 462 primary tumors and 85 normal tissues) and GEO datasets (GSE101764, GSE139404, GSE68060, GSE149282, and GSE129364; platform: Illumina Infinium Human Methylation 450K BeadChip, including 149/112 tumor-adjacent/tumor samples, 20/40 normal/tumor samples, 36/82 normal/tumor samples, 12/12 normal/tumor samples, and 3/69 normal/tumor samples, respectively) were downloaded from TCGA portal (https://portal.gdc.cancer.gov) and the Gene Expression Omnibus (GEO) database of the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/geo), respectively. After excluding unqualified samples (only Stage I/II samples were selected), there were 268 primary carcinoma samples and 239 normal samples. After normalization using ‘champ.norm’ function in the package R ‘Champ’ and filtration by the probe annotated by the corresponding annotation files for each data set, intact data of candidate methylated genes (SDC2, NDRG4, KCNQ5, WIF1, TFPI2, and ALX4), which were selected based on a PubMed library literature search, were collected and analyzed using the package R ‘Champ’ with an adjusted p-value <0.05 and a deltaBeta value >0.2 (13, 21–23).



Establishment and Verification of the ColoCaller Test

The primers and probes for the methylated genes (SDC2, WIF1, TFPI2, NDRG4, KCNQ5 and ALX4) were designed with MethPrimer software (24). All oligonucleotides in this study were synthesized by Sangon Biotech Co., Ltd (Sangon, Shanghai, China). The triple quantitative methylation specific PCR (qMSP) reaction of ColoCaller test (Apexbio, Suzhou, China) was performed in a 20 μL reaction containing 1X PerFecTa Multiplex qPCR ToughMix (Quanta Biosciences, Gaithersburg, USA), 400 nM of each forward primer and reverse primer, 200 nM of each probe, and 10 μL the converted DNA. This was programmed as: 95°C for 3 min, 5 cycles of 94°C for 10 s, 58°C for 30 s, followed by 45 cycles of 94°C for 10 s, 55°C for 30 s on the Cielo DX3 PCR System (Apexbio, Suzhou, China) and the 7500 Real-time System (ThermoFisher, US) according to the manufacturers’ instructions. All experiments were replicated to ensure reproducibility, and were performed under blind control.

Least Absolute Shrinkage and Selection Operation (LASSO) regression analysis can screen multiple eigenvalues and retain key eigenvalues. We used LASSO regression analysis to analyze 6 methylated genes in this study using the R package ‘glmnet’ (25). The Ct value of qMSP in 217 stool DNA was collected and randomly assigned to the training set (70%) and the validation set (30%) to screen the optimal methylated genes using the R package ‘glmnet’ with 10-fold cross-validation. The Ct value of each gene was transformed into the ‘0/1’ format according to its cutoff value, which was obtained by ROC analysis in advance. If the Ct value was greater than the corresponding cutoff value or there is no amplification curve, we transformed the Ct value to 0 and input it into subsequent analysis. Otherwise, we transformed the Ct value to 1. Sensitivity, specificity, and AUC were evaluated using the ‘pROC’ R package.

Subsequently, nonsignificant methylated genes were rejected and the amplification value of specific methylation genes was used to build the prediction model based on the support vector machine (SVM) polynomial classifier and kernel algorithm using the package R ‘e1071’ to identify the risk of early CRC (26, 27). In this study, the amplification data were randomly divided into the training group (n=127) and the validation group (n=90). The logistic regression formula is as follows:

 

Where the normal vector w= (w1; w2; …; wd), X= (X1; X2; …; Xn) was described by n genes, and Xi was the value of X in the i-th attribute, which was transformed from the value of Ct in the test (27).

 

where P was the risk index for CRC. The threshold of P value was assessed by ROC analysis for optimal sensitivity and specificity discriminating GCC patients from healthy participants. Each sample was considered ‘negative’ with high risk of GCC if the P value was < 0.087, otherwise a ‘positive’ value for high risk of GCC was scored.



ColoCaller Test Performance Analysis

To determine the limit of detection (LoD) of the ColoCaller test, different amounts (10 ng, 8 ng, and 6 ng) of fully-methylated genomic DNA (CRC cell line HCT116 DNA) and unmethylated stool DNA from healthy individuals was mixed in a mixture of 5%, 1%, and 0.5%, respectively. The methylation status of SDC2, WIF1, TFPI2, and NDRG4 genes was confirmed by Sanger sequencing. A total of 800 ng of mixed DNA was bisulfite converted and 10 replicates of each concentration series were amplified using two qPCR platforms with 3 batches of reagents to determine LoD, which was estimated by Probit analysis. Precision analysis was carried out using 10%, 5%, and 0% methylated DNA prepared by mixing DNA from HCT116 and DNA and healthy individuals DNA with 20 replicates using two qPCR platforms, respectively. The positive/negative accuracy rate was performed in methylated/non-methylated DNA mixed with different interruption materials (animal/plant DNA, microbic DNA, drugs, DNA with other methylated genes).



Statistical Analyses

All statistical analyses were performed using R version 3.6.1 and SPSS software (SPSS 22.0, IBM, USA). The Ct values of the corresponding methylated genes were input to construct the prediction model to evaluate the risk of CRC. The Ct value can be calculated only when the amplification curve has a significant exponential growth period or shows an S-type amplification. Sensitivity, specificity, and area under the curve (AUC) were used to evaluate the performance of the prediction models. All statistical tests were two-sided and a P-value of <0.05 was considered statistically significant.




Results


Clinical Characteristics

In this study, a total of 217 participants with confirmed colonoscopy and/or pathological diagnosis (including 39 patients with CRC, 6 patients with AA, 35 patients with GC, 30 patients with other digestive tract cancers, and 107 healthy controls) were enrolled. The clinicopathological characteristics of the participants are shown in Table 1.


Table 1 | Clinicopathological characteristic of patients analyzed.





Analytical Performance of the ColoCaller Test

Methylated genes were detected (10/10) with 10 replicates using two different qPCR platforms with an 8 ng sample of 1% methylated DNA. Therefore, the LoD was set at 1% for an 8-ng sample. The precision of the ColoCaller test was determined using a low positive control (8 ng, 5%) and a median positive control (8 ng, 10%), according to the CLSI guidelines EP15-A3. We replicated the test 20 times on two qPCR platforms and the CV of the detected Ct was less than 5.0%, respectively. The result of interference experiment showed that none of the drugs had any effect to the detection, except for 9.23 mg/mL berberine.



Establishment of the ColoCaller Test

In this study, we used a two-step screening strategy to select methylation biomarkers and then used machine learning methods to build a predictive model. In summary, we first extracted the methylation data of specific genes from public databases, and after analysis and sorting, we selected CpGs that were significantly different in tumors and normal adjacent tissues. To select the CpGs of candidate methylated genes filtered with the annotation file and normalized to eliminate the cross-batch effect, differential analysis was performed on the tumor and adjacent normal tissue. A total of 197 CpGs were obtained, including 20 significantly downregulated CpGs, 69 stable CpGs, and 108 significantly upregulated CpGs (deltaBeta>0.2, adj.P-value<0.05) (Supplementary Table 1). In addition, the volcano and heatmap showed differences between the different samples for the same CpGs, which basically confirmed the above results (Supplementary Figures 1, 2). No significant differences in the CpG of the CCND2, NEUROG1, SEPT9, SFRP1, and SFRP2 genes were found after normalization. There were many significantly upregulated CpGs for EYA4 and BMP3, but the consistency between different datasets was very poor. However, the CpG profiles for KCNQ5, WIF1, TFPI2, NDRG4, ALX4, and SDC2 genes were relatively consistent between each dataset (Supplementary Table 2). Therefore, the CpGs of KCNQ5, WIF1, TFPI2, NDRG4, ALX4, and SDC2 genes were used to design probes for multitarget detection and to perform the qMSP tests in subsequent studies. Compared to clinical pathological data, ALX4 and KCNQ5 CpGs were excluded using the LASSO algorithm, which were of little relevance within the prediction model (Supplementary Table 3 and Supplementary Figure 4). While simplifying the complexity of the model, the selection of markers was further optimized.

Next, we use SVM to construct a prediction model for the early diagnosis of GCC. The methylation status of SDC2, WIF1, TFPI2, and NDRG4 was randomly divided into a training set (n=127) and a validation set (n=90). Among the two data sets, data from patients with other cancers, especially with digestive tract cancers, were included to further verify the specificity of the ColoCaller test for CRC. The prediction results of the training set showed that the model prediction was good, with the accuracy, sensitivity, and specificity of 92.10% (95%CI 86.10%-96.70%), 93.33% (95%CI 78.67%-98.15%), and 91.75% (95% CI 84.56%-95.76%), respectively, and the AUC area reached 0.94 (Figure 2 and Supplementary Table 3). Consistent with the training set, the AUC of the validation set was 0.99. For the entire cohort of 217 participants, the Kappa value, sensitivity, and specificity of the ColoCaller test for the detection of CRC were 0.80, 95.56% (43/45, 95%CI 85.17%-98.77%), and 91.86% (158/172, 95%CI 86.80%-95.09%), respectively (Figure 2C and Table 2. For 6 patients with AA, the positive detection rate of methylation was 100%. Furthermore, excluding the patients with other digestive tract cancers, the sensitivity and specificity of the ColoCaller test for CRC screening reached 95.56% (43/45, 95%CI 85.17%-98.77%) and 98.13% (105/107, 95%CI 93.44%-99.49%), respectively (Supplementary Table 3).


Table 2 | Comparison performance of ColoCaller test in CRC.






Figure 2 | Diagnostic performance of ColoCaller test in 217 stool DNA. Receiver operating characteristics (ROC) curves of ColoCaller test for CRC in the training (A), validation (B) and entire (C) group. (D) Performance of ColoCaller for gastric cancer (GC) detection.





Methylated SDC2 Gene Alone Was Less Sensitive Than ColoCaller for Early CRC Screening

In this study, we also compared the performance of a single methylated gene with the ColoCaller test. The sensitivity/specificity of SDC2, TIFP2, NDRG4, and WIF1 gene alone in the training set were 90.00%/91.80%, 80.00%/83.50%, 76.70%/95.90%, and 80.00%/92.80%, respectively (Supplementary Figure 3). For the SDC2 gene alone, the performance was less efficient than the ColoCaller test, even in the entire cohort with less sensitivity (93.30% vs 95.60%) for CRC screening (Supplementary Table 3).



The ColoCaller Test Could Be Used as an Auxiliary Screening Tool for GCC

Among digestive tract cancers, the methylation profile of GC may be similar to that of CRC. In this study, using the ColoCaller algorithm, 54 patients were detected as having a positive result for GCC methylation (including CRC and GC), with a sensitivity and specificity of 68.75% (54/80) and 97.81% (134/137) (Table 3 and Supplementary Table 4). Furthermore, we also reconstructed the prediction model for GCC, and the result was the same as before, with a specificity of 97.81% (134/137, 95%CI 93.76%-99.25%). It indicated that the ColoCaller test could be used as an auxiliary tool for the screening of GCC.


Table 3 | Comparison performance of ColoCaller test in GCC.






Discussion

Endoscopy inspection is currently recognized as the “gold standard” for the screening of gastrointestinal cancer (28). However, as an invasive examination, it will bring certain pain and a higher risk of complications. In addition, medical resources for endoscopy examinations are scarce and unevenly distributed, which cannot yet satisfy population screening. The sixth census showed that there are about 40 million people will require a colonoscopy in China. However, the annual colonoscopy capacity is only 5.38 million and there are less than 40,000 endoscopists (29–31). Currently, a series of studies have found that many genes are hypermethylated in CRC, and some have been used in clinical practice (32, 33). DNA methylation of the stool has already been considered as an effective tool to detect CRC. However, there are few reports on the detection of GC by DNA methylation.

In this study, we investigated the methylation profile in public datasets to identify potential biomarkers for GC and CRC, and the development of a new diagnostic test, ColoCaller. Subsequently, the clinical diagnostic value of ColoCaller was evaluated in 217 stool samples from patients with gastrointestinal cancer and those with negative endoscopy, which were prospectively collected. Several hypermethylated genes (WIF1, SDC2, TFPI2, NDRG4) were screened and compared in tumors and normal tissue of patients with GC and CRC patients, which had great potential to become a diagnostic biomarker. Due to the high acidity in the stomach, previous reports have indicated that DNA may be denatured and cannot be detected in the stool for GC (34). However, the sensitivity of ColoCaller test for GC was 67.5% and the specificity was about 97.81%. These results confirmed that stool DNA obtained from exfoliated cells could be detected from patients with GC, and the ColoCaller test could be used as diagnostic biomarker for GC.

In addition, several reports have been published on the relationship between methylated genes (WIF1, SDC2, TFPI2, NDRG4) and CRC. Some genes have high specificity and low sensitivity for methylation, while others have the opposite. However, the influence of these genes on GC is still unclear. Only methylation of the SDC2 and TFPI2 genes has been reported to be related to GC (35–37). In view of the excellent performance of SDC2 gene methylation in the detection of CRC in previous reports, we analyzed the screening capability of methylated SDC2 alone for CRC. The results showed that the performance was less efficient than that of the ColoCaller test, even in the entire cohort with less sensitivity (93.30% vs 95.60%) for the detection of CRC. Furthermore, we found that a high positive rate of these methylated genes was observed not only in GCC, but also in other gastrointestinal cancers, which indicates that single gene methylation cannot easily distinguish the location of gastrointestinal cancer. Because the DNA of tumor cells that shed stool cannot contain a single gene, the sensitivity and specificity of single gene methylation has not reached a very satisfactory level. Combined multitarget detection has become a common method to improve detection sensitivity (25, 38–41). A previous study reported that the sensitivity of the stool DNA methylation test using single and multiple genes was 48% and 77.8%, and the specificity was 97% and 92.7%, respectively (42). Therefore, combined multitarget detection might be a promising method to improve sensitivity and specificity for cancer screening.

However, how to choose a candidate gene and how to interpret the findings remains to be clarified. In our study, we used a two-step screening strategy to select methylation biomarkers. The reason for choosing LASSO regression for feature selection is that LASSO is a linear model that estimates sparse coefficients. Especially in clinical diagnostic research, LASSO is widely used to drop disrelated variates to reduce the number of features and recover the exact set of non-zero coefficients via regularization. Subsequently, the prediction model for early screening of CRC was constructed using SVM, which can solve practical problems including small samples, nonlinearity, high dimensionality, and subdivided the methylation result into two categories (negative/positive methylation status) to determine the best separation threshold (43). Its core procedure was that the learning machine could adapt to the limited training of samples to obtain a robust prediction model. This robustness allows the addition and deletion of non-supported vector samples that have no effect on the model. During the construction of the model, we converted the Ct value to ‘0/1’ values according to the corresponding threshold and compared the impact of the converted and non-converted data on the accuracy of the prediction model. The sensitivity and specificity reached 97.80% and 94.80%, respectively using the Ct values; however, the prediction result exhibited by slight variations, which may have been caused by different settings of the threshold or baseline values.

To our knowledge, this is the first report on the use of methylated SDC2, TFPI2, WIF1, and NDRG4 genes for early detection of GCC, which not only retains the advantages of simple and non-invasive characteristics similar to FOBT, but also higher sensitivity and specificity to the screening or auxiliary diagnosis of a high-risk population with GCC. At the same time, due to the convenient sampling (home collection) and cheap costs ($100-300/test), it can be tested repeatedly in clinical application, which is conducive to continuous monitoring. In the future, a screening method with stool examination as the primary screening and endoscopy as confirmation will be conducive to popularization and optimization of GCC screening to further improve the detection rate of early GC and CRC. In addition to being able to directly detect GCC, the ColoCaller test can further stratify a high-risk population to improve endoscopy compliance, and promote timely diagnosis and treatment. However, at present, the sample size used in this study to verify the performance of the ColoCaller test was limited, and additional research data is still needed, especially due to the lack of patients with AA, furthermore, long-term follow-up data is needed to support our findings. Additionally, the detailed clinicopathological characteristics of patients with GCC was not included in this study, whether different disease sites or different molecular subtypes which may underestimate the diagnostic performance.
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Gastric cancer is the second most common cancer in Japan. The incidence of gastric cancer remains high owing to the increase in the elderly population. Endoscopy outperforms radiography in identifying early gastric cancer (EGC). Furthermore, image-enhanced endoscopy (IEE) has been developed and implemented worldwide in clinical practice. Magnifying IEE images can help to visualize the microvascular pattern and microstructure architecture, which is used for the characterization of EGC. However, accurate endoscopic diagnosis requires the experience and skill of endoscopists, making an objective and simple diagnostic method desirable. In this retrospective study, we investigated the diagnostic yield of 5-aminolevulinic acid (5-ALA)-mediated photodynamic diagnosis (PDD) for identifying gastric cancers and high-grade adenomas. In total, 52 lesions from 43 patients were ultimately included in the study. We detected 5-ALA-mediated protoporphyrin IX fluorescence in 45 of the 52 lesions that were initially intended for PDD, resulting in a detection rate of 86.5%, whereas each signet ring cell carcinoma was negative using 5-ALA PDD. In eight of the patients with multiple lesions, 17 lesions were identified using 5-ALA PDD. Again, we took biopsies from six areas that we suspected as new lesions. While 4 lesions were gastric neoplasms resected by endoscopic submucosal dissection, two other lesions were normal. Preoperative 5-ALA-PDD could provide additional diagnostic yields to detect such multiple lesions simultaneously. No severe adverse events were observed. Prospective multicenter studies are warranted to confirm the usefulness of 5-ALA PDD for EGC identification.
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Introduction

Gastric cancer is the fifth most common cancer and fourth leading cause of cancer-related deaths worldwide (1). Helicobacter pylori (H. pylori) infection is considered the main cause of gastric cancer (2, 3). Despite a reduction in the number of H. pylori infections, the number of gastric cancer cases continues to increase owing to an increase in the elderly population, and the number of deaths has plateaued. Currently, the number of gastric cancer cases ranks second among all cancers in Japan with the number of deaths caused by gastric cancer ranking third (4). The incidence and mortality rates of gastric cancer make it a critical public health problem.

Endoscopy outperforms radiography in identifying early gastric cancer (EGC), which can be curatively treated via endoscopic resection in cases of nominal risk of lymph nodal metastasis. Image-enhanced endoscopy (IEE) has been developed and implemented worldwide in clinical practice. In particular, magnifying endoscopic images can be helpful to visualize the microvascular pattern and microstructure architecture for the characterization of EGC. However, an accurate endoscopic diagnosis requires the experience and skill of endoscopists (5, 6). Thus, there are still limitations associated with standardizing diagnostic capacity using magnifying IEE that can be shared among novice to board-certified expert endoscopists. Thus, a more objective and simple diagnostic method is warranted.

Photodynamic diagnosis (PDD) is used to detect tumors via illumination with a specific wavelength of light to produce fluorescence after the administration of specific photosensitizers that accumulate in tumors in situ. In recent years, PDD using 5-aminolevulinic acid (5-ALA) has been reported for some cancers, including gastric cancer, bladder cancer, and brain tumors (7, 8). Regarding the metabolic mechanism underlying the processing of 5-ALA, it is taken up intracellularly into the cytoplasm via oligopeptide transporter 1, which is a peptide transporter, and then transported to the mitochondria and excreted extracellularly by ATP-binding cassette transporter G2. In cancer cells, the heterocyclic organic compound protoporphyrin IX (PpIX) markedly accumulates as a result of abnormal transporter activity in the cell membrane and mitochondria, as well as enzyme abnormalities. When cells are irradiated with a laser or light-emitting diode (LED) of approximately 405 nm, PpIX exhibits red fluorescence at 635 nm. Thus, a cancer lesion can be identified using this property of PpIX. Accordingly, PDD can be applied for tumor detection and might be useful in identifying EGC, regardless of the endoscopist’s level of experience; however, its usefulness with flexible endoscopy remains unestablished owing to the limited number of studies (9).

The endoscopic miss rate of EGC detection is often higher than desired. According to Menon et al., 11.3% of upper gastrointestinal cancers are missed during endoscopy examination for up to 3 years before diagnosis (10). Shimodate et al. re-examined previous endoscopic reports of patients with EGC and found that 75.2% of EGCs had not been recorded in previous esophagogastroduodenoscopy reports but were evident upon the review of endoscopic photographs (11). In the current retrospective study, we investigated the diagnostic yield of PDD for identifying multiple gastric cancers and high-grade adenomas.



Materials and Methods


Patients

In total, 44 patients underwent 5-ALA-mediated PDD for 53 target lesions of endoscopic resection at university hospitals from December 2013 to March 2019. The inclusion criteria were as follows: (1) patients aged 20 years or older who agreed to participate in the study, (2) patients who were to undergo endoscopy, and (3) patients for whom the Eastern Cooperative Oncology Group Performance Status (PS) was 0 or 1. Patients were excluded if they had an allergy to 5-ALA or porphyria and/or were taking medication known to cause photosensitivity or ingesting foods containing St. John’s wort. Patients with any other concurrent tumor, those who were pregnant, and/or those who had severe dysfunction due to heart, liver, lung, or renal disease were also excluded. Finally, patients who had a doctor-in-charge who believed they were not appropriate candidates for the study were excluded. The study was approved by the institutional ethics committees (#11032827 and #17B013). Written informed consent was obtained prior to study enrolment from patients who met the inclusion criteria but did not meet the exclusion criteria. One patient, as described in the Results section, was excluded after enrollment, leaving a final study cohort of 43 patients and 52 lesions.



5-ALA PDD

Endoscopic PDD was performed 3 h after the oral administration of 20 mg/kg 5-ALA. For the in vivo fluorescence detection of PpIX accumulation, a Sie-P1video image endoscope system (Fuji Film Medical Co., Tokyo, Japan) consisting of a VP-0001 processor, an LL-4450-P1 light source, and an XG-0002-P1 scope or a Sie-P2 system (Fuji Film Medical Co.) with a VP-7000-P2 processor, an LL-7000-P2 light source, and an EG-L590ZW esophagogastroduodenoscopy scope was used (12, 13). A 410-nm laser was used for blue-light excitation of PpIX to induce red fluorescence emittance. When a fluorescence signal was visualized and confined to the tumor and not in the surrounding non-tumorous tissue, it was referred to as PDD-positive. After identifying the lesion, the stomach cavity was evaluated followed by endoscopic submucosal dissection (ESD) of the target lesion(s). Thus, endoscopic PDD was performed on the day of ESD immediately prior to performing the ESD procedure. Whereas ESD was performed for lesions with a nominal risk of lymph node metastasis, in accordance with previously described criteria (14), five patients underwent standard surgery with the removal of regional lymph nodes. All patients were shielded from strong light, such as direct sunlight, for 24 h following the 5-ALA PDD procedure to avoid potential phototoxic reactions.



Histopathological Evaluation

The resected lesions were classified according to the English edition of the Japanese Classification of Gastric Carcinoma (15). The tumor characteristics described included the tumor location, macroscopic type, size, and histology, as well as the depth of tumor invasion. Tumor location was categorized as the upper, middle, or lower thirds of the stomach. Macroscopic tumors are categorized as elevated or flat/depressed types. Tumor histology was classified as adenoma, differentiated adenocarcinoma [well-differentiated adenocarcinoma (tub1), moderately differentiated adenocarcinoma (tub2), or papillary adenocarcinoma pap)], or undifferentiated adenocarcinoma [poorly differentiated adenocarcinoma (por) or signet ring cell carcinoma (sig)]. Biopsy sampling and histopathological evaluation were performed once new PDD-positive lesions were found.



Statistical analysis

The statistical significance of comparisons between groups was determined using the χ2 test and Student’s t-test. Statistical significance was set at p < 0.05.




Results


Clinicopathological Characteristics

After enrolment, one patient who had received anticancer drug treatment until 1 month prior to completing the consent form was excluded from the study in accordance with the exclusion criterion. In total, 52 lesions from the remaining 43 patients were included in this study. The characteristics of the 43 patients and 52 lesions are shown in Table 1. The median age of the patients was 72 years (range, 56–77 years), there were 32 men, and all patients had a PS of 0. The 52 lesions analyzed included 42 adenocarcinomas and 10 high-grade adenomas. There were 26 elevated lesions (24 macroscopic type 0–IIa lesions; two macroscopic type 0–I lesions) and 26 flat/depressed lesions (23 macroscopic type 0–Ic lesions; three macroscopic type IIb lesions). Of the 42 cancer lesions, 37 were intramucosal adenocarcinomas (T1a) and five had infiltrated into the submucosa (T1b). Of the 42 adenocarcinomas, four were signet ring cell carcinomas. In Table 1, 52 lesions consisted of 42 gastric cancer lesions and 10 adenomas. There was neither lymphatic nor venous invasion in the 10 adenomas; 42 cancerous lesions were assessed as for lymphatic and venous invasion. There were three lesions with lymphatic invasion, each being ly1, and three lesions with venous invasion, each being v1. One case had both the ly1 and v1. The median tumor size of the excised lesions was 18.5 mm in diameter with an interquartile range (IQR) of 10.0–30.0. In the case series, all ESD and surgery with removal of the lymph nodes were successfully conducted uneventfully. Histopathological assessment did not identify any lymph node metastasis.


Table 1 | Characteristics of 52 lesions in 43 patients with early gastric cancer and/or adenoma who underwent endoscopic photodynamic diagnosis (PDD).





Detection Rate and Intensity Levels of 5-ALA PDD Fluorescence

We detected 5-ALA-mediated PpIX fluorescence in 45 of the 52 lesions that were initially intended for PDD, resulting in a detection rate of 86.5%; the seven lesions, including four signet ring cell carcinomas, not identified by 5-ALA PDD should be deemed misdiagnoses. On the other hand, we took biopsies from six areas that we suspected as new lesions. While 4 lesions were gastric neoplasms resected endoscopically, another two lesions were normal.

Forty-two lesions were previously assessed by magnifying IEE with narrow band imaging (NBI) before 5-ALA PDD, and 38 lesions (90.5%) were identified by the magnifying IEE with NBI. There were four PDD-negative cases among the 38 lesions. On the other hand, there were 3 PDD-positive lesions that were not identified by combination of conventional endoscopy and IEE during previous examinations (Figure 1). Each was determined to be differentiated intramucosal adenocarcinoma, which could be subsequently resected using ESD.




Figure 1 | Five aminolebulinic acid-mediated photodynamic diagnosis (5-ALA PDD)-positive lesion (A) that were not clearly identified by conventional white light imaging (B) only with slightly elevation and narrow band imaging with (C) or without (D) magnification without apparent demarcation during previous examination.



We summarize the sensitivity and the false-positive rate for 5-ALA PDD and the sensitivity for magnifying IEE with NBI when the results of pathological validation were considered as gold standard (Table 2).


Table 2 | Summary of the sensitivity and the false-positive rate for the 5-aminolevulinic acid-mediated photodynamic diagnosis (PDD) and the sensitivity for the magnifying image-enhanced endoscopy when the results of pathological validation were considered as gold standard.



As there was a difference in the level of fluorescence among the 45 lesions, the PDD-positive lesions were divided into strongly PDD-positive (++) and weakly PDD-positive (+). Tumors were deemed PDD-positive (++) when the intense fluorescence and diffuse fluorescence were clearly greater compared to the background signal and that of the PDD-positive (+) samples (12, 13). There were 21 PDD-positive (++) lesions and 24 PDD-positive (+) lesions (Table 1). Representative images are shown in Figure 2. Thirty-eight intestinal-type gastric cancers included three PDD-negative, 19 PDD-positive (+), and 16 strongly positive lesions. Ten high-grade adenomas included five PDD-positive (+) and five PDD-positive (++) lesions. There were no significant differences in the fluorescence intensity between intestinal-type gastric cancers and high-grade adenomas. Again, 37 T1a intramucosal cancers included six PDD-negative, 17 weakly positive, and 14 PDD-positive (++) lesions, whereas 5 T1b gastric cancers included one PDD-negative, two PDD-positive (+), and two PDD-positive (++) lesions. Five tumors had lymphatic or vascular involvement, and there were one PDD-negative, two PDD-positive (+), and two PDD-positive (++) lesions.




Figure 2 | Strongly positive (++) 5-aminolevulinic acid-mediated photodynamic diagnosis (5-ALA PDD) and weakly PDD-positive (+) and PDD-negative images are shown. The each corresponding white light imaging was shown in lower parts.





PDD for Multiple Lesions

In eight patients with multiple lesions, 17 lesions were identified via 5-ALA-mediated PDD. The patient and lesion characteristics for these eight patients are shown in Table 3. The median age of the patients was 73 years (range 64–75 years), and there were seven men. There were nine differentiated intramucosal adenocarcinomas (T1a) and eight high-grade adenomas. There were no undifferentiated adenocarcinomas, including any signet ring cell carcinomas, despite the statistical insignificance. There were 12 elevated lesions (all macroscopic type 0–IIa) and five flat/depressed lesions (four lesions were macroscopic type 0–IIc; one lesion was macroscopic type IIb macroscopic type). In Table 3, 17 lesions consisted of 9 gastric cancer lesions and 8 high-grade adenomas. There was neither lymphatic nor venous invasion in the 8 adenomas; 9 cancerous lesions were assessed as for lymphatic and venous invasion, and all were negative. All 17 lesions were curatively resected using ESD, with nominal lymphovascular invasion and without residual lesions.


Table 3 | Characteristics of 17 multiple lesions in eight patients with early gastric cancer and/or adenoma.





Adverse Events in Relation to PDD

There was a transient elevation of circulating aspartate aminotransferase to levels > 100 IU/L in seven patients, including five grade 1 and two grade 2 events according to Common Terminology Criteria for Adverse Events (CTCAE) grades (http://www.jcog.jp/doctor/tool/CTCAEv5J_20180730_v21_0.pdf). Grade 1 hypotension was observed in two patients, both of whom recovered spontaneously. Photosensitivity was not observed in any of the patients.




Discussion

The present study demonstrated that laser-based 5-ALA PDD could be used to successfully detect gastric cancers and adenomas that can simultaneously originate in the gastric cavity, mainly in the middle and lower compartments (Table 1). Nearly 20% of EGC cases (8/43) had multiple adenocarcinoma and/or adenoma lesions. Gastric adenoma is essentially a benign lesion, whereas intestinal-type gastric cancers have a possible risk of metastasis even in the earlier stages. As each of the 10 lesions were diagnosed as high-grade adenoma, we performed ESD for the purpose of total resection considering the known risks of malignant transformation and possibly having malignant foci in the precancerous lesion (16). Among 52 lesions that were assessed by 5-ALA PDD, 45 lesions were judged positive; the detection rate could be 86.5%, but it might be attributable to the inclusion criteria of ESD; cases of precancerous high-grade adenomas or differentiated adenocarcinoma with nominal risks of lymph node metastasis were preferentially enrolled. Future studies are necessary in order to evaluate whether the use of 5-ALA PDD in combination with ESD would be useful on the basis of a positive PpIX fluorescence. On the other hand, we took biopsies from six areas that we suspected as new lesions. While 4 lesions were gastric neoplasms resected by ESD, another two lesions were normal. The sensitivity of PDD could be 66.7% (4/6) when it is difficult to determine whether a tissue is a lesion in bright-field view. In other words, false positivity might reach 33.3% (2/6). When examiners can detect the fluorescence rather objectively, the rates of false positives would be almost comparable between experts and inexperienced endoscopists if biopsy sampling can be conducted appropriately.

The underlying mechanism associated with the differential accumulation of 5-ALA-induced photosensitizing PpIX in tumor cells, including gastric cancer cells, remains uncertain. Nevertheless, the histopathological types of gastric cancer (intestinal vs. diffuse; differentiated vs. undifferentiated) could affect the red fluorescence intensity of PpIX in endoscopic PDD upon excitation by light with a wavelength of 410 nm. Thus, tumor cells could be detected using fluorescence navigation. As expected, most differentiated-type gastric cancers emitted diverse degrees of red fluorescence, peaking at 635 nm, whereas pure signet ring cell carcinoma under the same conditions emitted nominal fluorescence in each case (17). These results suggest substantial differences among diverse gastric tumors in the accumulation of PpIX, a metabolite produced by the heme biosynthetic pathway, following 5-ALA administration (18). The production of PpIX through the porphyrin biosynthesis pathway is promoted in tumor cells because of the activation of the porphyrin synthetic enzyme following the incorporation of 5-ALA, which occurs via the peptide transporter oligopeptide transporter-1 (19). As a result, PpIX accumulates in tumor cells, including intestinal-type gastric tumors. Immunohistochemical assessment has revealed that the two porphyrin synthetic enzymes, coproporphyrinogen-III oxidase and protoporphyrinogen oxidase, are highly expressed in the cytoplasm of differentiated gastric cancer cells, whereas both enzymes are downregulated in signet ring cell carcinoma cells (17, 20). Similarly, the expression of peptide transporter oligopeptide transporter-1 is higher in the membranous surface of differentiated gastric cancer cells than in signet ring cell carcinoma cells (17, 19). According to immunohistochemical studies, this transporter protein is highly expressed in differentiated-type tumors, leading to strong red fluorescence upon photodynamic diagnosis, which might be related to the absorbance and accumulation of photosensitizing PpIX in typically differentiated intestinal-type gastric epithelial neoplasms. The ATP-binding cassette transporter ATP-binding cassette subfamily G member 2 can also affect intracellular photosensitizing PpIX levels in gastric cancer cells in vitro. Although the expression of ATP-binding cassette transporter ATP-binding cassette sub-family G member 2 can be observed in both types of lesions, a loss of polarity was previously observed in undifferentiated tumors (17). Additional studies are needed to determine the meaning of this result.

IEE, including NBI and blue-light imaging, highlights the mucosal surface structure and vascularity when using magnifying endoscopy. Thus, magnified endoscopy with IEE allows for the identification of subtle superficial abnormalities in the early stages of gastric cancer that are difficult to recognize using conventional white-light endoscopy (21–25). Currently, NBI-magnifying endoscopy is widely used for the differential diagnosis of gastric cancer and gastritis and to accurately identify cancer margins. Owing to the development of magnifying endoscopy with IEE, the diagnostic accuracy for gastric neoplasm lesions has improved by implementing the presence/absence of a demarcation line and irregular micro-surface patterns and irregular microvascular patterns. Studies on the diagnostic performance of magnifying IEE using the vessel plus surface (VS) classification have shown accurate diagnostic yields for EGC, and the standardized algorithm named the Magnifying Endoscopy Simple Diagnostic Algorithm for Early Gastric Cancer (MESDA-G) was established (24, 26, 27). In the current cohorts, 42 lesions were previously assessed by magnifying IEE with NBI before 5-ALA PDD, and 38 lesions (90.5%) were identified by magnifying IEE with NBI. There were four cases that were negative for 5-ALA PDD, confirming the standard method of detecting gastric neoplasm lesions by utilizing magnifying IEE. However, inflammation associated with H. pylori infection makes qualitative diagnosis difficult and subjective, even among expert endoscopists (26, 28). According to a Japanese multicenter study, NBI does not contribute to an increase in the detection rate of EGC and does not outperform standard white light imaging (29). Indeed, eradication therapy against H. pylori infection has been widely performed; however, the incidence of gastric cancer has not decreased. Moreover, gastric cancer post-eradication of H. pylori infection often resembles gastritis, making the diagnosis of EGC difficult (27, 30–32). Therefore, it is desirable to develop an endoscopic diagnostic method that enables an objective evaluation, irrespective of the expertise of the endoscopists. Our current results suggest that 5-ALA PDD might be useful in identifying typical intestinal types of gastric cancers in the early stages of disease or even as pre-cancerous lesions. However, undifferentiated signet ring cell carcinomas seem unsuitable for identification via this molecular imaging methodology. However, the number of diffuse-type gastric cancer cases in our current study was too small to demonstrate clinical significance. Forty-two lesions were initially assessed by magnifying IEE with NBI before ESD and 5-ALA PDD.

The use of 5-ALA PDD has proven useful for glioblastoma removal (33), and 5-ALA was approved as an intraoperative diagnostic agent for malignant glioma surgery by the US Food and Drug Association in 2017 (34). For bladder cancer, ALA-PDD is superior to conventional endoscopic diagnoses performed under white light for the detection of flat lesions, even within carcinoma in situ (7, 35–38). This agent was also approved in 2017 for the intraoperative visualization of non-muscle-invasive bladder cancer during the transurethral resection of bladder tumors. The detection rate of additional tumors using 5-ALA PDD ranges from 10% to 30%, ultimately improving the survival rates of patients (39–44). In the surgical field for gastric cancer, 5-ALA PDD has been reported to improve the detection rate of peritoneal dissemination by 10% compared to that with white light (45). We also found new lesions in our current study when 5-ALA PDD was applied, which indicates that the potential for under-detecting EGC or precancerous adenoma lesions could be reduced by using PDD. Thus, it would be expected that 5-ALA PDD exerts additional effects over white light imaging. Additional well-designed prospective studies are warranted to assess whether 5-ALA PDD outperforms white light imaging for the accurate and additional detection of gastric neoplastic lesions. Again, additional gastric epithelial neoplasm lesions that were previously overlooked with initial conventional endoscopy and IEE were identified via 5-ALA PDD. Whereas IEE is widely used for gastric cancer detection, the full magnifying function that is necessary to obtain an even closer and clearer visualization of microvascular and microsurface patterns might not be routinely available for each lesion and in the vast gastric cavity.

We believe that 5-ALA-PDD could help search for gastric epithelial neoplasms that can be resected endoscopically, EGC, and high-grade adenoma in the initial IEE, providing additional diagnostic yields to detect such multiple lesions simultaneously, but further research is necessary to address whether 5-ALA PDD can help identify EGC in the initial IEE. We considered maintaining a degree of insufflation throughout the examination so that all anatomical areas can be properly distinguished throughout the vast gastric cavity. A combination of close-up and panoramic views is essential to achieve a complete examination and to register the total mucosal lining, but we encountered reduction of the fluorescence during the blue light irradiation after exceeding 5 min, which might be referred to as photo-bleaching (12); the durable close-up photo-documentation should be avoided. Again, the amount of excitation light per unit area irradiated to the lesion is inversely proportional to the square of the distance from the light source to the lesion, meaning that the intensity of PpIX fluorescence observed in the lesion might depend on the distance between the light source and the lesion; however, it is beyond the scope of the current study.

This study had several limitations. It was a retrospective study with a relatively small cohort and was conducted at a limited number of tertiary university hospitals. Non-experts were not enrolled in the current study, and the examiners were experts, who were exceptional at safely conducting ESD and who have handled at least 50 cases of ESD. Therefore, future studies are warranted to explore diverse clinical settings to assess to what extent the combined use of 5-ALA PDD can increase the detection rate of lesions that inexperienced endoscopists may miss during bright-field imaging. In addition, H. pylori infection status was not systemically confirmed. PDD-negative signet ring cell carcinomas were exclusively negative for H. pylori infection. Considering that most gastric cancers, particularly intestinal-type gastric cancers, are associatied with a predisposition as a result of a current or past H. pylori infection (46, 47), 5-ALA PDD could be used to identify EGC of differentiated gastric adenocarcinoma related to H. pylori infection. This suggests future directions for clinical trials to confirm the diagnostic yield of 5-ALA PDD, targeting such lesions. Given the high incidence and mortality rates of gastric cancer, particularly in Asia, it is of clinical significance to detect gastric cancer in the early stages with nominal risks of lymph node metastasis, at which point most cases can be cured using minimally invasive endoscopic resection. This is supported by the fact that almost all lesions identified by 5-ALA PDD in our case series were extensively resected using ESD with no residual cancer. Furthermore, as shown in the current study, detectable fluorescence was not emitted by any of the signet ring cell carcinomas. This might have been due to the excitation light used for the PDD. Owing to the short wavelength of the LED light, it could have been attenuated in the superficial layer of the mucosa, thereby not reaching the deeper mucosal layer where signet ring cell carcinomas arise (17, 20). When the LED light was equipped into a Fujifilm ELUXEO Endoscopic Imaging System that is readily launched, a stronger light intensity is safely produced for 5-ALA PDD. In fact, we successfully identified multiple lesions of differentiated EGC and adenoma using this system (Figure 3). Whether the defined region in the PDD image was PDD-positive or PDD-negative was visually determined by examiners. Artificial intelligence assistance would provide a more objective and ultimately a more reliable identification of lesions, thereby reducing the potential of overlooking lesions, even when using 5-ALA PDD. Of note, seven patients had elevated circulating aspartate aminotransferase after 5-ALA-PDD, and thus, this method might not be used for patients with liver diseases. Finally, there was no significant difference in 5-ALA PDD fluorescence intensity between T1a and T1b and between lymphatic or vascular involvement. The aim of this study was to assess diagnostic yields of 5-ALA PDD to detect earlier stages of EGC and precancer lesions, and there were nominal cases of advanced gastric cancers enrolled in the study cohorts. Further studies are needed to address the utility of 5-ALA PDD in association with more aggressive biological behavior.




Figure 3 | 5-ALA PDD using an endoscope with a light-emitting diode can identify well-differentiated adenocarcinoma-positive (++) and high-grade adenoma-positive (+) lesions in the same patient.



In conclusion, we confirmed that 5-ALA PDD could be used to identify intestinal types of gastric neoplasms, EGC, and high-grade adenoma. This approach, based on our current protocol, should provide additional diagnostic yields to safely detect multiple lesions simultaneously. Accordingly, 5-ALA PDD will likely become a useful diagnostic method for gastric cancer following the execution of larger well-designed multicenter studies. Again, 5-ALA PDD may contribute to increasing the rate of negative resection margins (Figure 4). Although there are many hurdles to overcome for the clinical application of 5-ALA PDD in ESD, this study is commendable in that it shows the potential of 5-ALA PDD as a diagnostic test for intestinal-type gastric cancer.




Figure 4 | Endoscopic images of gastric cancer on the anterior wall of the antrum with white light imaging (A) and 5-ALA PDD (B). Macroscopic findings of the resected specimen by endoscopic submucosal dissection before formalin fixation (C) and after formalin fixation (D). Each blue and yellow circle in panels (C, D) corresponds to a respective circle in the endoscope image (E). The red lines correspond to the extent of cancer cells. The cancerous horizontal extent in histopathology may be coincident with the PDD-positive area (F).
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There is no cost-effective, accurate, and non-invasive method for the detection of esophageal squamous cell carcinoma (ESCC) in clinical practice. We aimed to investigate the diagnostic potential of tumor-educated platelets in ESCC. In this study, seventy-one ESCC patients and eighty healthy individuals were enrolled and divided into a training cohort (23 patients and 27 healthy individuals) and a validation cohort (48 patients and 53 healthy individuals). Next-generation RNA sequencing was performed on platelets isolated from peripheral blood of all participants, and a support vector machine/leave-one-out cross validation (SVM/LOOCV) approach was used for binary classification. A diagnostic signature composed of ARID1A, GTF2H2, and PRKRIR discriminated ESCC patients from healthy individuals with 91.3% sensitivity and 85.2% specificity in the training cohort and 87.5% sensitivity and 81.1% specificity in the validation cohort. The AUC was 0.924 (95% CI, 0.845–0.956) and 0.893 (95% CI, 0.821–0.966), respectively, in the training cohort and validation cohort. This 3-gene platelet RNA signature could effectively discriminate ESCC from healthy control. Our data highlighted the potential of tumor-educated platelets for the noninvasive diagnosis of ESCC. Moreover, we found that keratin and collagen protein families and ECM-related pathways might be involved in tumor progression and metastasis of ESCC, which might provide insights to understand ESCC pathobiology and advance novel therapeutics.
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Introduction

Esophageal cancer is one of the deadliest cancers worldwide, with a 5-year survival rate of 15%–25% (1–3). In China, esophageal squamous cell carcinoma (ESCC) accounts for more than 80% of all esophageal cancer cases (4). Currently, the most common modality to screen ESCC is endoscopy, which is invasive and inconvenient. Traditional tumor markers, including carcinoembryonic antigen (CEA), squamous cell carcinoma antigen (SCC), and cytokeratin 19 fragment (CYFRA21-1), have low sensitivity and specificity. Esophageal cytology samples have a high specificity but disappointing sensitivity for detection. Liquid biopsies represent a potential revolution in cancer diagnostics as a minimally invasive and sensitive alternative (5). Currently, blood-based liquid biopsy focuses on the evaluation of biomarker types, including circulating tumor DNA or microRNA, circulating tumor cells, and extracellular vesicles (6).

More recently, platelets are discovered as another biomarker (7). Tumor cells have the ability to educate platelets through cell-free or micro-vesicle-wrapped RNAs, thus enabling its better survival and development. Therefore, the concept of tumor-educated platelet (TEP) has arisen (8), and TEPs are believed to play significant roles in cancer initiation, progression, and metastasis (9, 10). Compared with other biomarkers mentioned, TEPs may offer certain advantages over other blood-based biosources, including their abundance and easy isolation, high-quality RNA, and capacity to process RNA in response to external signals. To date, TEPs from patients with different tumor types, including lung, brain, and breast cancers, have been tested (11). In this study, we used peripheral blood platelets of pre-operative ESCC patients to investigate the diagnostic potential of platelets in ESCC.



Materials and Methods


Study Cohort Design

In the present study, 71 ESCC patients and 80 healthy individuals were included. All participants were divided into a training cohort (23 patients and 27 healthy individuals) for diagnostic model construction and validation cohort (48 patients and 53 healthy individuals) for evaluation. This study was approved by the medical ethics committee and informed consents from participants were obtained.

A total of 71 ESCC patients were recruited from patients who received radical esophagectomy in the Department of Thoracic Surgery, Cancer Hospital, Chinese Academy of Medical Sciences. The 23 patients in the training cohort were collected between December 2017 and June 2018, while the 48 patients in validation cohort were collected between August 2018 and May 2019. The ESCC patients’ eligibility criteria included the following: pathological diagnostic ESCC through a biopsy procedure or surgical resection; no antineoplastic therapy, radiotherapy, or chemotherapy before surgery; and no previous esophageal cancer or other cancer history. ESCC tumor stage was determined using the 7th American Joint Committee on Cancer staging system (12).

A total of 80 healthy individuals were included. Among them, 25 were apparently healthy individuals who have undergone cancer screening examinations at the Department of Cancer Prevention, Cancer Hospital, Chinese Academy of Medical Sciences. They and the patients were 1:3 age- and sex-matched. Among the 25 healthy individuals, 8 individuals in the training cohort were collected between December 2017 and June 2018, while the 17 individuals in the validation cohort were collected between August 2018 and May 2019. In order to get more generalized results, we also enrolled 55 healthy individuals from different clinical centers reported in previous research (Supplementary Data 1) (7). Among them, 19 were assigned to the training cohort and 36 were assigned to the validation cohort randomly. The healthy controls’ eligibility criteria were as follows: they had no examination findings or history that suggested either malignancy or benign tumors after routine examinations, including chest x-rays or LDCT, abdominal B ultrasonic analysis, and complete blood tests (blood routine examination, blood biochemical analysis, tumor marker analysis, and blood coagulation system analysis).



Blood Collection and Platelet Isolation

Peripheral blood was extracted into a 5-ml ethylenediaminetetraacetic acid (EDTA)-coated vacutainer tube and stored in the refrigerator at 4°C. All samples were processed within 6 h of collection. Gradient centrifugation combined with immunological screening was performed to isolate high-purity platelets (13). Then, the platelet pellet was washed in buffer and Miltenyi Biotec magnetic activated cell sorting (MACS) separators were used for CD45+ leukocyte depletion. Platelet quality and purity were assessed by microscopic and quantitative polymerase chain reaction (qPCR) determination of the CD45 (PTRPC) level (Supplementary Figure S1; Supplementary Data 2).



RNA Extraction, Library Construction, and RNA Sequencing

Total RNA was extracted from isolated platelets frozen in 5 ml of PBS using Trizol Reagent and Qiagen RNeasy minElute spin column as described in the manufacturer’s instructions. The integrity of the total RNA was determined using an Agilent 2100 Bioanalyzer and RNA was quantified using a Thermo Scientific NanoDrop. Samples with RNA integrity number (RIN) above 7 were used for subsequent experiments. Details of library construction and RNA sequencing were listed in supplementary files (Supplementary Datas 3, 4).

RNA purification, reverse transcription, library construction, and sequencing were performed following the Illumina manufacturer’s instructions. The transcriptome coding regions captured from total RNA were prepared using the TruSeq RNA Exome Library Preparation Kit. Approximately 10 ng of high-quality RNA from fresh/frozen samples was used as input total RNA. Then, the RNA was fragmented into small pieces using divalent cations under elevated temperature. cDNA was generated from the cleaved RNA fragments using random priming during first- and second-strand synthesis and sequencing adapters were ligated to the resulting double-stranded cDNA fragments. The transcriptome coding regions were then captured from the library using sequence-specific probes to create the final library. After library construction, the Qubit 2.0 fluorometer dsDNA HS Assay (Thermo Fisher Scientific) was used to quantify concentration of the sequencing libraries, while the size distribution was analyzed using an Agilent Bioanalyzer 2100. Sequencing was performed using Illumina systems following Illumina-provided protocols for 2 × 150 paired-end sequencing.



Quantitative RT-PCR

Quantitative RT-PCR was performed to validate the sequencing results. The reverse transcription reactions were performed using the TransScript All-in-One First-Strand cDNA Synthesis Supermix kit (Transgen Biotech Co., Ltd., Beijing, China) and PCR amplification was performed using the PerfectStart Green qPCR SuperMix kit (Transgen Biotech Co., Ltd., Beijing, China). Quantitative PCR reactions was performed on ABI 7900HT (Applied Biosystems, CA, USA) in a 10-μl reaction, in which reactions were activated at 94°C for 30 s, 45 cycles of 94°C for 5 s, 55°C for 15 s, and 72°C for 10 s. Primers used in this study are listed in Table S1.



Data Statistics

FastQC (v0.11.2) was used to measure quality control. Skewer (v0.11.2) was used to eliminate adapter sequences for all samples. Clean reads above 75 bp were used for subsequent analysis. STAR (v2.3.0) software was used to map the filtered clean reads to the reference human genome (hg19) and generate BAM files. BAM files were input into RSEM software to generate original gene counts. All statistical analyses were performed in Rstudio (v1.2.1335), based on R (v3.6.1). Combat function in R-package sva was used to remove batch effect.

Remove unwanted variances (RUV) algorithm was used to adjust for systematic errors of unknown origin in high-dimensional data. The RUVg algorithm, one of the RUV algorithms, estimates the factors of unwanted variation using control genes and was used to avoid potential unwanted variations before performing differential expression analysis (14). The minimal redundancy and maximal relevance (MRMR) algorithm was used to select a feature subset that best characterized the statistical property of a classification variable (15). The support vector machine (SVM) algorithm and leave-one-out cross-validation (LOOCV) method were used to distinguish ESCC patient samples from controls (16).

Differences of variables followed a normal distribution between groups and were evaluated with the Student’s t-test. Logistic regression model was used to identify up- and downregulated genes between different groups. We conducted Pearson correlation analysis and calculated correlation coefficients using Pearson method between two continuous variables. If one of the variables is a continuous variable and the other is a discrete ordered variable, we conducted Spearman correlation analysis and calculated correlation coefficients using the Spearman method.




Results


Participant Characteristics, Platelet Quantity, and Platelet RNA Assessment

The clinical–pathological characteristics of participants are shown in Table 1 (Supplementary Data 5). Only healthy controls from Cancer Hospital, Chinese Academy of Medical Sciences were statistically analyzed in Table 1 in both training cohort and validation cohort. No significant differences in age and gender distribution were observed between the ESCC and control group (p > 0.05). Participants in the ESCC group tended to be former or current smokers compared to the control group in both cohorts (p < 0.001). There was no significant difference in distribution of tumor stage between the training and validation cohort.


Table 1 | Characteristics of participants in the training cohort and validation cohort.



The median value of platelet counts was 216.0 × 109/L in the ESCC group and 160.2 × 109/L in the control group. Platelet counts in the ESCC group were significantly higher (p < 0.001, Supplementary Figure S2A). The average total platelet RNA isolated from 5 ml of peripheral blood was 288.5 ng (median values of 297.5 ng in the ESCC group and 254.2 ng in the control group). Total platelet RNA yield in the ESCC group was significantly higher than that in the control group (Supplementary Figure S2B, p < 0.001). There was no significant difference in RNA quality including both DV200 (percentage of RNA fragments that are >200 nucleotides in size) and OD260/OD280 between the ESCC and control groups (p > 0.05, Supplementary Figures S2C, D).

Platelet RNA sequencing yields a mean of 8,775 million bases and 58 million reads with an average 92% of Qphred scores above 30. Bioinformatic analysis followed a standard pipeline (Figure 1A). We excluded genes with less than five reads in more than 95% of sequenced samples, yielding a total of 16,629 genes for subsequent analysis (Supplementary Figure S3A). The correlation between library size and total gene counts was assessed. Two hundred and fourteen genes with a correlation coefficient greater than 0.7 in relation to library size were defined as negative control genes for RUV algorithm (Supplementary Figure S3B). Pearson correlation analysis between library size and total gene counts of those 214 control genes revealed a strong correlation (r = 0.9, p < 0.001) and no distribution difference was observed (Supplementary Figure S3C). The RUVg algorithm in the RUVseq R-package was used to avoid potential unwanted variations before performing differential expression analysis (Supplementary Figure S3D). A logistic regression model was used to perform differential expression analysis. Seventy-four upregulated and 11 downregulated RNAs (adjustive p-value < 0.05, |fold change| > 2, Figure 1B) were identified. It can be observed that upregulated RNAs tended to be more than downregulated RNAs in TEPs of ESCC compared with controls.




Figure 1 | Schematic representation of analysis pipeline and core methods used in this study. (A) Flowchart of participant distribution and data processing procedure. (B) A logistic regression model was used to perform differential expression analysis between ESCC and the control group. Seventy-four red- and 11 blue-colored dots indicated upregulated genes and downregulated genes in ESCC, respectively (|fold change| >2 and padj < 0.05). FN1, KRT16, EPS8L2, SNORA45, and MUC5AC were most significantly upregulated and CCDC122, CNIH2, IL18BP, and RP11-176H8 were most significantly downregulated. (C) Schematic representation of the MRMR approach. Top 200 differentially expressed genes input into R-package mRMRe to generate a gene-ranking list for features selection with maximum relevance and minimum redundancy. (D) Schematic representation of the SVM/LOOCV model training and validation. In the training cohort, the SVM algorithm was trained to get optimal parameters of gamma and cost by all samples minus one, while the remaining sample was used for blind classification until every sample has been predicted. The search range for gamma and cost parameters of SVM algorithm were 10^(-10:1) and 2^(1:10) respectively. After LOOCV approach was completed in the training cohort, gamma and cost parameters were fixed to do binary classification in the validation cohort. For both cohorts, we got a confusion matrix and ROC curve of diagnosis for ESCC. ACC, accuracy; ESCC, esophageal squamous cell carcinoma; LOOCV, leave-one-out cross-validation; MCC, Matthews correlation coefficient; MRMR, minimal redundancy and maximal relevance; SVM, support vector machine; ROC, receiver operative characteristics.





Platelet RNA Signature for ESCC Diagnosis

The MRMR method was used to select the most effective rather than most significantly differentially expressed genes (DEGs). In this study, the top 200 DEGs by MRMR were input into R-package mRMRe to generate a gene-ranking list for features selection with maximum relevance and minimum redundancy (Figure 1C) (15).

We used the SVM algorithm and the LOOCV method to distinguish ESCC patient samples from controls using the top 200 genes. In this procedure, the SVM algorithm was trained by all samples in the training cohort (n = 50) minus one, while the remaining sample was used for blind classification. This procedure was repeated for n rounds until every sample has been predicted. By comparing the predicted class of samples with its actual class, sensitivity, specificity, accuracy (ACC), and Matthews correlation coefficient (MCC, frequently used in deep learning) were calculated to evaluate the classifier algorithm performance in the training cohort (Figure 1D). As the number of selected genes increased, ACC and MCC gradually increased and held in a stable level (Supplementary Figures S4A, B). Selecting the 3 top-ranked genes, namely, ARID1A, GTF2H2, and PRKRIR, produced an acceptable diagnostic performance with relatively small number of genes. The expression level of the three mRNAs measured by sequencing was verified by qRT-PCR (Supplementary Figure S5 and Supplementary Data 6).

After selecting the optimal gene number, total samples in the training cohort were trained to obtain the optimal parameters of the SVM algorithm, whose search range for gamma and cost parameters were 10^(-10:1) and 2^(1:10), respectively. With fixed gamma and cost, we got an SVM prediction score for every sample in validation cohort.

Using receiver operating characteristic (ROC) curve, we obtained optimal threshold (or cutoff value) of prediction score to differentiate ESCC patients from healthy controls. Finally, for both cohorts, we got a confusion matrix and ROC curve of diagnosis for ESCC. The SVM model composed of ARID1A, GTF2H2, and PRKRIR yielded a sensitivity of 91.3% and a specificity of 85.2% for ESCC in the training cohort (Figures 2A, E) and a sensitivity of 87.5% and a specificity of 81.1% in the validation cohort (Figures 2B, F). The area under the curve (AUC) was 0.924 (95% CI, 0.845–0.956) and 0.893 (95% CI, 0.821–0.966) for the training and validation cohorts, respectively (Figures 2C, D).




Figure 2 | The three-gene panel diagnostic performance with alternative cutoffs in training cohort and validation cohort. (A) Confusion matrix of SVM/LOOCV diagnostic model between ESCC and the control group in the training cohort. The sensitivity, specificity, and ACC for the training cohort were 91.3%, 85.2%, and 88.0% respectively. (B) Confusion matrix of SVM/LOOCV diagnostic model between ESCC and the control group in validation cohort. The sensitivity, specificity, and ACC for the validation cohort were 87.5%, 81.1%, and 84.2%, respectively. (C) ROC curve of the SVM/LOOCV diagnostic model in the training cohort. Area under curve was 92.4% (95% CI, 0.84.5–0.956). (D) ROC curve of the SVM/LOOCV diagnostic model in validation cohort. Area under curve was 0.893% (95% CI, 0.821–0.966). (E) Sensitivity and specificity of the three-gene diagnostic model using alternative cutoffs in the training cohort. (F) Sensitivity and specificity of the three-gene diagnostic model using alternative cutoffs in validation cohort. Gray dashed line indicates the highest Youden index obtained when selecting the appropriate cutoff value. ACC, accuracy; AUC, area under curve; ESCC, esophageal squamous cell carcinoma; LOOCV, leave-one-out cross-validation; SVM, support vector machine; ROC, receiver operating characteristic.





Cluster and Correlation Analysis Between Clinical Data and Diagnostic Genes

The diagnostic curves in Supplementary Figure S4 take an ascending trend when selecting the top ranking 30 genes. Therefore, we intended to explore the association between these 30 genes and clinical signature. We conducted cluster and correlation analysis between clinical data and differentially expressed top 30 genes selected by MRMR. Supervised clustering showed that this 30-gene signature effectively discriminates ESCC from control groups in both the training and validation cohort (p < 0.001) (Figure 3A and Supplementary Table S2). We also observed obviously different distributions of both principal components analysis (PCA) and t-distributed stochastic neighbor embedding (t-SNE) visualization between the control and ESCC group (Figures 3B, C). We also conducted correlation analysis between 30 genes and 11 clinical features, namely, tumor size, T stage, N stage, pathological stage, tumor location, differentiation, platelet counts, age, gender, family history, and smoking (pack years). Eighteen genes were positively correlated with 9 clinical features while 19 genes were negatively correlated with 7 clinical features. Most of the candidate genes selected for the diagnostic model showed a strong correlation with tumor size and stage. ARID1A tended to have a positive correlation with tumor size and tumor stage while GTF2H2 and PRKRIR tended to have a negative correlation with tumor size and tumor stage (Figures 3D, E).




Figure 3 | Top 30 gene signatures and clinicopathological relevance selected by MRMR approach. (A) Unsupervised hierarchical clustering of diagnostic top-ranked 30 gene signatures effectively discriminated between the ESCC group (n = 71) and the control group (n = 80). The 30-gene signature enables non-random clustering of all samples (p < 0.001, Fisher’s exact test). (B) Obviously different distributions of principal components analysis (PCA) between the control and ESCC group. Values of principal components were calculated using prcomp package in Rstudio. (C) Obviously different distributions of t-SNE visualization between the ESCC and control group. Values of t-SNE signature were calculated using Rtsne package in Rstudio. (D) Positive and (E) negative correlations between the diagnostic genes and clinical data. p-value above 0.05 was identified significantly correlated based on Pearson method between continuous data and Spearman method if one of the variables was not. Plots were drawn using the RCircos package in Rstudio. ESCC, esophageal squamous cell carcinoma; PCA, principal components analysis; t-SNE, t-distributed stochastic neighbor embedding.





Functional Enrichment and Gene Co-Expression Network Analysis

DEGs selected by the MRMR algorithm were not suitable for conducting GO, KEGG enrichment, and gene co-expression network analyses because this approach would exclude the so-called redundant genes that play pivotal roles in protein regulating pathways. Therefore, we use the logistic regression method to select DEGs with a p-value below 0.001 (adjust p-value below 0.075) and get 223 genes (144 upregulated and 77 downregulated) for subsequent analyses. Enriched GO terms, subdivided into an upregulated group (Figure 4A, Supplementary Table S3) and a downregulated group (Figure 4B and Supplementary Table S4), in biological process (BP), cellular components (CC), and molecular function (MF) were analyzed. Significantly enriched KEGG terms of upregulated genes are listed in Figure 4C (Supplementary Table S5) and no KEGG terms enriched of downregulated genes were found.




Figure 4 | Functional enrichment and gene co-expression network analysis. (A) Top 12 significantly enriched GO terms (FDR < 0.001, count >10) ranked by gene ratio in BP (top 4 items), CC (middle 5 items), and MF (bottom 2 items) of 143 upregulated genes in platelets of the ESCC group compared to the control group. (B) Enriched GO terms (FDR < 0.2) of 80 downregulated genes in platelets of the ESCC group compared to the control group. All the enriched GO terms belonged to MF. (C) Enriched KEGG terms (FDR < 0.05) of 143 upregulated genes in platelets of the ESCC group compared to the control group. (D) Two hundred and twenty-three DEGs imported to String to generate a gene co-expression network containing 132 nodes and 281 wedges. Red-colored dots indicated 85 upregulated genes and blue-colored dots indicated 47 downregulated genes. Red square indicated hub genes (FN1, ACTB, and MYC) with highest values of degree. (E) Top 15 hub genes ranked by degree (>12) in Cystoscope were highly clustered and centered among FN1, ACTB, and MYC. BP, biological process; CC, cellular component; DEGs, differentially expressed genes; ESCC, esophageal squamous cell carcinoma; FDR, false discovery rate; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; MF, molecular function.



We also conducted gene co-expression network analysis (Figure 4D). We imported those 223 DEGs into String and exported a tsv file containing the node and interaction scores. Subsequently, the tsv file was imported into cytoscape to adjust nodes and wedges. Mcode and Cytohubba in cytoscape were used to identify hub genes based on the node degree. Eighty-six upregulated and 46 downregulated DEGs were involved in the network, which contained a major cluster and several gene pairs. Fifteen hub genes with a node degree above 12 were identified: FN1, MYC, ACTB, COL1A1, COL7A1, KRT5, MMP2, COL1A2, ITGB6, COL17A1, COL4A5, COL3A1, TGFB1, CAV1, and KRT8 (Figure 4E). Notably, the top 15 hub genes showed a similar molecular background, and were mostly involved in extracellular matrix (ECM)-related pathways.




Discussion

In this study, we found that platelet counts and platelet RNA yield in the ESCC group were significantly higher than those in the control group. Platelets are the most abundant component of peripheral blood and contain rich mRNAs, micro-RNAs, and noncoding RNAs (17, 18). Most RNA transcripts in platelets are derived from megakaryocytes. However, platelets can also ingest RNA molecules during circulation and/or interaction with other cell types. Once they enter the blood circulation from the primary location, cancer cells depend on platelets to protect them from shear forces and the assault of NK cells (19). Adhering with cancer cells, platelets secrete various chemokines, recruit myeloid cells, and arrest the tumor cells at the vascular wall to benefit cancer angiogenesis. In brief, platelets provide a permissive microenvironment for cancer cells to move and locate to a secondary tumor focus (20).

We constructed a 3-gene platelet RNA signature that could effectively distinguish ESCC from healthy controls. In previous literature, circulating microRNAs and methylated DNA markers (MDMs) were reported to have the potential for accurate detection of ESCC. The overall sensitivity and specificity of circulating microRNAs for detecting ESCC were 79.9% and 81.3%, respectively (21). In a pilot study involving 85 cases (76 esophageal adenocarcinoma and 9 ESCC), a 5-marker panel assayed from plasma detected 74% of esophageal cancer overall (74% of esophageal adenocarcinoma and 78% of ESCC) at a specificity of 91%. The diagnostic performance (Youden index of 0.765 in the training cohort and 0.686 in the validation cohort, respectively) of our study was higher than previous biomarkers (21, 22).

The three genes selected for our diagnostic panel, composed of ARID1A, GTF2H2, and PRKRIR, have different functions. ARID1A is the subunit gene of switching defective/sucrose non-fermenting protein complexes, which regulate gene activity by chromatin remodeling. PRKRIR is a regulator of interferon-induced serine/threonine protein kinase R (PKR), which may block the PKR-inhibitory function of DNAJC3, resulting in kinase activity restoration and suppression of cell growth. GTF2H2 is a core component of the general transcription and DNA repair factor TFIIH complex. ARID1A has been reported to be frequently mutated in a number of cancer types (23) and PRKRIR has been reported as a cancer-associated somatic mutation gene in ESCC (24). GTF2H2 was reported to be associated with chemoresistance in non-small cell lung cancer (25) and breast cancer (26). However, the three genes have rarely been reported in TEPs. Li et al. (27) reported the evidence of TEP linc-GTF2H2-1 as a promising biomarker for lung cancer diagnosis, while ARID1A and PRKRIR have not been reported in TEPs in previous studies. No comprehensive literature has demonstrated the related functional mechanisms of these genes in TEPs. Platelets can interact with cancer cells and be educated via transfer of tumor-associated biomolecules. In the process of tumor-educated platelets, we presumed that several pathways were involved, including a direct connection between tumor cells and platelets, extracellular vesicle-dependent horizontal transmission from tumor cells to platelets, as well as megakaryocytes influenced by tumor cells (28).

The top 15 hub genes selected by network degree were mostly involved in ECM-related pathways. FN1, involved in cell adhesion and migration processes, has been reported to be crucial in tumor progression and as a potential biomarker in multiple cancers including colorectal cancer (29), gastric cancer (30, 31), ovarian cancer (32), and prostate cancer (33). MYC, a well-known oncogene with broad effects involved in cell cycle and tumor metabolism (34), has been reported as a prognostic biomarker in ESCC (35) and some other cancers including breast cancer (36) and lung cancer (37, 38). Beta-actin (ACTB), coding an abundant and highly conserved cytoskeleton structural protein and traditionally regarded as an endogenous housekeeping gene, is upregulated in esophageal cancer (39) and a variety of other cancers (40–45). Other highly clustered genes including collagen and keratin family protein coding genes, whose proteins were the main components of the ECM, were also upregulated in several cancer types (46, 47). As a crucial component of the tumor microenvironment, the ECM provides the mechanical support for the tissue, mediates cell–microenvironment interactions, and plays key roles in cancer cell invasion (48, 49).

However, our study has some limitations. Firstly, despite considering population differences and enrolling a cohort with multi-center healthy controls, most of the ESCC patients and a part of healthy controls are from Northern China. This is still a single-center study and needs further validation in multiple centers and a larger population. Secondly, participants in the ESCC group tended to be former or current smokers compared to the control group, and smoking seems to be a confounding factor that affects TEPs. Thirdly, since two-thirds of the enrolled patients had stage II/III ESCC, the early diagnostic value of these markers needs to be further evaluated in future studies. Moreover, the underlying mechanisms of the three genes selected for our diagnostic panel in predicting ESCC need to be further studied.

In conclusion, our study revealed a three-gene diagnostic signature in ESCC through RNA sequencing of TEPs. We provided the first insights into the potential of TEPs for the noninvasive diagnosis of ESCC. Moreover, our results potentially pave the way toward non-invasive and accurate methods for ESCC screening.
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Objective

This study was conducted in order to gain a better understanding of the molecular mechanisms of stomach adenocarcinoma (STAD), which is necessary to predict the prognosis of STAD and develop novel gene therapy strategies.



Methods

In this study, the gene expression profile of GSE118916 in the Gene Expression Omnibus (GEO) and The Cancer Genome Atlas Program (TCGA) was used to explore the differential co-expression genes of STAD and normal tissues.



Results

A total of 407 STAD samples were collected, consisting of 375 from stomach adenocarcinoma tissues and 32 from normal tissues, as well as RNA-seq count data for 19,600 genes. Forty-two differentially expressed genes were screened by weighted gene co-expression network analysis (WGCNA) and differentially expressed gene analysis. According to the functional annotation analysis of the clusterProfiler R package, these genes were analyzed for GO function enrichment, digestion (biological process), tube bottom material membrane (cell component), and oxidoreductase activity (molecular function). The KEGG pathway was enriched in gastric acid secretion and chemical carcinogenesis. In addition, Cytoscape’s cytoHubba plug-in was used to identify seven hub genes (EWSR1, ESR1, CLTC, PCMT1, TP53, HUWE1, and HDAC1) in a protein–protein interaction (PPI) network consisting of 7 nodes and 11 edges. Compared with normal tissues, CLTC and TP53 genes were upregulated in stomach adenocarcinoma (P < 0.05). TP53 was expressed differently in stages II and IV, EWSR1 was expressed differently in stages II and III, and ESR1 was expressed differently in stages I–III. Among the seven hub genes, Kaplan–Meier analysis and TCGG showed that the expression levels of HDAC1 and CLTC were significantly correlated with OS in patients with stomach adenocarcinoma (P < 0.05). GEPIA2 analysis showed that ESR1 expression was closely correlated with OS and DFS in gastric adenocarcinoma (P < 0.05). Then, the expression of the genes and their correlations were revealed by the R2 Platform (http://r2.amc.nl). Finally, we collected 18 pairs of gastric mucosal tissues from normal people and cancer tissues from patients with stomach adenocarcinoma. The expression levels of the above seven hub genes and their relative protein expression were detected by RT-PCR and immunohistochemistry (IHC). The results showed that the gene and protein expression levels in stomach adenocarcinoma tissues were increased than those in the normal group.



Conclusion

In summary, we believe that the identified hub genes were related to the occurrence of stomach adenocarcinoma, especially the expression of ESR1, HDAC1, and CLTC genes, which are related to the prognosis and overall survival of patients and may become the potential for the future diagnosis and treatment of STAD.
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Introduction

Stomach adenocarcinoma (STAD), the core of this primer, is one of the most common malignant tumors in the clinic, which seriously threatens human life and health and brings a huge economic burden to society. Stomach cancer is more common in developing countries, mainly in China (40%) (1, 2). Since the majority of patients are diagnosed at an advanced stage, the prognosis is relatively poor. The 5-year survival rate of patients with advanced STAD is usually <5% (3). The molecular mechanism of STAD has not yet been fully clarified, so it is imperative to look for approaches to predict prognosis and develop new target gene therapy strategies.

In recent years, bioinformatics analysis has been paid more and more attention as a research hotspot. Weighted gene co-expression network analysis (WGCNA) is a method to understand the relationship between gene function and phenotype from genome-wide expression (4). It is applied to screen the co-expression modules of genes that are highly related to clinical diseases, identify gene modules related to clinical features, and finally find the key genes in the disease for further verification. In addition, the traditional biomarkers are still used clinically, and the lack of effective biomarkers for early STAD detection limits the treatment of the disease (5, 6). Differential gene expression analysis is a particular technique, which supplies an approach for studying the molecular mechanism of genome regulation and discovering the difference between the two groups of gene expression (7). These differentially expressed genes may be potential biomarkers to reveal diseases. As a result, the combination of WGCNA and differential gene expression analysis could better identify the core genes which may be used as potential biomarkers for STAD.

In the present study, disease-related mRNA data were obtained from The Cancer Genome Atlas Stomach Adenocarcinoma (TCGA-STAD) and Gene Expression Omnibus (GEO) databases, and differential co-expression genes were finally derived through WGCNA analysis and differential gene expression analysis. Next, we discussed the progress of STAD through Gene Ontology (GO) enrichment analysis, KEGG signal pathway analysis, and protein–protein interaction (PPI) analysis. Meanwhile, we applied online tools and clinical data in the database to verify survival analysis. We also verified differences in the expression of core genes between normal and stomach adenocarcinoma tissues. This study provides a potential basis for exploring the prognosis of STAD and target gene therapy by analyzing the differentially co-expressed genes of STAD.



Method

The analysis of the hub gene extraction management process is shown in Figure 1. We will discuss the specific steps in the subsequent sections.




Figure 1 | The workflow of the analysis of the hub gene extraction curation pipeline.




Database Extracted From the TCGA and GEO

The TCGA (https://portal.gdc.cancer.gov/) and GEO (https://www.ncbi.nlm.nih.gov/gds) were used to download the gene expression profile of STAD. All data of STAD including clinical information are available for free download through the R package TCGAbiolinks. In total, 407 STAD samples, which include 375 stomach adenocarcinoma and 32 normal tissues, and RNA-seq count data on 19,600 genes were collected. According to the recommendations of the edgeR package guide, genes with low reads were usually meaningless for analysis. Therefore, we kept genes with cpm (counts per million) ≥1. Furthermore, another normalized expression profile of STAD gene GSE118916 from GEO was gained by the R package GEOquery. GSE118916 including 15 cases of patients with STAD tumor specimen pairing and 15 cases of normal tissue was analyzed by using the GPL15207 platform Affymetrix Human Gene Expression Array. Probes were converted to gene markers according to the annotations provided by the producers, and duplicated microprobes of identical genes were removed by defining the midpoint expression value of all related microprobes. Therefore, 18,835 genes were chosen for the succeeding work.



Recognition of Crucial Co-Expression Modules Based on WGCNA

Gene co-expression networks promoted the selection of genes, which can be used to identify potential biomarkers and drug targets. With the help of the WGCNA package, we built the gene expression profiles of TCGA-STAD and GSE118916. With the help of the function pickSoftThreshold, we set soft power β = 3 and 20 to create a scaleless network. Then, the adjacency matrix was created by formula and was transformed into a topological overlap matrix (TOM) as well as the corresponding dissimilarity (1-TOM). After that, similar expression genes were divided into different co-expression modules by constructing the hierarchical clustering tree of the 1-TOM matrix. Module characteristic associations and clinical characteristic information between modules were calculated based on previous studies so that further identification of functional modules in the co-expression network could be conducted. Consequently, modules related to clinical characteristic information and chosen for subsequent analysis were those with high correlation coefficients.



Differential Expression Analysis and Comparison of Modules of Interest

The solution for RNA sequencing and differential expression analysis of microarray data was provided by the R package limma which was applied to screen differentially expressed genes (DEGs) in the TCGA-STAD and GSE118916 datasets to find the DEGs between STAD and normal tissues, respectively. The false discovery rate (FDR) was controlled by P-value which was adjusted by the Benjamini–Hochberg method. Genes with the cutoff criteria of |logFC| ≥1.0 and adj. P <0.05 were regarded as DEGs. The DEGs of the TCGA-STAD and GSE118916 datasets were envisaged as heat maps and volcano plots by the R package ggplot2. After that, the coincident genes between DEGs and the co-expression genes that were screened from the co-expression network were used to verify potential prognostic genes, which were shown in a Venn diagram through the R package VennDiagram.



PPI Construction and Hub Gene Screening

In this research, we used STRING (a tool for online searching of interacting genes) to predict PPI and constructed a PPI network. Based on the STRING database, genes with scores ≥0.4 were screened to construct a network and displayed visually through Cytoscape (V3.7.2). In co-expression networks, the most effective method to combine the central nodes was the maximum clique centrality (MCC) algorithm which was calculated by Cytoscape’s plug-in (cytoHubba). In this research, the genes with the highest MCC values were extracted as hub genes.



Expression Pattern and Prognostic Value of the Hub Gene

With the purpose of asserting the dependability of the hub gene, we assert the expression pattern of the hub gene in normal tissues and stomach adenocarcinoma tissues. The expression degree of the hub gene between the tumor and normal tissue was represented by a box diagram. Based on the clinical information from the TCGA-SATD, the Kaplan–Meier univariate survival analysis was performed by the survival package to find the relationship between the overall survival (OS) of the patient and the hub gene. We used the online tool GEPIA2 to determine the relationship between hub gene expression and disease-free survival (DFS) in STAD. Patients selected for this study completed the follow-up period and were separated into two groups based on the median expression value of the hub gene. Log-rank P <0.05 was considered statistically significant.



The Gene Expression Correlations Revealed on the R2 Platform

The gene expression correlations were revealed by the R2: Genomics Analysis and Visualization Platform (http://r2.amc.nl).



RNA Isolation and Real-Time Polymerase Chain Reaction

Total RNA was extracted using the TRIzol reagent (Invitrogen, USA). PrimeScript® RT reagent kit (TaKaRa, Japan) and SYBR Premix Ex Taq (TaKaRa, Japan) were used for reverse transcription and quantitative real-time polymerase chain reaction (RT-PCR), respectively. The primers were synthesized by Shanghai Shenggong Biology Co., Ltd. The expression levels of genes relative to β-actin mRNA levels in each sample were calculated according to the 2−ΔΔCt method. The primer sequences are shown below: EWSR1 forward, 5′-AGAACTTCGCCTGGAGAACA-3′ and reverse, 5′-GCCACCTCTGAACATTCCAC-3′; ESR1 forward, 5′-CAAGCC CGCTCATGATCAAA-3′ and reverse, 5′-TCAAATCCACAAAGCCTGGC-3′; CLTC forward, 5′-TATCCGTCGGTTCCAGAGTG-3′ and reverse, 5′-AAGTGCCAATGTAGGGTCCA-3′; PCMT1 forward, 5′-GTTCTGTAC CTGCTCCGAGT-3′ and reverse, 5′-ATTTTGCATAGTGGGAGCGG-3′; HUWE1 forward, 5′-GGGAATCCTGGTGTGACTGA-3′ and reverse, 5′-CTGGATGAAGGTCACAGGGT-3′; HDAC1 forward, 5′-ACCAAGTACCAC AGCGATGA-3′ and reverse, 5′-CCTCGGACTTCTTTGCATGG-3′; and TP53 forward, 5′-GCCCCTCCTCAGCATCTTAT-3′ and reverse, 5′-AAAGCTGTTCCGTCCCAGTA-3′.



Protein Expression Was Validated by Immunohistochemistry

Twenty tissue samples were examined: 10 from stomach adenocarcinoma tissues and the others from normal tissues. In brief, the tissue specimens were dewaxed and treated with methanol that contained 3% hydrogen peroxide to deactivate the endogenous peroxidase. Subsequently, the tissue specimens were treated with the primary antibody of GMFG at 4°C overnight and then treated with the secondary antibody (HRP polymer) for 30 min. Furthermore, diaminobenzoquinone (DAB) was used for the next step.



Statistical Analyses

Statistical analyses were carried out using GraphPad Prism 8.0 software (GraphPad Software, Inc., La Jolla, CA, USA). Multiple comparisons were performed with the ANOVA test.




Results


Construction of Weighted Gene Co-Expression Modules

Aiming at finding the functional collection of STAD patients, the WGCNA software package was used for establishing a gene co-expression network which was gained from the TCGA-STAD and GSE118916 datasets. There are nine modules in TCGA-STAD, each of which is assigned a color (Figure 2A). A total of nine modules in TCGA-STAD (Figure 2A) and nine modules in GSE118916 (Figure 3A) were identified in our research since each one of them was identified as one different color. We then produced heat maps of the module–feature relationship to assess the connection of each module with two clinical manifestations. The final outcomes of the model–character relationship are shown in Figures 2B, 3B, indicating that the pink module in TCGA-STAD and the black module in GSE118916 have the strongest correlation with normal tissues (pink module: R = 0.41, P = 9E−18; black module: R = 0.94, P = 8E−15).




Figure 2 | Identification of modules associated with the clinical information in the TCGA-STAD dataset. (A) The cluster dendrogram of co-expression network modules was ordered by a hierarchical clustering of genes based on the 1-TOM matrix. Each module was assigned different colors. (B) Module–trait relationships. Each row corresponds to a color module and each column corresponds to a clinical trait (cancer and normal). Each cell contains the corresponding correlation and P-value.






Figure 3 | Identification of modules associated with clinical information in the GSE118916 dataset. (A) The cluster dendrogram of co-expression network modules was ordered by a hierarchical clustering of genes based on the 1-TOM matrix. Each module was assigned different colors. (B) Module–trait relationships. Each row corresponds to a color module and each column correlates to a clinical trait (cancer and normal). Each cell contains the corresponding correlation and P-value.



The final outcomes of the model–character relationship are shown in Figures 2B, 3B, indicating that the pink module in TCGA-STAD and the black module in GSE118916 have the strongest correlation with normal tissues (pink module: r = 0.41, P = 9E−18; black module: R = 0.94, P = 8E−15).



Identification of Genes Between the DEG Lists and Co-Expression Modules

According to |log FC| ≥1.0 and adj. truncation standard P <0.05, the limma software package found that there were 582 DEGs in the TCGA dataset (Figures 4A, B, red represents upregulated genes, and green represents downregulated genes) and 1,144 DEGs in the GSE118916 dataset (Figures 4C, D, red represents upregulated genes, green represents downregulated genes) in the tumor tissue expression disorder. As shown in Figure 4E, 230 and 1,787 co-expressed genes were found in the pink module of the TCGA dataset and in the black module of GSE118916, respectively. After crossing the four module genes (the TCGA differential gene, the GEO differential gene, the TCGA pink modular gene, and the GEO black modular gene), a total of 42 overlapping genes were extracted to verify the genes of co-expression modules (Figure 4E).




Figure 4 | Identification of differentially expressed genes (DEGs) of the TCGA and GSE118916 datasets of STAD with the cutoff criteria of |logFC| ≥1.0 and adj. P <0.05. (A, B) Volcano plot of DEGs in the TCGA dataset. (C, D) Volcano plot of DEGs in the GSE118916 dataset. (E) The Venn diagram of genes among DEGs and co-expression module. In total, there were 42 overlapping genes in the intersection of DEGs and two co-expression modules.





Functional Enrichment Analyses for the 42 Genes

GO which covers three aspects of biology is widely used in the field of bioinformatics. clusterProfiler (v:3.14.3), org.Hs.eg.db (v:3.10.0), and enrichplot (v:1.6.1) in the R language were used to pair 42 of the final PPI subnets. Co-expressed genes were enriched, P-value <0.05 was selected as the screening criterion, and the first 20 genes were selected to draw the bubble chart of GO enrichment analysis (Figure 5A) and KEGG signal pathway analysis (Figure 5B) by the R language ggplot2 (v:3.2.1) package. In GO enrichment analysis, the biological process mainly involves digestion, the digestive system process, tissue homeostasis, hormone metabolism, and maintenance of gastrointestinal epithelium enrichment. The analysis of cell components showed that these genes were mainly engaged in the basolateral plasma membrane, transmembrane transporter complex, transporter complex, sodium:potassium-exchanging ATPase, ATPase-dependent transmembrane transport complex, etc. In addition, the molecular function analysis showed that these 42 genes were related to oxidoreductase activity, alcohol dehydrogenase (NADP+) activity, aldehyde ketone reductase (NADP) activity, sodium–potassium exchange ATPase activity, etc. KEGG signaling pathway analysis mainly involves gastric acid secretion, chemical carcinogenesis, collecting duct acid secretion, glycolysis/gluconeogenesis, fructose and mannose metabolism, tyrosine metabolism, and other signal pathways.




Figure 5 | Enrichment analysis for the genes. (A) The bubble chart of GO enrichment analysis. (B) KEGG signal pathway analysis. The color represents the adjusted P-values (BH), and the size of the spots represents the gene number.





PPI Network Construction and Hub Gene Identification of Co-Expressed Genes

We used the “BioGENET” (V:3.0.0) plug-in in Cytoscape (V:3.7.2) to construct a protein interaction network commonly used by the target genes (Figure 6A). The “Cytonca” (V:2.7.6) plug-in in Cytoscape (V:3.7.2) was used to analyze the PPI network topology and identify core genes in the network. The screening criteria is degree centrality (DC) >20 to get a new PPI network (Figure 6B), and then the betweenness centrality (BC) >60 was used to be the final PPI subnetwork (Figure 6C), which includes 7 nodes, 11 side, and 7 core genes. The seven hub genes are from high to low sorting as shown in Table 1, according to BC.




Figure 6 | Visualization of the protein–protein interaction (PPI) network and the candidate hub genes. (A) A protein interaction network. (B) Identification of the hub genes from the PPI network in which the screening criterion is degree (DC) >20. (C) The final PPI subnetwork was screened according to BC >60.




Table 1 | Betweenness (BC) from high to low ranking of the seven hub genes.





Hub Gene Expression Pattern, Correlation, Prognostic Value, and Verification of Protein Expression

We checked the transformation level of the hub gene in diverse methods. As shown in Figure 7, the GEPIA2 database was used for analyzing the discrepant expression of seven hub genes in the normal group and the tumor group. In comparison with normal tissues, all hub genes were upregulated in stomach adenocarcinoma. For the follow-up exploration of the relationship between the seven hub genes and tumor stages, a block diagram was further drawn. TP53 was expressed differently in stage 2 and stage 4 tumors, EWSR1 was expressed differently in stage 2 and stage 3 tumors, and ESR1 was expressed in stage 1 tumors. There were differences in the expression between the second and third phases (Figure 8).




Figure 7 | Verification of the expression level of 7 hub genes in STAD and normal tissues from GEPIA2 database. (A) Gene expression valueTP53 among samples of TCGA. (B) Gene expression value PCMT1 among samples of TCGA. (C) Gene expression value HUWE1 among samples of TCGA. (D) Gene expression value HDAC1 among samples of TCGA. (E) Gene expression value EWSR1among samples of TCGA. (F) Gene expression value ESR1 among samples of TCGA. (G) Gene expression value CLTC among samples of TCGA. Data are expressed in mean ± SEM; *P < 0.05, normal group versus tumor group.






Figure 8 | Validation of the expression levels of the seven hub genes of TCGA tissues from the TCGA database. (A) Gene expression value of TP53 among samples of TCGA. (B) Gene expression value of PCMT1 among samples of TCGA. (C) Gene expression value of HUWE1 among samples of TCGA. (D) Gene expression value of HDAC1 among samples of TCGA. (E) Gene expression value of EWSR1 among samples of TCGA. (F) Gene expression value of ESR1 among samples of TCGA. (G) Gene expression value of CLTC among samples of TCGA. P < 0.05 was considered to be a statistically significant difference.



Moreover, we performed OS and DFS analysis on the seven hub genes using the R survival package and Kaplan–Meier plotter and the GEPIA2 database to study the clinical prognostic value of the hub genes in STAD patients. Among the seven hub genes, the Kaplan–Meier analysis of TCGA data showed that the expression levels of HDAC1 and CLTC were drastically relative to the OS in stomach adenocarcinoma patients (P < 0.05) (Figure 9). GEPIA2 analysis showed that the expression of ESR1 was correlated with the OS of stomach adenocarcinoma (Figure 10). It was closely correlated with DFS (P < 0.05) (Figure 11).




Figure 9 | Overall survival (OS) analysis of the seven hub genes in STAD patients from the TCGA database. (A) Survival analysis for TP53 in STAD. (B) Survival analysis for PCMT1 in STAD. (C) Survival analysis for HUWE1 in STAD. (D) Survival analysis for HDAC1 in STAD. (E) Survival analysis for EWSR1 in STAD. (F) Survival analysis for ESR1 in STAD. (G) Survival analysis for CLTC in STAD. The patients were stratified into a high-level group (red) and a low-level group (blue) according to the median expression of the gene. Log-rank P < 0.05 was considered to be a statistically significant difference.






Figure 10 | Disease-free survival (DFS) analysis of the seven hub genes in STAD patients from the GEPIA2 database. (A) Survival analysis for TP53 in STAD. (B) Survival analysis for PCMT1 in STAD. (C) Survival analysis for HUWE1 in STAD. (D) Survival analysis for HDAC1 in STAD. (E) Survival analysis for EWS1 in STAD. (F) Survival analysis for ESR1 in STAD. (G) Survival analysis for CLTC in STAD. The patients were stratified into a high-level group (red) and a low-level group (blue) according to the median expression of the gene. Log-rank P < 0.05 was considered to be a statistically significant difference.






Figure 11 | Overall survival (OS) analysis of the seven hub genes in STAD patients from the GEPIA2 database. (A) Survival analysis for TP53 in STAD. (B) Survival analysis for PCMT1 in STAD. (C) Survival analysis for HUWE1 in STAD. (D) Survival analysis for HDAC1 in STAD. (E) Survival analysis for EWSR1 in STAD. (F) Survival analysis for ESR1 in STAD. (G) Survival analysis for CLTC in STAD. The patients were stratified into a high-level group (red) and a low-level group (blue) according to the median expression of the gene. Log-rank P < 0.05 was considered to be a statistically significant difference.



Finally, to validate the expression correlation between the seven hub genes in STAD, the database was used and analyzed via the R2: Genomics Analysis and Visualization Platform (http://r2.amc.nl). As shown in Figure 12, ESR1 expression was positively associated with TP53 expression in STAD (R = 0.429, P = 8.10e−03). In addition, gene pairs that were related to each other also include PCMT1 and HUWE1, CLTC and HUWE1, EWSR1 and HUWE1, ESWR1 and PCMT1, and EWSR1 and CLTC, which were all positively correlated.




Figure 12 | The gene correlations were revealed by the R2 Platform. (A) Correlation between the ESR1 gene and the TP53 gene (R = 0.429, P = 8.10e−03). (B) Correlation between CLTC and HUWE1 (R = 0.354, P = 0.031). (C) Correlation between PCMT1 and HUWE1 (R = 0.549, P = 4.30e−04). (D) Correlation between EWSR1 and CLTC (R = 0.385, P = 0.018). (E) Correlation between EWSR1 and HUWE1 (R = 0.571, P = 2.22e−04). (F) Correlation between EWSR1 and PCMTA (R = 0.608, P = 6.55e−05).



Furthermore, to verify the outcomes of the bioinformatics analysis, we conducted RT-PCR and immunohistochemical staining on gastric adenocarcinoma tissues and normal tissues collected from the hospital. The outcomes showed that the expression level of the hub gene in tumor tissues was highly improved. This was consistent with the related protein expression levels as indicated by the immunohistochemical results (Figures 13, 14).




Figure 13 | RT-PCR detection of the hub gene in normal and gastric adenocarcinoma tissues. (A) TP53 expression level. (B) PCMT1 expression level. (C) HUWE1 expression level. (D) HDAC1 expression level. (E) EWSR1 expression level. (F) ESR1 expression level. (G) CLTC expression level. *P < 0.05, **P < 0.01, and ***P < 0.001, control versus tumor, were considered to be statistically significant differences.






Figure 14 | Immunohistochemistry of the seven hub genes in STAD and normal tissues. Brown indicates the intensity of the expressed protein.






Discussion

Although there are various treatments for STAD, such as surgical resection, endoscopic resection, adjuvant chemotherapy, and immunotherapy (8), the prognosis of patients with advanced stomach adenocarcinoma is still very poor, and patients need to bear a lot of treatment costs. In recent years, target gene therapy has become a new treatment method, and some experiments have verified its effectiveness (9, 10), but the molecular mechanism of the pathophysiology of stomach adenocarcinoma is still unclear. Therefore, it is necessary to explore the susceptibility modules and genes of stomach adenocarcinoma and to further search for new biomarkers to predict the prognosis of stomach adenocarcinoma.

In this study, 42 core genes with the same expression trend were screened in the TCGA and GEO databases by integrating bioinformatics analysis. Analysis of the functional annotations of the clusterProfiler package shows that the results indicate a major focus on digestive processes, tissue homeostasis, hormone metabolic process, and maintenance of gastrointestinal epithelium enrichment. In the analysis of the signal pathway, it mainly involves stomach acid secretion, chemical carcinogenesis, collecting duct acid secretion, and other signal pathways. In addition, we established a PPI network and identified seven hub genes associated with STAD through Cytoscape’s cytoHubba plug-in. Compared with normal tissues, hub genes were upregulated in stomach adenocarcinoma (P < 0.05). Similarly, in our verification experiment, the expression of the hub genes showed the same trend. In addition, we found that the expression of ESR1, HDAC1, and CLTC genes in patients with stomach adenocarcinoma may be related to poor prognosis and lower overall survival.

EWSR1 is a polyfunctional protein that regulates cell function and aging by a variety of pathways, and is associated with the occurrence of mesenchymal tumors, multiple myeloma, Ewing’s sarcoma, and other tumors (11–13). PCMT1 is an unfavorable prognostic biomarker that participates in cell migration and invasion by regulating EMT-related genes (14). In our study, EWSR1 was shown to be differentially expressed in stages II and III of gastric cancer. There are no studies on EWSR1 and PCMT1 to confirm that they are related to the occurrence or prognosis of stomach adenocarcinoma, which can be used as points for further research.

HUWE1 encodes a protein containing a C-terminal HECT domain that acts as an E3 ubiquitin ligase. The protein was required for the ubiquitination and subsequent degradation of the anti-apoptotic protein Mcl1. It also ubiquitinates the p53, core histones, and DNA polymerase β. The latest research reported that HUWE1 can promote the proliferation, migration, and invasion of stomach cancer cells by mediating the ubiquitination of TGFBR2 (15). By comparing the expression level of HUWE1 in clinical gastric cancer patients and normal individuals, we showed that the expression level of HUWE1 was increased in tumor tissues. HUWE1 may become a potential target for the treatment of stomach cancer.

p53 is one of the most important tumor suppressors, involved in the regulation of a variety of tumor-related pathways, such as cell cycle, apoptosis, DNA damage repair, metabolism, inflammation and immune response, angiogenesis, and metastasis (16). Its coding gene TP53 is the most common mutation gene in human cancer, while TP53 mutation is usually associated with a poor prognosis of cancer (17). Related studies have shown that TP53 mutations usually inhibit the body’s antitumor immunity and response to cancer immunotherapy (18–20). Conversely, studies have also reported that TP53 mutations can promote antitumor immune activity and responsiveness to immunotherapy (21–23). These contradictory findings suggest that the correlation between TP53 mutations and tumor immunity may be related to the type of cancer. Mutations in TP53 are common and one of the five most important mutations in gastric cancer (24, 25). TP53 has been proven to play an important role in the occurrence and development of gastric cancer (26, 27). Research confirmed that TP53 affects the innate immune system by regulating macrophage function (28). TP53 mutation also plays an important role in activating tumor immunity, which may promote the development of gastric cancer by affecting the immune characteristics of patients (18, 29). When TP53 is mutated, cells proliferate abnormally and transform into cancer cells, and gastric cancer patients with TP53 mutations have a worse prognosis than those without the mutation (30). TP53 can be used to predict the prognosis of gastric cancer. Monitoring the recurrence of gastric cancer by monitoring free DNA mutations can also be used to predict the efficacy of chemotherapy in advanced gastric cancer (31, 32). Our study showed that compared with normal tissues, the expression of the TP53 gene was upregulated in gastric adenocarcinoma, and there was a difference in stages II and IV. Our study showed that the expression of the TP53 gene was upregulated in gastric adenocarcinoma compared with normal tissues, especially the difference in the expression between tumor stages II and IV.

A large number of studies have confirmed that ESR1 can be used as a transcription factor to regulate many complex physiological processes of the human body and plays an important role in the treatment of many cancers, such as breast cancer, prostate cancer, and endometrial cancer (33, 34). ESR1 has the function of encoding estrogen receptor and has been the focus of breast cancer research for a long time, but it is also related to gastric cancer and other types of cancer (35). Some research showed that activation of ESR1 promotes the growth of breast cancer by triggering downstream signaling pathways, such as MAPK and PI3K (36). ESR1 plays an important role in the occurrence and development of breast cancer. It can be used not only as a prognostic index but also as a predictor of endocrine therapy response (37, 38). In addition, ESR1 is an oncogene that promotes the proliferation and metastasis of prostate cancer, and its expression is related to the poor prognosis of patients with prostate cancer (39). There is increasing evidence that estrogen affects the proliferation and tumor progression of the prostate epithelium through the ESR1 signal (40). Although the stomach is not the direct target organ of estrogen, in recent years, accumulating clinical and laboratory evidence has shown that estrogen is closely related to gastric cancer, but its specific mechanism is still unclear to a large extent (41, 42). Estrogen and ESR play not only a normal physiological function in regulating body growth and development but also an important role in the growth, proliferation, invasion, and metastasis of gastric cancer (43, 44). Our results showed that the level of ESR1 was increased in gastric adenocarcinoma patients. We speculate that ESR1 has diagnostic value in clinicopathological features and prognosis of patients with gastric cancer, and selective targeting of the estrogen receptor may be a new therapeutic tool to eliminate tumor growth and metastasis.

HDAC1 is a protein-coding gene, which can catalyze histone deacetylation reaction, and downregulates histone acetylation level, which can compress chromatin into a dense conformation and decrease transcriptional activity (45). Studies have confirmed that HDAC1/2 is significantly increased in many human cancers (46–48), especially in the invasiveness and carcinogenicity of gastric cancer (49, 50). Its high expression is related to advanced stomach cancer, uncontrolled tumor cell proliferation, and poor prognosis (51). The expression of HDAC1 is also one of the independent poor prognostic factors for the overall survival and disease-free survival of patients with stomach cancer (52). Some studies have further shown that the high expression of HDACs is clinically related to lymph node spread and shorter overall survival time in patients with gastric cancer (51, 53). Our results also confirmed that HDAC1 was correlated with tumor occurrence, development, and clinical prognosis. Therefore, HDAC1/2 is an effective therapeutic target for STAD. It has been confirmed that the HDAC inhibitor trichostatin A plays an antiproliferation effect by regulating cell cycle and apoptosis and can increase the chemical sensitivity of gastric cancer cell lines to anticancer drugs, including 5-fluorouracil, PTX, and irinotecan (54, 55). It is of great significance to further develop more alternative treatment strategies in the future and to improve the treatment of patients with gastric cancer.

Clathrin is a protein that plays a major role in the formation of coated vesicles. It forms a triangular shape composed of three clathrin heavy chains and three light chains that spontaneously assemble into a basket lattice to drive the budding process of endocytosis (56). Clathrin heavy chain (CLTC) plays an important role in the uptake of exosomes by the mononuclear phagocyte system (MPS). It has been found that MPS endocytosis in the spleen and liver can be significantly blocked by pre-injection of exosomes loaded with siRNA against CLTC, which then leads to subsequent increased delivery of exosomes in other organs (57). Further studies also confirmed that the blocking strategy using siCLTC-modified exosomes could significantly improve the protective effect of specific exosomes in a model of doxorubicin-induced cardiotoxicity (57). In cancer research, CLTC has also been reported to be involved in tumorigenesis. The CLTC–ALK fusion gene has been shown to be an ALK activator in large B-cell lymphoma and is associated with tumor recurrence (58). This abnormal fusion gene is also thought to be a major factor in congenital primitive plasmacytoid dendritic cell tumors (59). The high expression of CLTC has also been shown to be an independent prognostic factor for tumor-free survival and overall survival in patients with osteosarcoma (60). Transcriptome analysis revealed that CLTC–TFE3 fusion is present in renal cancer and affects many downstream cancer-related pathways (61). A great deal of evidence supports the concept that CLTC fusion protein is involved in tumorigenesis and tumor progression. However, the role of CLTC in gastric adenocarcinoma has not been further studied. Our results show that the expression of CLTC is increased in gastric cancer patients, which is of great significance for the treatment of gastric adenocarcinoma and further exploration of CLTC.

Among the seven hub genes screened, TP53 is the most frequently mutated gene in various human cancers, and 90% of TP53 mutations are missense changes with potential gain-of-function features (62). Cheng et al. highlight the important role of TP53 genomic status in influencing gastric cancer response to DZNep (3-deazacycline A). When evaluating clinical trials of EZH2-targeted agents, such as DZNep, consideration should be given to stratifying gastric cancer patients according to their TP53 genomic status (24). The other six hub genes have no gene mutation records in STAD-related research, but HDAC1 and ESR1 genes have been confirmed to be related to the occurrence and prognosis of gastric adenocarcinoma, associated with the patients’ DFS and OS. The remaining genes have not been studied in the pathogenesis and treatment of STAD. However, we analyzed clinical patient samples and found that the expression of those genes was elevated.

Secondly, the relationships between these hub genes were further studied. In view of the relatively few related literature, we have found only a few pairs of genes that may be associated, including HDAC1 and ESR1, HDAC1 and TP53, and CLTC and TP53, as well as TP53 and ESR1. HDAC1 and ESR1 genes play an important role in regulating the Notch signal transduction pathway (63). Premature ovarian failure (POF) can also be treated by regulating the balance of ESR in the TP53–AKT signaling pathway (64). Studies have shown that loss of heterozygosity (LOH) of TP53 and ESR is higher in ovarian serous cystadenocarcinoma (SCA) and more common in clear cell carcinoma (CCA) and serous tumor with low malignant potential (SLMP), which has been observed in primary ovarian tumors and metastases (65). CLTC–VMP1 gene fusion and TP53 gene mutation were observed in undifferentiated pleomorphic osteosarcoma (66). The rearrangement of the RNA-binding protein EWSR1 characterizes a variety of malignant tumors, including Ewing’s sarcoma (EWSR1/ETS), depilated small round cell tumor (EWSR1/WT1), and some acute lymphoblastic leukemia (EWSR1/ZNF384) (67). Although these fusions involve known cancer genes, they all occur in new fusion partners and previously unreported types of cancer. Some repeatedly mutated genes and gene fusion represent potential drug targets, which can be transformed into a diagnostic basis and can be used in clinical treatment and improvement in the prognosis of patients.



Conclusion

Due to the clinical heterogeneity of patients and the small number of included samples, the number of relevant references that can be retrieved is also small, so there are some limitations. Although we conducted a systematic bioinformatics analysis and identified the potential differential hub genes between tumor and normal tissues, the correlation between the expression of hub genes and its clinical significance is difficult to determine. Moreover, further examinations are needed to clarify their prognostic information. However, the seven hub genes are still expected to be used as potential STAD molecular biomarkers in the future. Further study of these genes can broaden our understanding of the pathogenesis of STAD and highlight the possibility of developing new targeted therapeutic drugs.
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Background

Glutathione peroxidase 8 (GPX8) is a type II transmembrane protein with rare structural features belonging to the glutathione peroxidase family. The function of GPX8 in stomach adenocarcinoma has not been discovered clearly.



Methods

In this study, we comprehensively analyzed the expression of GPX8 in stomach adenocarcinoma and discovered that it is a potential target in the treatment of stomach adenocarcinoma. The immunohistochemical staining of GPX8 and survival analysis were performed in carcinoma tissue and adjacent tissues of 83 gastric cancer patients. The Gene Expression Profiling Interactive Analysis (GEPIA) database and Kaplan–Meier plotter database were used to evaluate the prognostic survival of GPX8 in stomach adenocarcinoma. The Cancer Genome Atlas (TCGA) database was used to download the microarray mRNA data of GPX8 and clinical information for cancer patients. The TIMER database and GSEA database were used to systematically evaluate the association of GPX8 and tumor-infiltrating lymphocytes in adenocarcinoma carcinoma. The STRING database was used to analyze protein-to-protein interactions of GPX8. The ROC curve was used to analyze the diagnostic effect of GPX8 in distinguishing outcomes between different subgroups, and a nomogram was constructed based on GPX8. Top transcription factor binding sites were analyzed using the QIAGEN database in the GPX8 gene promoter, and the functional enrichment analysis of GPX8 was done by GO and KEGG pathway enrichment analyses.



Result

Based on the GEPIA and TCGA databases, the mRNA expression of GPX8 was significantly higher in stomach adenocarcinoma compared with the adjacent normal tissues. The GEPIA and Kaplan–Meier plotter databases showed that a higher GPX8 expression level was correlated with poor prognosis of stomach adenocarcinoma, suggesting that GPX8 was a risk factor of poor prognosis in stomach adenocarcinoma. The TIMER database showed that the GPX8 expression level was positively correlated with infiltrating levels of CD8+ T cells, CD4+ T cells, macrophages, neutrophils, and dendritic cells in stomach adenocarcinoma. The GSEA database indicated that GPX8 was positively correlated with B cells, dendritic cells, CD4+ T cells, CD8+ T cells, macrophages, mast cells, monocytes, and natural killer cells. At last, GO analysis indicated that the biological processes were enriched in collagen fibril organization, endodermal cell differentiation, collagen metabolic process, extracellular matrix organization, etc. KEGG signaling pathway analysis showed that GPX8 was correlated with protein digestion and absorption, extracellular matrix receptor interaction, AGE/RAGE signaling pathway, etc. The GSEA database showed that GPX8 was positively associated with angiogenesis, epithelial mesenchymal transition, hedgehog signaling, etc. The immunohistochemical staining of GPX8 and survival analysis in 83 gastric cancer patients showed that the OS rate of patients with a high GPX8 expression was significantly lower than that of the low GPX8 expression group.



Conclusion

GPX8 is an important factor which might be a potential target in the treatment of stomach adenocarcinoma.
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Introduction

Stomach cancer is one of the leading causes of death worldwide owing to cancer, which accounts for its being the second leading cause of cancer death and the fourth most common cancer (1). It is estimated that almost 950,000 new patients are diagnosed as stomach cancer every year worldwide. Although the incidence and mortality have decreased in recent years especially in USA and western Europe, the burdens of stomach cancer in northeast Asia, eastern Europe, and Latin America remain high (2). The traditional treatment methods of stomach cancer include surgical resection, chemotherapy, and radiation (3). However, the traditional treatment strategies of stomach cancer remain with some shortcomings. In recent years, targeted therapy based on a molecular subtype of stomach cancer has been the optimistic option to deal with stomach cancer. Trastuzumab, known as the monoclonal antibody against HER2, could prolong the progression-free survival (PFS) and overall survival (OS) in HER2-positive stomach cancer patients. Thus, it is important to uncover the molecular nature of stomach and develop new drugs to improve individual benefits.

Glutathione peroxidase 8 (GPX8), also named probable glutathione peroxidase 8, is a type II transmembrane protein with rare structural features belonging to the glutathione peroxidase family in amphibians and Mammalia (4). GPX8 has a C-terminal endoplasmic reticulum signal and an N-terminal signal peptide. Therefore, it is also an endoplasmic reticulum membrane protein. The function of GPX8 has not been discovered clearly. Mehmeti et al. found that GPX8 was associated with hydrogen peroxide generation, endoplasmic reticulum stress, and apoptosis induction (5). GPX8 could scavenge hydrogen peroxide production, reducing lethal oxidative stress and fueling disulfide bond formation. Yoboue et al. demonstrated that GPX8 was important in regulating Ca2+ homeostasis and signaling (6). GPX8 reduced Ca2+ and IP3-dependent cytosolic and mitochondrial Ca2+ transients. The conserved transmembrane domain of GPX8 regulates Ca2+ and redox signals at the interface of the mitochondria endoplasmic reticulum. However, the functions of GPX8 in cancers have not been explored.

In this study, we aim to discover the correlation between GPX8 and stomach adenocarcinoma. Firstly, the Gene Expression Profiling Interactive Analysis (GEPIA) and The Cancer Genome Atlas (TCGA) datasets were used to analyze the expression of GPX8 in stomach adenocarcinoma and adjacent normal tissues. Secondly, the GEPIA and Kaplan–Meier plotter databases were conducted to discover the prognostic role of GPX8 in stomach adenocarcinoma. The STRING dataset was used to investigate the GPX8 network of the protein–protein interaction. Then, we used the TIMER database to find the association between GPX8 and tumor-infiltrating lymphocytes in the tumor microenvironment. Gene Set Enrichment Analysis (GSEA) was performed to reveal the biological functions including immune cells and signaling pathways of GPX8 in stomach adenocarcinoma. At last, Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses were used to demonstrate the biological functions of GPX8 in stomach adenocarcinoma. We hope to identify the function of GPX8 in stomach adenocarcinoma with this research.



Methods


GEPIA Database

In this study, we used the Gene Expression Profiling Interactive Analysis (GEPIA, http://gepia.cancerpku.cn/) database (7) to discover the difference in the GPX8 expression between stomach adenocarcinoma and adjacent normal tissue. GEPIA is a powerful bioinformatic database based on TCGA and genotype-tissue expression (GTEx) data, which has processed more than 280,000 analysis requests for 110,000 users in the recent 2 years. It includes the expression of RNA sequencing data of 9,736 tumor tissues and 8,587 normal tissues. The sample number of stomach adenocarcinoma in the GEPIA database was 408, while the sample number of normal tissue was 211. In addition, the GEPIA database was used to evaluate the prognostic role of GPX8 in stomach adenocarcinoma in this study.



TCGA Database

The Cancer Genome Atlas (TCGA, https://portal.gdc.cancer.gov) was used to download the microarray mRNA data of GPX8. Clinical information from 443 patients with gastric cancer and gene expression data from 375 gastric cancer patients (workflow type: HTSeq-Count) were acquired by using TCGA database. GPX8 mRNA expression was analyzed between stomach adenocarcinoma and normal adjacent tissues. SPSS 20.0 was conducted to calculate the statistical significance.



Kaplan–Meier Plotter Database

The Kaplan–Meier Plotter database (http://kmplot.com/analysis/) is a useful dataset platform to analyze the GPX8 expression on the prognostic potential role of stomach adenocarcinoma. Gene expression data and relapse-free and overall survival information in the Kaplan–Meier plotter database (8) are downloaded from GEO, EGA, and TCGA. In this study, we assessed the influence of GPX8 on survival in stomach adenocarcinoma patients. The 95% confidence interval hazard ratio and log-rank P value were evaluated.



TIMER Database

The TIMER database (http://cistrome.org/TIMER/) is a powerful web resource to systematically evaluate the diverse immune cells’ impact in different types of cancer. The RNA-seq data of the TIMER database come from TCGA database (9). In this study, we analyzed the correlation between GPX8 and immune cells’ status in the tumor microenvironment of stomach adenocarcinoma. Purity, B cells, CD4+ T cells, CD8+ T cells, neutrophils, macrophages, and dendritic cells were estimated in the tumor microenvironment.



STRING Database

The Search Tool for the Retrieval of Interacting Genes (STRING, https://string-db.org/) database (10) was conducted to evaluate the protein–protein interaction (PPI) network of GPX8. Number of edges, number of nodes, value of PPI enrichment, and degree of average node could be analyzed using the STRING database. Nodes were classified by biological processes. Edges were directed by molecular functions. The connectivity degrees of nodes were evaluated in the PPI network.



GSEA Database and QIAGEN Database

Gene Set Enrichment Analysis (GSEA, https://www.gsea-msigdb.org/gsea/msigdb/index.jsp) (11) was used to investigate the biological functions of GPX8 in stomach adenocarcinoma. It is a powerful bioinformatics dataset to discover the classes of genes which are overrepresented in large sets of genes and analyze the correlation in disease phenotypes. It could assess the statistical significance of genes in different biological states. Important factors including enrichment score and multiple-hypothesis testing adjustment are calculated in the GSEA dataset. The gene set would show to be positively enriched if it is highly expressed with a high risk score. The P-value of a significant gene is regarded as <0.05, while the significance of the false discovery rate (FDR) is considered as <0.25. Top transcription factor binding sites were analyzed by QIAGEN (https://geneglobe.qiagen.com/cn/analyze) in the GPX8 gene promoter.



GO Analysis and KEGG Analysis

Gene Ontology (GO) analysis is a useful bioinformatics method to investigate the biological processes, molecular functions, and cellular components of the selected gene. Biological processes combine functions of living units including cells, tissues, organ, and organisms. It represents specific objectives that living units are genetically programmed to achieve. Molecular functions occur at a single macromolecular machine in the elemental activities. The molecular functions in GO analysis represent gene product activities to perform actions. Cellular components indicate the cellular function occupied by a macromolecular machine. In this study, we evaluated the biological processes with GO analysis.

Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis contains multiple database collections such as chemical substances, genomes, and biological pathways. KEGG could compare genome maps, browse genome maps, and manipulate expression maps with Java tools. It integrates the items containing metabolism, cell cycle, membrane transport, and signal transduction. KEGG also could conducts graph comparison, sequence comparison, and path computation.



GPX8 Immunohistochemistry in the Gastric Cancer Tissue Array

GPX8 immunohistochemistry was performed in the gastric cancer tissue array. The tissue array was provided by Shanghai Tufei Biology and Technology Co., Ltd. The tissue chip was composed of 166 sample spots, including 83 cases with paired tumor and adjacent normal samples.

The tissue array was sectioned into 5-μm thickness for subsequent immunohistochemical staining. Briefly, after deparaffinization, endogenous peroxidases were blocked for 20 min in 3% of H2O2. Antigen retrieval was performed by heating the samples in 10 mmol/l citrate buffer (pH 6.0) at 95°C for 60 min. Then, sections were incubated at 4°C overnight with an anti-GPX8 antibody (Abcam, Cambridge, MA, USA) at a dilution of 1:300. Immunohistochemical staining was visually graded according to the intensity of stained cells as low (+), moderate (++), or high (+++). Immunostaining was evaluated by two different pathologists. Three positions were selected for each tissue slice, and the average optical density values were measured respectively. Finally, the average value of the three average optical density values was used as an indicator to measure the expression of GPX8.



Statistical Analysis

Data are presented as mean ± SD in the statistical analyses. The SPSS 20.0 software was used to measure the data. P < 0.05 was regarded as statistical significance.



Ethics Approval and Consent to Participate

Written informed consent was obtained from each patient involved in the study. This work complied with the Declaration of Helsinki and was approved by the Ethics Committee of National Cancer Center, Cancer Hospital, Chinese Academy of Medical Sciences and Peking Union Medical College (Approval Number: NCC2016XQ-44).




Results


Expression and Distribution of the GPX8 Gene in Pan-Cancer Perspective and Stomach Adenocarcinoma

Since the cancer types contained less than five normal group samples, the data sets of 15 cancer types were excluded from pan-cancer. Finally, we evaluated the mRNA expression pattern of GPX8 in the remaining 20 cancer types. As shown in Figure 1A, GPX8 was significantly upregulated in 12 of all 20 cancer types compared with normal tissues. These data suggest that the mRNA expression of GPX8 is abnormally expressed in different cancer types.




Figure 1 | Expression pattern of GPX8 in pan-cancer perspective and stomach adenocarcinoma and ROC curve. (A) Expression pattern of GPX8 in pan-cancer perspective (ns, P ≥ 0.05; *, P < 0.05; **, P < 0.01; ***, P < 0.001). (B) In TCGA database, the mRNA expression of GPX8 in ArrayExpress was significantly higher in stomach adenocarcinoma (red) than the adjacent normal tissue (green) (P<0.01). (C) Differential expression analysis of GPX8 between adjacent normal tissue (gray) and stomach adenocarcinoma (red) in the GEPIA database.



We investigated the expression of GPX8 between stomach adenocarcinoma and normal adjacent tissue with the GEPIA database. The sample number of stomach adenocarcinoma was 408, while the sample number of normal tissue was 211. We used TCGA database to validate the results. The mRNA expression of GPX8 in ArrayExpress was significantly higher in stomach adenocarcinoma than the adjacent normal tissue (Figure 1B). In addition, the result of the GEPIA database indicated that the mRNA expression of GPX8 in stomach adenocarcinoma was significantly higher than the adjacent normal tissue (P<0.05) (Figure 1C). Combining the results of the GEPIA and TCGA databases, the GPX8 expression in stomach adenocarcinoma was higher than that in normal tissue.



The High Expression of GPX8 Is Closely Related to the Poor Prognosis of STAD and Subgroups of Patients

Patients with a high expression of GPX8 have lower 10-year OS rates than those with a low expression of GPX8 (HR = 1.47(1.05–2.05); P = 0.023; Figure 2A). Similarly, the 10-year PFI and DSS rates in the GPX8-high group were significantly lower than those in the GPX8-low group (HR = 1.56(1.09–2.24), P = 0.014; HR = 1.74(1.13–2.67), P = 0.011; Figures 2B, C).




Figure 2 | Kaplan–Meier survival curves comparing the high and low expressions of GPX8 in STAD. (A–C) Survival curves of OS, DSS, and PFI between GPX8-high and -low patients with STAD. (D–H) OS survival curves of grade G3, N2 and N3, M0, stage III and IV, and T4 subgroups between GPX8-high and -low patients with STAD (STAD, stomach adenocarcinoma; OS, overall survival; DSS, disease-specific survival; PFI, progression-free interval).



Then, we evaluated the ability of high and low expressions of GPX8 to predict death in each subgroup. The results showed that the prognosis of patients with GPX8-high was poor in the histologic grade G3 (HR = 0.53, P = 0.043), N2 and N3 (HR = 0.51, P = 0.011), M0 (HR = 0.63, P = 0.016), stage III and IV (HR=0.48, P = 0.001), and T4 (HR=0.41, P = 0.016) subgroups of OS (Figures 2D–H). Subgroup analysis can further help us determine the predictive efficacy of GPX8 in specific populations, which indicates that a high expression of GPX8 represents a worse prognosis in the following patients: patients without distant metastasis, patients with tumor invading the serosal layer, or patients with poorly differentiated tissue.



Association With GPX8 Expression and Clinicopathological Variables

To clarify the significance of the GPX8 expression, a total of 407 stomach cancer samples with GPX8 expression data were analyzed from TCGA. These samples have characteristics of all patients, and the clinical cohort included 241 men and 134 women.

As shown in Figures 3A–E and Table S1, the overexpression of GPX8 is significantly related to the clinical features of stomach cancer, such as histologic grade (G1 and G2 vs. G3, P = 0.003), pathologic stage (stage 1vs. stage 2, P < 0.001; stage 1 vs. stage 3, P < 0.001), T stage (T1 vs. T2, P < 0.001; T1 vs. T3, P < 0.001; T1 vs. T4, P < 0.001), and histological type (diffuse type (DT) vs. tubular type (TT), P = 0.009; mucinous type (MT) vs. tubular type (TT), P = 0.007). GPX8 expression has nothing to do with other clinicopathological characteristics (Figures S1A–D).




Figure 3 | Association between GPX8 expression and clinicopathological characteristics, including (A) T stage, (B) histologic grade, (C) histological type, (D) pathologic stage, and (E) residual tumor.



Univariate analysis of logistic regression showed that the expression of GPX8 as a categorical dependent variable was related to the clinicopathological characteristics of poor prognosis (Table S2). The enhanced expression of GPX8 in stomach cancer is positively correlated with the following clinical characteristics, such as T stage (OR = 2.032 for T1, T2 vs. T3, T4, P = 0.003), N stage (OR = 2.032 for N1, N2, and N3 vs. N0, P =0.018), and pathologic stage (OR = 3.495 for stage III, stage IV, and stage II vs. stage I, P < 0.001). These results indicate that compared with low GPX8 expression, stomach cancer patients with a high GPX8 expression are easier to have a higher stage.



The ROC Curve Was Used to Analyze the Diagnostic Effect of GPX8 in Distinguishing Outcomes Between Different Subgroups

It is shown in Figures 4A, C, D that GPX8 has certain accuracy in predicting outcomes between tumor and normal (AUC = 0.795, CI = 0.730–0.860), in predicting MT and TT outcomes (AUC = 0.725, CI = 0.581–0.868), and in predicting the outcome of T1, T2, T3, and T4 (AUC = 0.820, CI = 0.726–0.914). In addition, as shown in Figures 4B, D–I, GPX8 has lower accuracy for the prediction in the remaining subgroups.




Figure 4 | ROC curve was used to analyze the diagnostic effect of GPX8 in distinguishing outcomes between different subgroups. (A) status (Normal vs Tumor); (B) Histological type (DT vs TT); (C) Histological type (MT vs TT); (D) T stage (T1 vs T2, T3, T4); (E) Pathologic stage (stage I vs II, III, IV); (F) Residual tumor (R0, R1 vs R2); (G) N stage (N1, N2 vs N3, N4); (H) M stage (M0 vs M1); (I) Histologic (G1, G2 vs G3).  Note: The value of the area under the ROC curve is between 0.5 and 1. The closer the AUC is to 1, the better the diagnostic effect. AUC has low accuracy when it is 0.5∼0.7, it has certain accuracy when AUC is 0.7∼0.9, and it has high accuracy when AUC is above 0.9. DT, Diffuse Type; TT, Tubular Type; MT, Mucinous Type; R0, no residual tumor; R1, microscopic residual tumor; R2, macroscopic residual tumor; G1, Grade 1; G2, Grade 2; G3, Grade 3.





Top Transcription Factors Binding Sites by QIAGEN in the GPX8 Gene Promoter

We found top transcription factor binding sites by QIAGEN in the GPX8 gene promoter, which contains ISGF-3, MZF1, SRF, and TBP. As shown in Figure 5, we analyzed the relationship between the expression of ISGF-3, MZF1, SRF, and TBP and the prognosis of stomach cancer patients by the Kaplan–Meier plotter database. The results show that the expression of ISGF-3, TBP, MZF1, and SRF is significantly related to the survival of stomach cancer patients (ISGF-3: HR = 0.47, log-rank P = 1.1e-11; TBP: HR = 1.76, log-rank P = 5.5e-11; SRF: HR = 1.76, log-rank P = 5.5e-11; MZF1B: HR = 1.8, log-rank P = 1.7e-11).




Figure 5 | The relationship between the expressions of ISGF-3 (A), TBP (B), SRF (C), and MZF1 (D) and the prognosis of stomach cancer patients were shown by Kaplan–Meier survival curves.





Construction and Validation of a Nomogram on GPX8

As shown in Table 1, univariate Cox regression correlation analysis shows that these clinical factors are significantly related to overall survival, such as T stage, N stage, M stage, age, pathologic stage, primary therapy outcome, and GPX8. In multivariate Cox regression analysis, the factors (T stage, N stage, pathologic stage, histologic grade, primary therapy outcome, and GPX8) are related to overall survival rate. It can be seen that the high expression of GPX8 is still an independent factor significantly related to OS rate (HR = 1.753; CI = 1.223–2.514; P = 0.002).


Table 1 | Univariate and multivariate COX regression in patients with stomach cancer.



To provide a quantitative method for predicting the prognosis of patients with stomach cancer, GPX8, transcription factors (ISGF-3, TBP, MZF1, SRF), and independent clinical risk factors were used to construct a nomogram (Figure 6A). On the basis of multivariate Cox regression analysis, a ruler score is set to characterize each variable in the multivariate regression model, and finally the total calculated score is used to predict the probability of event occurrence. The sum of the points assigned to each variable was adjusted to a range of 1 to 100. The scores of the variables were accumulated as the total score. The vertical line was used to find the corresponding results of the total score (1-year, 2-year, and 3-year survival probabilities). We further analyzed the prediction efficiency of the nomogram. The bias-corrected line in the calibration plot was utilized to be close to the ideal curve (the 45-degree line), which showed a fine agreement between the prediction and the observation (concordance, C-index= 0.759 (0.726–0.793); likelihood ratio test = 49.27 on 13 df, P = 3.97e-06; score (log-rank) test = 51.79 on 13 df, P = 1.46e-06; Wald test = 44.65 on 13 df, P = 2.39e-05) (Figure 6B).




Figure 6 | A quantitative method to predict the 1-, 2-, and 5- year OS in STAD patients. (A) A nomogram for predicting the probability of 1-, 3-, and 5- year OS for STAD patients. (B) Calibration plots of the nomogram for predicting the probability of OS at 1, 2, and 3 years. (C) The ROC curve of the GPX8 and its transcription factors in over-survival time. OS, overall survival. (D) GPX8 expression distribution and survival status.



Concerning distinguishing normal tissue and tumor, the predictive ability of STAT1 has a high accuracy (AUC = 0.957, CI = 0.942–0.973), the predictive ability of MZF1, GPX8, and TBP has a certain accuracy (AUC = 0.792, CI = 0.749–0.834; AUC = 0.809, CI = 0.774–0.845; AUC = 0.703, CI = 0.660–0.745), and the predictive ability of SRF has a lower accuracy (AUC = 0.614, CI = 0.558–0.669) (Figure 6C). The risk factor graph shows that the high expression of GPX8 is more related to the high risk of death (Figure 6D).



The Association of GPX8 and Tumor-Infiltrating Lymphocytes in Adenocarcinoma Carcinoma

We used the TIMER database to discover the association of GPX8 and tumor-infiltrating lymphocytes in stomach adenocarcinoma  (Figure 7A). The results showed that the GPX8 expression level was positively correlated with infiltrating levels of CD8+ T cells (r = 0.216, P = 2.82e−05), CD4+ T cells (r = 0.151, P = 3.87e−03), macrophages (r = 0.521, P = 3.67e−27), neutrophils (r = 0.28, P = 3.99e−08), and dendritic cells (r = 0.39, P = 6.52e−15) in stomach adenocarcinoma. On the contrary, GPX8 expression was negatively correlated with purity and B-cell infiltration (r = -0.046, P = 3.75e−01).




Figure 7 | The association of GPX8 and tumor-infiltrating lymphocytes in adenocarcinoma carcinoma. (A) GPX8 was positively correlated with infiltrating levels of CD4+ T cells, CD8+ T cells, macrophages, neutrophils, and dendritic cells in stomach adenocarcinoma. GPX8 was negatively correlated with purity of immune cells and infiltrating levels of B cells. (B) The varied proportions of 22 subtypes of immune cells in the high and low GPX8 expression groups in tumor samples. ns, p ≤0.05; *, p < 0.05; **, p < 0.01; ***, p< 0.001.



We also used the ssGSEA algorithm to calculate the correlation between GPX8 and 24 immune cells. It can be seen from Figure 7B that patients with high GPX8 expression have a high degree of infiltration of various immune cells (CD8+ T cells, DC, Neutrophils, Macrophages, NK cells, etc.). It also can be seen from Table 2 that the expression of GPX8 is significantly positively correlated with the degree of infiltration of various immune cells (DC, CD8+ T cells, Macrophages, Mast cells, NK cells).


Table 2 | Correlation between GPX8 expression and immune cell infiltration.



In addition, we also used the GSEA database to investigate the correlation between GPX8 and immune cells’ status in the tumor microenvironment of stomach adenocarcinoma. As shown in Figures 8A–I, GPX8 was positively correlated with B cells, dendritic cells, CD4+ T cells, CD8+ T cells, macrophages, mast cells, monocytes, natural killer cells, etc. The results indicated that GPX8 plays critical roles in the infiltration of tumor-infiltrating lymphocytes in the tumor microenvironment of stomach adenocarcinoma.




Figure 8 | (A–I) In the GSEA database, GPX8 was positively correlated with B cells, dendritic cells, CD4+ T cells, CD8+ T cells, macrophages, mast cells, monocytes, natural killer cells, etc.





Protein to Protein Interactions of GPX8

We used STRING to explore the protein–protein interactions (PPI) related to GPX8 (Figure 9). There were 11 nodes and 32 edges in the complex PPI network. The edges mean the association of protein and protein, while the nodes mean the protein. In the PPI network, the most significant nodes were superoxide dismutase 1 (SOD1), SOD2, SOD3, ERO1-like protein alpha (ERO1L), glutathione synthetase (GSS), protein disulfide-isomerase (P4HB), arachidonate 5-lipoxygenase (ALOX5), glutathione S-transferase M3 (GSTM3), catalase (CAT), and glutathione S-transferase A4 (GSTA4).




Figure 9 | PPI network complex of GPX8. The number of nodes was 11, while the number of edges was 32. The average node degree was 5.82. The average local clustering coefficient was 0.858. The PPI enrichment P-value was 5.92e–07. The most significant nodes were SOD1, SOD2, SOD3, ERO1L, GSS, P4HB, ALOX5, GSTM3, CAT, and GSTA4.





Functional Enrichment Analysis

We conducted Gene Ontology (GO) analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis to explore the biological signatures of GPX8 in stomach adenocarcinoma. GO analysis indicated that the biological processes were enriched in collagen fibril organization, endodermal cell differentiation, collagen metabolic process, extracellular matrix organization, extracellular structure organization, etc. (Figure 10A). KEGG signaling pathway analysis showed that GPX8 was correlated with protein digestion and absorption, extracellular matrix receptor interaction, AGE/RAGE signaling pathway, focal adhesion, relaxin signaling pathway, and PI3K/AKT signaling pathway (Figure 10B).




Figure 10 | Functional enrichment analysis of GPX8 in stomach adenocarcinoma. (A) GO analysis of GPX8 in stomach adenocarcinoma. (B) KEGG signaling pathway of GPX8 in stomach adenocarcinoma. (C) GSEA analysis of GPX8 in stomach adenocarcinoma.



Furthermore, we used the GSEA database to validate the results of GO and KEGG analyses. The results showed that GPX8 was positively associated with angiogenesis, epithelial–mesenchymal transition, hedgehog signaling, IL2-STAT5 signaling pathway, IL6-JAK-STAT3 signaling pathway, inflammatory response, KRAS signaling pathway, etc (Figure 10C).



Immunohistochemistry

In our study, we used immunohistochemistry to determine the expression level of GPX8 in cancer tissues and adjacent normal tissues of 83 patients. The immunohistochemical results of tumor and adjacent non-cancerous tissues in three patients are shown in Figures 11A, C; the expression of GPX8 in cancer tissues was significantly higher than that in adjacent normal tissues. In addition, according to the median of GPX8 expression in cancer tissues, 83 patients were divided into the high GPX8 expression group and low GPX8 expression group. The OS rate of patients with a high GPX8 expression was significantly lower than that of the low GPX8 expression group (P = 0.0168 (log-rank), Figure 11B). Finally, we analyzed the correlation between the clinical characteristics of 83 patients and the expression level of GPX8, and the results are shown in Figures 11D, E. The clinical characteristics of patients (T stage and pathologic stage) have a certain correlation with the level of GPX8. There is a significant difference in the level of GPX8 expression between different groups, such as T1 vs. T3 (P = 0.0091) in the T stage, T2 vs. T3 (P = 0.0451) in the T stage, and stage I vs. stage IV (P = 0.0416) in the pathologic stage. Therefore, the results of immunohistochemistry validate and support the previous prediction.




Figure 11 | GPX8 gene expression levels were associated with clinical outcomes. (A) We selected six representative immunohistochemical pictures to show the expression of GPX8 in tumor and adjacent noncancerous tissues. (B) The Kaplan–Meier curve showed that a low GPX8 expression was associated with higher OS in stomach cancer patients, and the P value was calculated by log-rank (P = 0.0168) and Breslow (P = 0.0216). (C) The expression of GPX8 in tumor is higher than that in normal tissues. (D, E) There is a significant difference in the level of GPX8 expression between different groups, such as T1 vs. T3 (P = 0.0091) in the T stage, T2 vs. T3 (P = 0.0451) in the T stage, and stage I vs. stage IV (P = 0.0416) in the pathologic stage. *, p < 0.05; **, p < 0.01; ****, p < 0.0001.






Discussion

GPX8 belongs to the family of glutathione peroxidases. Eight glutathione peroxidases (GPX1-GPX8) have been identified so far in mammals. The glutathione peroxidase family takes part in the homeostasis of H2O2 in signaling pathways. Previous studies have demonstrated that GPX1 to GPX7 play important roles in the carcinogenesis of tumor. GPX1 could prevent carcinogenesis by reducing the mutation of oxidative DNA and diminishing the production of inflammatory cytokines such as leukotrienes and prostaglandins (12). The overexpression of GPX1 could reduce the tumor growth in vivo and in vitro (13). The level of GPX2 was increased in lung adenocarcinoma and colorectal cancer (14). GPX3 was considered as a novel tumor suppressor which is downregulated in several types of cancer (15, 16). GPX4 decreased the hydroperoxides in membranes to interfere the membrane oxidation (17). GPX6 increased an adaptive response to a more oxidized environment (18). GPX7 was involved in the protein folding in the endoplasmic reticulum (19). GPX8 was a novel member in the glutathione peroxidase family. The functions of GPX8 in cancers have not been investigated clearly. Thus, we aimed to discover the function of GPX8 in stomach adenocarcinoma in this study.

A recent article also found that GPX8 can significantly predict prognosis in gastric cancer (20). They found that aberrant GPX8 expression is associated with clinical features of gastric cancer, such as T stage, clinical stage, histological grade, residual tumor status, ethnicity, and patient survival. It was also found that the differential genes between patients with high and low expressions of GPX8 were significantly enriched in gene sets such as KEGG_BASAL_CELL_CARCINOMA by GSEA. In our work, we assessed the association of GPX8 and tumor-infiltrating lymphocytes in adenocarcinoma carcinoma. We also analyzed the diagnostic effect of GPX8 in distinguishing outcomes between different subgroups by the ROC curve. This helps doctors to more accurately diagnose the prognosis of patients with different clinical characteristics through the expression of GPX8. Finally, we constructed a clinical prognostic model based on clinical characteristics and GPX8, which could accurately predict the mortality of gastric cancer patients at 1, 2, and 3 years. In addition, we validated the correlation of the differential expression of GPX8 with clinical features and prognosis of gastric cancer patients by collecting clinical samples from hospitals.

Specifically, we discovered the mRNA expression of GPX8 in stomach adenocarcinoma and normal adjacent tissue with the GEPIA database and TCGA database. The GEPIA database showed that GPX8 was significantly higher in stomach adenocarcinoma than the adjacent normal tissues. TCGA database also indicated that GPX8 was significantly higher in stomach adenocarcinoma than the adjacent normal tissue. These results implied that GPX8 contributes to the carcinogenesis of stomach adenocarcinoma. Then, we discovered the association between GPX8 and prognosis of stomach adenocarcinoma with the GEPIA and Kaplan–Meier plotter databases. A higher GPX8 expression level was correlated with poor survival of stomach adenocarcinoma. This suggested that GPX8 might be a risk factor of dismal outcome.

After analyzing the mRNA expression and prognosis survival of GPX8 in stomach adenocarcinoma, we intended to investigate the correlation between the GPX8 expression level and immune status in the tumor microenvironment of stomach adenocarcinoma. The TIMER database showed that the GPX8 expression level was positively correlated with infiltrating levels of CD8+ T cells, CD4+ T cells, macrophages, neutrophils, and dendritic cells in stomach adenocarcinoma. The GSEA database indicated that GPX8 was positively correlated with B cells, dendritic cells, CD4+ T cells, CD8+ T cells, macrophages, mast cells, monocytes, and natural killer cells. Increased inflammatory cells could produce and secrete various types of chemokines and cytokines. These inflammatory mediators could recruit or traffic more types of inflammatory cells to the tumor microenvironment which exacerbates the vicious cycle. Therefore, GPX8 might exacerbate the stomach adenocarcinoma by enhancing the inflammation of tumor microenvironment.

Then, we assumed the PPI of GPX8 with the STRING dataset. The most significant nodes were SOD1, SOD2, SOD3, ERO1L, GSS, P4HB, ALOX5, GSTM3, CAT, and GSTA4. SOD1–3 are related to oxidative stress and reactive oxygen species in the tumor microenvironment (21). ERO1L is correlated with reactive oxygen species in the endoplasmic reticulum (22). GSS and P4HB are associated with oxidation and redox. ALOX5 belongs to the lipoxygenase family which contributes to innate immunity by regulating inflammatory responses (23). GSTM3 links to several types of cancers (24). CAT is also related to the reactive oxygen species and oxidative damage. GSTA4 is correlated with oxidative metabolism in several diseases including atherosclerosis, Alzheimer’s disease, and cancers (25). In brief, GPX8 interacts with the proteins which are focused on oxidative stress and reactive oxygen species.

Additionally, we conducted GO, KEGG, and GSEA databases to analyze the biological signatures of GPX8 in stomach adenocarcinoma. GO analysis indicated that the biological processes were enriched in collagen fibril organization, endodermal cell differentiation, collagen metabolic process, extracellular matrix organization, and extracellular structure organization. The extracellular matrix in the tumor microenvironment affects the growth and invasion of tumor. Proteins of the extracellular matrix construct the biochemical and physical niche of cancer stem cells (26). As the main component of the extracellular matrix, collagen in the microenvironment of tumor might affect the carcinogenesis and progression of cancers. In stomach cancer, collagen deposition would increase the incidence of stomach cancer (27). Enhanced collagen deposition and increased collagen width change the morphology of collagen fibers. The width of collagen is associated with prognostic survival in that the increased collagen width decreased the overall survival of stomach cancer patients. In our study, collagen fibril organization, collagen metabolic process, extracellular matrix organization, and extracellular structure organization are shown in GO analysis. Therefore, GPX8 might increase carcinogenesis of stomach adenocarcinoma by modulating collagen fibril and the extracellular matrix.

KEGG signaling pathway analysis showed that GPX8 was correlated with protein digestion and absorption, extracellular matrix receptor interaction, AGE/RAGE signaling pathway, focal adhesion, relaxin signaling pathway, and PI3K/AKT signaling pathway. Extracellular matrix receptor interaction, protein digestion and absorption, and focal adhesion in KEGG analysis might be correlated with collagen fibril and extracellular matrix modulation in GO analysis. The AGE/RAGE signaling pathway activates other signaling pathways such as Janus kinase/signal transducers and activators of transcription (JAK/STAT), mitogen-activated protein kinase (MAPK), and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) pathways (28). These signaling pathways take part in the proliferation and inflammation in cancers. The relaxin signaling pathway influences the growth and differentiation of tumor cells. Relaxin increases the expression of the vascular endothelial growth factor to stimulate the neovascularization and angiogenesis (29). Furthermore, relaxin promotes the invasion, attachment, and migration of tumor cells. The PI3K/AKT signaling pathway is important in regulating tumor cell functions such as metabolism, angiogenesis, and proliferation. Dysregulation of the PI3K/AKT signaling pathway exacerbates stomach cancers that it is regarded as the targeted therapy in stomach cancer (30). Therefore, apart from the validation of GO analysis, the results of KEGG signaling analysis also showed that some signaling pathways such as AGE/RAGE, relaxin, and PI3K/AKT signaling pathways were involved in the functions of GPX8 in stomach cancer.

At last, we used the GSEA database to validate the previous results. GPX8 was positively associated with angiogenesis, epithelial–mesenchymal transition, hedgehog signaling, IL6-JAK-STAT3 signaling pathway, inflammatory response, and KRAS signaling pathway. Angiogenesis is an important process in tumor metastasis and progression. In stomach cancer, angiogenesis could promote the tumor growth and metastasis (31). Fibroblasts, macrophages, and vascular endothelial growth factor are crucial factors in the angiogenesis and tumor progression of stomach cancer. As a conserved process in tumor cell genesis, epithelial–mesenchymal transition in stomach cancer could enhance tumor cell initiation, invasion, and chemoresistance. Hedgehog signaling could activate tumor cell proliferation by regulating the cell cycle in stomach cancer development and neoplastic transformation. The IL6-JAK-STAT3 signaling pathway is dysregulated in stomach cancer. Hyper-activation of the IL6-JAK-STAT3 signaling pathway is related with poor prognosis survival of stomach cancer patients. It facilitates the proliferation, invasion, and growth of tumor cells. The KRAS signaling pathway promotes metastasis and chemotherapy resistance of cancer stem cells in stomach cancer.



Conclusion

This study found that a high expression of GPX8 in stomach adenocarcinoma was correlated with poor prognosis. Moreover, a high expression of GPX8 might exacerbate the stomach adenocarcinoma by enhancing the inflammation of the tumor microenvironment or taking part in several signaling pathways. Our study indicated that GPX8 was an important factor, which might be a potential target in the treatment of stomach adenocarcinoma.
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Background

Peritoneal dissemination (PD) is the most common mode of metastasis for advanced gastric cancer (GC) with poor prognosis. It is of great significance to accurately predict preoperative PD and develop optimal treatment strategies for GC patients. Our study assessed the diagnostic potential of serum tumor markers and clinicopathologic features, to improve the accuracy of predicting the presence of PD in GC patients.



Methods

In our study, 1264 patients with GC at Fudan University Shanghai Cancer Center and Wenzhou people’s hospital from 2018 to 2020 were retrospectively analyzed, including 316 cases of PD and 948 cases without PD. All patients underwent enhanced CT scan or magnetic resonance imaging (MRI) before surgery and treatment. Clinicopathological features, including tumor diameter and tumor stage (depth of tumor invasion, nearby lymph node metastasis and distant metastasis), were obtained by imaging examination. The independent risk factors for PD were screened through univariate and multivariate logistic regression analyses, and the results were expressed with 95% confidence intervals (CIs). A model of PD diagnosis and prediction was established by using Cox proportional hazards regression model of training set. Furthermore, the accuracy of the prediction model was verified by ROC curve and calibration plots.



Results

Univariate analysis showed that PD in GC was significantly related to tumor diameter (odds ratio (OR)=12.06, p<0.0006), depth of invasion (OR=14.55, p<0.0001), lymph node metastases (OR=5.89, p<0.0001), carcinoembryonic antigen (CEA) (OR=2.50, p<0.0001), CA125 (OR=11.46, p<0.0001), CA72-4 (OR=4.09, p<0.0001), CA19-9 (OR=2.74, p<0.0001), CA50 (OR=5.20, p<0.0001) and CA242 (OR=3.83, p<0.0001). Multivariate analysis revealed that clinical invasion depth and serum marker of CA125 and CA72-4 were independent risk factors for PD. The prediction model was established based on the risk factors using the R program. The area under the curve (AUC) of the receiver operating characteristics (ROC) was 0.931 (95% CI: 0.900–0.960), with the accuracy, sensitivity and specificity values of 90.5%, 86.2% and 82.2%, respectively.



Conclusion

The nomogram model constructed using CA125, CA72-4 and depth of invasion increases the accuracy and sensitivity in predicting the incidence of PD in GC patients and can be used as an important tool for preoperative diagnosis.





Keywords: gastric cancer, peritoneal dissemination, prediction nomogram, serum tumor markers, risk factors



Introduction

Gastric cancer (GC) is one of the most important gastrointestinal malignancies, ranking fifth among all cancers in the world and representing the third leading cause of cancer-related deaths (1). PD is the most common and important mode of gastric cancer metastasis, occurs in greater than 55%-60% of patients with metastatic gastric cancer, leading to poor prognosis (2–5). Patients with PD often have complications of malignant ascites, abdominal distension and intestinal obstruction and exhibit poor overall survival (6–8). According to statistics, the median overall survival (OS) of GC patients with PD is 3 to 4 months (9, 10), and the 5-year survival rate is 2% (11). Relevant guidelines clearly specify that GC patients with PD can only receive palliative care or neoadjuvant chemotherapy instead of radical surgery (12, 13). With the development of intraperitoneal chemotherapy and the application of immunotherapy and targeted therapy, the median OS in GC patients with PD is expected to improve (14). Therefore, the accurate prediction of PD is essential in the treatment strategies of GC patients.

In clinical practice, computed tomography (CT) is a fundamental imaging modality for the diagnosis of PD, exhibits high specificity and accuracy, whereas its sensitivity is low (15). Studies are unanimous in the conclusion that higher CT sensitivity is dependent on the size of peritoneal metastatic nodules (the detection rates ranged from 8–67%), whereas metastatic nodules are usually small, and therefore have a high rate of misdiagnosis (16, 17). Magnetic resonance imaging (MRI) is superior to CT in contrast resolution and imaging ability. However, it is susceptible to motion artifacts associated with respiration and intestinal peristalsis and requires a long scan time. In addition, MRI is limited by its low sensitivity to the detection of small nodules (18). In addition, PET is costly, and early lesions may go undetected. Diagnostic laparoscopic exploration provides direct observation of peritoneal metastases with high accuracy but is an unconventional and invasive procedure. Serum tumor markers (AFP, CEA, CA125, CA72–4, CA242, CA19–9and CA50) are commonly used in the clinic for the diagnosis and prognostic monitoring of GC. For example, CA125 has been widely confirmed to have clinical guiding value in PD diagnosis in recent years, but the sensitivity and specificity of individual indicators are low (19, 20). Accurate preoperative prediction of PD not only avoids unnecessary invasive operations but also provides opportunities for early comprehensive treatment, which has important clinical value and application prospects. Therefore, we conducted a retrospective study to explore a highly sensitive and noninvasive predictor.



Materials and Methods

We collected 1498 patients diagnosed with gastric cancer at Fudan University Shanghai Cancer Center (FUSCC) and Wenzhou People’s Hospital from January 2017 to December 2020 in this study. This retrospective study was approved by the Ethical Committee of FUSCC and Wenzhou People’s Hospital and Wenzhou People's Hospital. All procedures were carried out in accordance with relevant guidelines.


Inclusion and Exclusion Criteria

The inclusion criteria were: (1) GC patients diagnosed by gastroscopy and CT examination; (2) No other forms of treatment, such as immunotherapy, chemotherapy or radiotherapy were received before treatment; (3) patients had no other malignant tumors; (4) With complete detection results of serum tumor markers, including CEA, CA19–9, CA125, CA50, CA242 and CA72-4. The exclusion criteria were: (1) radical resection was performed within 2 months after enrollment; (2) patients diagnosed with other malignancies or major diseases within 3 years prior to surgery (n=17); (3) patients received immunotherapy, chemotherapy or radiotherapy within 3 months before surgery (n=10); (4) Incomplete of clinicopathologic characteristics and follow-up data (n=126); (5) patients with distant organ metastasis, pregnancy or incomplete data were excluded. Finally, of these patients, 1264 eligible patients were identified for this study (Figure 1).




Figure 1 | Flowchart of patient cohort definition.



In the case-control study, in order to control confounding bias and exclude mutual metastasis of tumors, we did not include patients with other malignant tumors simultaneously, such as ovarian cancer, pancreatic cancer, colorectal cancer and other abdominal malignancies, for which peritoneal metastasis are prone to occur in the event of tumor recurrence and progression.

Current guidelines suggest that 16 or more lymph nodes (LNs) are required for the appropriate TMN staging of gastric cancer, the effect on survival of the minimum number of examined LNs in the different types of gastrectomy remains unclear. However, a retrospective analysis of 2,947 patients from a two-institution database in China showed that to maximize the survival benefit after radical total gastrectomy for gastric cancer, a minimum of 21 LNs should be removed (21). Therefore, in order to predict survival more accurately with TNM staging system, we excluded the cases with less than 16 detected lymph nodes.



Study Patients

A total of 1264 GC patients were enrolled in our study, including 316 patients diagnosed with PD and 948 patients without PD, randomly matched at a ratio of 3:1. 885 patients were enrolled in the training cohort, including 221 patients with PD and 664 patients without PD, with a median age of 59 years. In addition, 379 patients were included in the validation cohort, including 95 patients with PD and 284 without PD, with a median age of 57 years. All patients were staged according to the Union for International Cancer Control (UICC) and American Joint Committee on Cancer (AJCC) TNM Staging Classification for CRC (Eighth Edition, 2016). The following baseline indicators were analyzed: age, sex, stage of TNM, preoperative tumor markers levels and some pathological conditions, including nerve infiltration and lympho-vascular invasion status. All patients underwent enhanced CT scan or magnetic resonance imaging (MRI) before surgery or treatment. Tumor size is measured by its longest diameter. The depth of invasion (clinical T stages) and lymphatic metastasis (clinical N stages) were obtained based on preoperative imaging examination. As shown in Table 1, we found no statistically significant differences in any clinicopathological features or tumor markers between two cohorts (p* value >0.05), indicating that the constitutions of the two groups were similar. Tumor size, cT stage, cN stage and serum tumor marker levels, including CEA, CA50, CA125, CA72-4, CA242 and CA19-9, were significantly different in both cohorts (P<0.05), indicating a significant correlation with PD.


Table 1 | Correlation between peritoneal dissemination and clinicopathologic features [n (%)].





Statistical Analysis

Comparisons between groups were performed by Chi-square test or Fisher’s exact test. Risk factors related to PD in gastric cancer were determined by Logistic regression analysis. The area under ROC curve was used to evaluate the diagnostic value of tumor markers, and the optimal cut-off value was obtained by the ROC curve and Youden index. A nomogram was made as a prediction model of PD incidence, and the accuracy of the prediction was verified by ROC analysis and calibration plot. Statistical analysis was performed using SPSS 25.0 and R software (version x64). Differences with P<0.05 were considered statistically significant.




Results


Univariate and Multivariate Analysis for PD

Risk factors associated with PD in gastric cancer were determine by using logistic regression analysis (Table 2). According to univariate analysis, the following relevant factors found to be associated with PD: tumor diameter (OR=12.06, p<0.0006), depth of invasion (cT stage) (OR=14.55, p=0.0006), lymph node metastases (cN stage) (OR=5.89, p<0.0001), and serum tumor markers, including CEA (OR=2.50, p<0.0001), CA125 (OR=11.46, p<0.0001), CA72-4 (OR=4.09, p<0.0001), CA19-9 (OR=2.74, p<0.0001), CA50 (OR=5.20, p<0.0001) and CA242 (OR=3.83, p<0.0001). Additionally, multivariate analysis illustrated that depth of invasion (cT stages) (OR=9.233, p=0.043) and serum tumor markers of CA125 (OR=4.582, p<0.0001) and CA72-4 (OR=4.674, p<0.0001) were independent risk factors for PD.


Table 2 | Logistic regression analysis of the risk factors for peritoneal dissemination.





ROC Curve of Significant Risk Factors

ROC curves were drawn to show the correlation between the risk of PD and tumor markers (CEA, CA125, CA72-4, CA19-9, CA242 and CA50) in GC patients (Figure 2A). The AUC of CA125 was 0.785 (95% CI: 0.738–0.833) with specificity and sensitivity values of 67.02% and 79.5%, respectively. The AUC of CA72-4 was 0.704 (95% CI: 0.663–0.745) with specificity and sensitivity values of 78.6% and 52.5%, respectively. The AUC of the combined factors was 0.931 (95% CI: 0.900–0.960) with specificity and sensitivity values of 82.2% and 90.5%, respectively, demonstrating good consistency and reliability in the predictive value of PD (Figure 2B). According to the ROC analysis for continuous predictors, the optimum cutoff values of CA125 and CA72-4 were 12.29 U/ml and 4.81 U/ml, respectively. By calculating and comparing their diagnostic value, we found that use of the optimal boundary value can significantly improve the sensitivity of PD diagnosis.




Figure 2 | Receiver operating curve (ROC) curves of independent risk factors. (A) ROC curve of the important risk factors, including 6 serum tumor markers (CA125, CA724, CA242, CEA, CA199 and CA50). (B) ROC curve of the multivariate logistic regression model (AUC of the curve was 0.931, 95% CI: 0.900–0.960).





The Construction of Nomogram for Predicting PD of GC

Based on these risk factors of PD incidence, a nomogram was further constructed (Figure 3). For each patient, points were based on the score of these clinicopathological risk factors on the underlying scale (clinical T stage and tumor markers of CA125 and CA72-4). By adding the points of each variable on the score scale, the total points projected to the bottom scale represent the probability of PD. The total score was 137 points as calculated from the nomogram with a probability of PD in GC of 69–80%. The concordance index (C-index) in the nomogram was 0.931 (95% CI: 0.900–0.960) with a sensitivity and specificity of 82.6% and 74.5%, respectively, indicating high accuracy and sensitivity of the prediction model (Figure 2B).




Figure 3 |  A nomogram composed of the independent risk factors to predict the probability of peritoneal dissemination for patients with gastric cancer. The risk value of PD was calculated by drawing a vertical line to the point to the axis on each of the variables. Add the points of each variable and locate them on the total point line, and then the individual predictive value for PD was obtained by projecting the vertical line from the total point line to the bottom scale of the prediction probability.



In addition, compared with previous studies, we also found that the C-index of our prediction model was significantly higher than that of previous studies. Zheng Z et al. constructed a nomogram of patients with early gastric cancer (EGC) based on age, depth of invasion, tumor differentiation and ulcer presence, with an AUC of 0.860 (95%CI: 0.809-0.912) (22). Ahmad et al. predicted the incidence of lymph node metastasis in EGC patients based on lympho-vascular infiltration and depth of invasion, and the AUC value was 0.684 (95%CI: 0.648-0.746) (23). Similarly, Holscher and Li Hua et al. also constructed a prediction model for lymph node metastasis in early gastric cancer patients, with AUC values of 0.738 (95%CI: 0.673-0.785) and 0.795 (95%CI: 0.723-0.858), respectively (24, 25). The results show that the current model has high prediction accuracy. Therefore, we have good reason to believe that this predictive model will contribute to the prognosis assessment and optimal treatment strategies of patients with gastric cancer.

In addition, a calibration plot was drawn to verify the accuracy of the prediction model (Figure 4). The x-coordinate is the predicted incidence of PD events, and the y-coordinate is the actual prediction of PD. The solid line (black) is the reference line and indicates that the predicted value is equal to the actual value. The dashed line (red) represents the actual nomogram curve fitting line, whereas the dashed line (blue) represents the 95% CI. The black solid line was close to the red dotted line, indicating the good predictive ability of this model.




Figure 4 | Calibration plot of the nomogram model. The solid line (black) is the reference line and indicates that the predicted value is equal to the actual value. The dashed line (red) represents the actual nomogram curve fitting line, whereas the dashed line (blue) represents the 95% CI.






Discussion

As one of most commonly observed malignant tumors, gastric cancer patients with peritoneal dissemination tend to have a poor prognosis, with a median survival of 4 months, and 5-year survival rate is only 2% (10, 11). GC patients with peritoneal dissemination cannot receive radical surgery. Therefore, the accurate prediction of PD is of great significance in developing optimal treatment strategies for GC patients.

At present, imaging examination plays an indispensable role in screening and diagnosis in tumor disease. Although specificity and accuracy are high, the sensitivity is relatively low. In a retrospective analysis of 498 patients, Kim et al. (26) showed that the specificity and sensitivity of preoperative computed tomography (CT) for the diagnosis of PD were 98.9%(440 of 445) and 28.3%(15 of 53), respectively. In addition, Kayaalp et al. (27) evaluated preoperative peritoneal metastases in 118 patients with GC compared with the surgical results, and found that the sensitivity of CT in PD diagnosis was only 13%. The detection sensitivity of CT to PD detection was affected by the size of nodules. Nodules smaller than 0.5 cm show only 11% sensitivity on CT, leading to a high rate of missed diagnosis (17). Laparoscopic exploration is highly accurate in the diagnosis of PD, but it is an invasive procedure.

Serum tumor markers are important pathological factors for the clinical diagnosis and prognostic evaluation of tumors, and are widely accepted as convenient and quick methods. In recent years, many studies have confirmed that serum tumor markers, particularly CEA, CA125, CA19-9 and CA72-4, have important value in the diagnosis and progress monitoring of gastrointestinal malignancies. However, the sensitivity of individual tumor markers was not satisfactory (19, 28, 29). Previous studies have used a variety of biomarker combinations to improve the sensitivity of GC diagnosis. Yang AP et al. (30) reported that the sensitivities for GC diagnosis of CA125, CA19–9, CA72–4 and CEA were 38.7%, 31.1%, 33.0% and 25.5%, respectively. However, the sensitivity increased to 66.0% when the four serum markers were used in combination. Shigenobu Emoto et al. (19) reported a similar result. Specifically, the sensitivities of CA125, CA19–9, CA72–4 and CEA were 36.3%, 46.1%, 44.9% and 18.6%, respectively. The sensitivity was 78.4% for the combination of all 4 markers. In view of this finding, we aimed to identify a simple, highly sensitive and noninvasive prediction method.

In this study, we investigated the value of clinicopathological features and serum tumor markers as diagnostic markers of PD in gastric cancer. The risk factors associated with PD were assessed by logistic regression analysis. Multivariate analysis illustrated that depth of invasion and CA125 and CA72-4 serum markers were independent risk factors for PD. CA125, also known as MUC16, is a glycoprotein antigen of transmembrane mucin that is associated with many malignant tumors with poorer prognosis. Previous studies have shown that CA125 is a powerful predictor of PD in GC patients and has a high sensitivity (19, 31–33). CA72–4 is a high molecular weight glycoprotein antigen with elevated expression in many cancers and has high specificity for GC diagnosis (34–37). In a retrospective clinical study of 102 patients with peritoneal dissemination undergoing chemotherapy, CA72–4 was found to be second only to CA125 in sensitivity as a marker for peritoneal dissemination (19). In addition, Tong et al. (38) verified that CA72-4 is an independent risk factor for prognosis and can be used to predict TNM staging in locally advanced GC patients undergoing radical resection.

In recent years, nomogram has been widely used in diagnosis and prediction of various cancers (39–41). Compared to the traditional TNM staging system, nomograms provide more accurate information for the description of lesions. In this study, a nomogram based on clinicopathological factors (tumor size, TNM stage, vascular cancer embolus status, lymph node and nerve invasion status) and tumor marker level has predictive effect on PD. First, we use the ROC curve to determine the optimum cutoff values. Then, a nomogram was constructed according to the related risk factors for PD. In addition, ROC curve and calibration plot were drawn to verify the accuracy of this prediction model. The C-index of our prediction model is 0.931, which is significantly higher than some previous prediction models (22–25), indicated a better prediction accuracy for PD in GC. Therefore, the nomogram constructed in our study can effectively predict incidence of PD in gastric cancer patients. Through which surgeons could make more accurate preoperative diagnoses and optimal treatment strategies for GC patients.

However, there are several limitations to our study. First, it was a retrospective study conducted at a single center, and the sample size was not large enough. Thus, some bias potentially occurred during the analysis. Second, blood levels of the tumor-related inflammatory markers, such as serum neutrophils, lymphocytes, platelets and C-reactive protein were not included in this study. Furthermore, there was no correlation analysis of the prognostic profiles in our study.

In conclusion, the nomogram presented in this study provides an efficient and reliable prediction model for the incidence of PD in gastric cancer patients undergoing radical resection. It is hoped hope that our predictive model can provide a useful tool for the prognosis assessment and personalized treatment selection of GC patients.



Conclusion

In this study, clinical pathological features and preoperative serum tumor markers were used to predict the incidence of PD in gastric cancer patients, and to establish a risk assessment model for GC. The results showed that CA125 > 12.29 U/ml and CA72-4 > 4.81 U/ml were risk factors for PD. The prediction model constructed based on preoperative tumor invasion and CA125 and CA72–4 serum markers exhibit high specificity and accuracy for the incidence of PD. We expect that the results of our study can provide clinical value for the preoperative evaluation of GC patients and the selection of individualized treatment for GC patients.
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Background

It remains unknown whether gastric histopathology is associated with the occurrence of colonic neoplasms. We aimed to clarify the association between gastric histopathology and different types of colorectal polyps (CP) and colorectal cancer (CRC), and whether various gastric histopathologies are risk factors for different types of CP and CRC.



Methods

A retrospective cross-sectional study was conducted on 5,986 patients who underwent gastroscopy and colonoscopy simultaneously at Shaoxing People’s Hospital from August 1, 2019, to May 31, 2020. The Pearson χ2 test was used to analyze the occurrence of various gastric histopathologies in different types of CP and CRC, and logistic regression was used to determine whether various gastric histopathologies were risk factors for different types of CP and CRC.



Results

For the Chinese population, male sex (odds ratio [OR] 1.67, 95% confidence interval [CI] 1.41–1.97, P < 0.001) and old age (OR 1.03, 95% CI 1.02–1.04, P < 0.001) were risk factors for non-adenomatous polyps (NAP), but Helicobacter pylori (H. pylori) and various gastric histopathologies were not significant in the NAP compared with the normal group. Nevertheless, it is noteworthy that, similar to male sex and old age, H. pylori (OR 1.22, 95% CI 1.08–1.38, P = 0.002), low-grade intraepithelial neoplasia (LGIN) (OR 1.79, 95% CI 1.21–2.66, P = 0.004), gastric fundus gland polyps (FGPs) (OR 1.44, 95% CI 1.11–1.87, P = 0.007), hyperplastic/inflammatory gastric polyps (GHP or GIP) (OR 1.50, 95% CI 1.06–2.12, P = 0.022), and atrophy/intestinal metaplasia (AG or IM) (OR 1.27, 95% CI 1.13–1.43, P < 0.001) were all risk factors for colorectal adenomatous polyps (AP). However, the results of CRC showed that old age (OR 1.13, 95% CI 1.10–1.16, P < 0.001) and H. pylori (OR 1.67, 95% CI 0.99–2.75, P < 0.05) were risk factors for CRC (OR 1.67, 95% CI 0.99–2.75, P < 0.05), but not sex and various gastric histopathologies (P > 0.05).



Conclusion

Gastric histopathology, such as AG or IM, LGIN, FGP, and GHP or GIP, were risk factors for AP, but not for NAP and CRC, indicating that gastric histopathology has potential predictive value for AP in the Chinese population.





Keywords: gastric histopathology, colorectal adenomatous polyps, colorectal cancer, retrospective cross-sectional study, logistic regression analysis



Introduction

The incidence of colorectal cancer (CRC) ranks second worldwide among malignant tumors (1), which accounted for 881,000 deaths in 2018, representing 9.8% of deaths worldwide (2), and is increasing annually. Studies have confirmed that the vast majority of CRC cases evolve from colorectal polyps (CP), especially colorectal adenomatous polyps (AP) (3). Therefore, early screening for AP is important to prevent CRC occurrence.

Previous studies have shown an increased risk of colonic neoplasms in patients with upper gastrointestinal diseases, such as gastric polyps (4, 5), H. pylori infection (6–8), and reflux esophagitis (9), which may be related to the destruction of the gastric acid barrier (10) and long-term treatment of proton pump inhibitors (11, 12). However, whether gastric histopathology, which can better reflect the pathological state of upper gastrointestinal diseases such as gastric acid excretion and gastric acid barrier function, is related to the occurrence of colonic neoplasms has not been reported in the literature.

Therefore, this study was conducted on 5,986 patients who underwent bidirectional endoscopy (gastroscopy plus colonoscopy) to determine the association between gastric histopathology and the different types of CP and CRC and determine whether various gastric histopathologies are risk factors for different types of CP and CRC. We attempted to reveal that a decrease in gastric acid secretion and partial destruction of gastric barrier function take effect in the occurrence and progression of colonic neoplasms possibly.



Materials and Methods


2.1 Clinical Data

This was a retrospective observational study. The research plan was discussed and approved by the Academic Ethics Committee of Shaoxing People’s Hospital (ethics code: 013). Patients who underwent gastroscopy and colonoscopy simultaneously in Shaoxing People’s Hospital from August 1, 2019, to May 31, 2020, were selected and enrolled. The inclusion criteria were as follows: patients who signed the informed consent form before the examination, had complete clinical data, had a good bowel preparation, and underwent a whole gastroenteroscopy examination. The exclusion criteria were as follows: partial or total gastrointestinal resection due to gastric cancer, colorectal cancer, or other causes; hereditary polyposis, including Peutz–Jeghers syndrome, and familial adenomatous polyposis; previous inflammatory bowel disease or a history of other intestinal diseases; Helicobacter pylori (H. pylori) treatment history; and no tissue biopsy during examination.



2.2 Research Methods

Between August 1, 2019, and May 31, 2020, 6,558 cases, including inpatients, outpatients, and physical examinees, were collected through the institutional clinical information, image archive, and communication system. Finally, 5,986 cases were included for analysis (Figure 1). The diagnostic criteria for different types of CP and CRC were based on colonoscopy and pathological examination, and the various gastric histopathology results were obtained from the gastroscopic pathological reports. Pathological specimens were investigated by the Department of Pathology and were fixed with 10% formaldehyde solution, then embedded, sectioned, and stained with hematoxylin and eosin for histological assessment and classification. Hematoxylin and eosin (HE) staining of the gastric mucosa specimens was used to detect H. pylori infection.




Figure 1 | Flowchart of case selection.



Based on colonoscopy reports and pathological reports, the results of colonoscopy were divided into four groups: normal, non-adenomatous polyps (NAP; including proliferative polyps and inflammatory polyps), AP (including serrated adenomas, tubular adenomas, and villous adenoma), and CRC. The general information of AP, including site (distal, proximal, and multiple), number (single and multiple), and size (<1 cm and ≥1 cm), was retrospectively analyzed. Regarding the site, the right colon was defined as the proximal end, the left colon and rectum were defined as the distal end, and multiple polyps were defined as the presence of both proximal and distal polyps. HE staining of the gastric mucosa specimens was used to detect the infection status of H. pylori, which was divided into H. pylori-positive and H. pylori-negative. According to the gastroscopic pathology reports, the various gastric histopathologies were non-atrophic gastritis (NAG, acute gastritis, or chronic gastritis shown in pathological reports were defined as non-atrophic gastritis), atrophy/intestinal metaplasia (AG or IM), gastric fundus gland polyps (FGP), hyperplastic/inflammatory gastric polyps (GHP or GIP), adenomatous gastric polyps (GAP), low-grade intraepithelial neoplasia (LGIN), high-grade intraepithelial neoplasia (HGIN), and stomach cancer of pathology (SC-patho).



2.3 Statistical Methods

R language (version 4.0.4) software was used for data analysis and visualization. Specifically, the dplyr and compareGroups packages were used for data and statistical processing, ggplot2 packages were used for data visualization, and the ggpmisc, sjlabelled, and ggforest packages were used to calculate the regression equation and R-square adjustment and draw forest figures. Categorical variables were statistically represented in proportion and compared using the chi-square test or Fisher’s exact probability method. Normally distributed continuous variables were described as means ± standard deviations (`x±s) using the t-test. Enumeration data were expressed as rates or percentages, and the χ2 statistical test was used for comparison between groups. Multivariate logistic regression was used to determine whether various gastric histopathologies are risk factors for different types of CP and CRC, and the results were reported as an adjusted odds ratio (OR) with a corresponding 95% confidence interval (CI). For all analyses, P < 0.05 indicated a statistically significant difference.




Results


3.1 The Demographic Characteristics and Occurrence of Various Gastric Histopathologies in Different Types of CP and CRC

Among the 5,986 cases, 3,707 were normal, 689 had NAP, 1,516 had AP, and 74 had CRC diagnosed by colonoscopy and biopsy. The proportion of female patients (59.24%) was higher than that of male patients (40.76%) for normal diagnoses. In contrast, in the NAP (52.54%, 47,46%), AP (55.80%, 44.20%), and CRC (54.05%, 45.95%) groups, the proportion of male patients was higher than that of female patients (P < 0.001). The average age in the normal group was the lowest (49.9 ± 10.90), while the patients in the CRC group (62.3 ± 10.40) were older than those in the NAP (53.3 ± 9.50) and AP (55.9 ± 9.23) groups (P < 0.001) (Table 1).


Table 1 | The Pearson χ2 test and t test were used to compare the demographic characteristics and the occurrence of various gastric histopathology of cases in NAP, AP, CRC, and normal group.



The occurrence of various gastric histopathologies was different in the NAP, AP, and CRC groups compared to the normal group. The proportions of NAG in the normal group (60.05%) was significantly higher than that in the NAP (49.78%), AP (47.42%), and CRC (48.65%) groups (P < 0.001). The proportion of AG or IM, FGP, GAP, and LGIN in the NAP (36.72%, 12.05%, 0.15%, 3.19%), AP (40.17%, 13.00%, 0.46%, 3.23%), and CRC (37.84%, 10.81%, 2.70%, 4.05%) groups were significantly higher than that in the normal group (29.62%, 9.82%, 0.11%, 1.48%) (P < 0.05). The same trend was observed for H. pylori, although the P-value was 0.081. The occurrence of GHP or GIP in the NAP (4.35%) and AP (4.42%) groups was higher than that in the normal group (2.86%) but not in the CRC group (2.70%) (P = 0.017). However, in the CRC group, the occurrence of HGIN (1.35%) and SC-patho (4.05%) was significantly higher than in the other three groups, although the former had no statistical difference, which may be related to the small number of patients (Table 1).



3.2 Multivariate Logistic Regression Was Used to Analyze Whether Various Gastric Histopathologies Were Risk Factors for the NAP, AP, and CRC Groups Compared With the Normal Group

Data on sex, age, H. pylori, and various gastric histopathologies (except GAP, HGIN, and SC-patho, because of their small numbers to carry out logistic regression analysis) of 5,986 cases were included to construct the multivariate logistic regression complex model and simple model.


3.2.1 Multivariate Logistic Regression for the NAP Group Compared With the Normal Group

The results of the complex model showed that male sex (OR 1.67, 95% CI 1.41–1.97, P < 0.001) and old age (OR 1.03, 95% CI 1.02–1.04, P < 0.001) were risk factors for NAP, but H. pylori and various gastric histopathologies were not significant. Further simple model analysis was performed and showed the same results as the complex model in sex and age; meanwhile, NAG was observed as a protective factor for NAP (OR 0.74, 95% CI 0.62–0.87, P < 0.001) (Figure 2).




Figure 2 | The results of multivariate logistic regression for the NAP group compared with the normal group. 95% CI, 95% confidence interval; NAG, non-atrophic gastritis; AG or IM, atrophy/intestinal metaplasia; FGP, gastric fundus gland polyp; GHP or GIP, hyperplastic/inflammatory gastric polyp; LGIN, low-grade intraepithelial neoplasia. Complex model: All variables were included, and then P values were calculated separately. Simple model: Based on the complex model and the stepwise regression method, an optimal simple model is obtained, which is automatically screened according to the Akaike information criterion (AIC) minimization principle.





3.2.2 Multivariate Logistic Regression for the AP Group Compared With the Normal Group

The results of the complex model showed that male sex (OR 1.83, 95% CI 1.64–2.05, P < 0.001), old age (OR 1.05, 95% CI 1.04–1.05, P < 0.001), H. pylori (OR 1.22, 95% CI 1.08–1.38, P = 0.002), LGIN (OR 1.79, 95% CI 1.21–2.66, P = 0.004), FGP (OR 1.44, 95% CI 1.11–1.87, P = 0.007), and GHP or GIP (OR 1.50, 95% CI 1.06–2.12, P=0.022) were risk factors for AP, but NAG and AG or IM were not significant. Further simple model analysis showed the same results as the complex model in sex, age, H. pylori, LGIN, FGP, and GHP or GIP, wherein AG or IM was also a risk factor for AP (OR 1.27, 95% CI 1.13–1.43, P < 0.001) (Figure 3).




Figure 3 | The result of multivariate logistic regression for the AP group compared with the normal group. 95% CI, 95% confidence interval; NAG, non-atrophic gastritis; AG or IM, atrophy/intestinal metaplasia; FGP, gastric fundus gland polyps; GHP or GIP, hyperplastic/inflammatory gastric polyps; LGIN, low-grade intraepithelial neoplasia. Complex model: All variables were included, and then P values were calculated separately. Simple model: Based on the complex model and the stepwise regression method, an optimal simple model is obtained, which is automatically screened according to the Akaike information criterion (AIC) minimization principle.





3.3.3 Multivariate Logistic Regression for the CRC Group Compared With the Normal Group

The results of the complex model showed that old age (OR 1.13, 95% CI 1.10–1.16, P < 0.001) was a risk factor for CRC, but sex, H. pylori infection, NAG, AG or IM, LGIN, FGP, and GHP or GIP were not significant. Further simple model analysis showed the same results as the complex model in age, wherein H. pylori was also a risk factor for CRC (OR 1.67, 95% CI 0.99–2.75, P < 0.05) (Figure 4).




Figure 4 | The result of multivariate logistic regression for the CRC group compared with the normal group. 95% CI, 95% confidence interval; NAG, non-atrophic gastritis; AG or IM, atrophy/intestinal metaplasia; FGP, gastric fundus gland polyps; GHP or GIP, hyperplastic/inflammatory gastric polyps; LGIN, low-grade intraepithelial neoplasia. Complex model: All variables were included, and then P values were calculated separately. Simple model: Based on the complex model and the stepwise regression method, an optimal simple model is obtained, which is automatically screened according to the Akaike information criterion (AIC) minimization principle.






3.3 The Association Between Various Gastric Histopathologies and the Site, Number, and Size of AP

Among the 1,516 cases of AP, 705 cases were distal, 408 were proximal, and 403 were multiple. The proportion of multiple polyps cases was significantly higher in male patients (64.76%) than in female patients (35.24%, P < 0.001). The average age of multiple polyps patients was higher (58.4 ± 7.92) than that of distal (54.4 ± 9.77) and proximal (56.0 ± 8.96) polyps patients (P < 0.001). However, no statistical differences were observed in H. pylori infection and various gastric histopathologies (Table 2). There were 778 cases of single AP and 738 cases of multiple AP. The proportion of multiple polyps cases in male patients (62.74%) was significantly higher than that in female patients (37.26%, P < 0.001). The average age of the multiple group was higher (57.6 ± 8.17) than that of the single group (54.3 ± 9.88, P < 0.001). In addition, the proportion of NAG in the single group (51.03%) was higher than that in the multiple group (43.63%; P = 0.005). In contrast, the proportion of GHP or GIP and LGIN in the multiple group (5.56%, 4.34%) was higher than that in the single group (3.34%, 2.19%, P < 0.05) (Table 2). Regarding the size of AP, there were 1,149 cases with <1 cm and 367 cases with ≥1 cm. The proportion of male patients with ≥1 cm (62.67%) was significantly higher than that of female patients (37.33%, P = 0.003). The average age of patients with ≥1 cm was higher (57.9 ± 9.23) than that of patients with <1 cm (55.2 ± 9.14, P < 0.001). However, no statistical differences were observed in H. pylori infection and various gastric histopathologies (Table 2).


Table 2 | The Pearson χ2 test and t test were used to compare the association between various gastric histopathologies and the site, number, and size of AP.






Discussion

The incidence and mortality of CRC are continuously increasing worldwide (13), and the majority of cases evolve from AP. Therefore, early colonoscopy screening is important to prevent the occurrence of CRC. In addition, as a digestive tract disease, some upper gastrointestinal diseases showed a potential association with colonic neoplasm (4–9), which may be related to genetic and environmental factors (14, 15), destruction of the gastric acid barrier (10), and long-term treatment of proton pump inhibitors (11, 12). The specific molecular mechanism is still unclear. Thus, we carried out a retrospective study based on 5,986 cases in China to determine the association between gastric histopathology, which can better reflect the pathological state of upper gastrointestinal diseases, and the different types of CP and CRC, to provide clues and evidence to explore the specific molecular mechanism.

Our study found that the proportions of AG or IM, FGP, GAP, and LGIN in NAP, AP, and CRC were all significantly higher than those in the normal group, and the occurrence of HGIN and SC-patho in the CRC group was significantly higher than that in the other three groups. This result was practically consistent with a previous study, which showed that patients with any type of CP (hyperplastic polyp, sessile serrated adenoma/polyp, tubular adenoma) have the significantly higher proportions of IM, FGP, and GHP compared with the control group (16). In this part of our study, the advantage was that we have included almost all types of gastric histopathology and divided colonoscopy results into four groups, which was unprecedented. Further logistic regression analysis found that H. pylori, AG or IM, LGIN, FGP, and GHP or GIP were all risk factors for AP, but not for NAP, wherein the results seem to be explained by the different pathogenesis of AP and NAP. Nevertheless, with the exception of H. pylori, various gastric histopathologies were not risk factors for CRC. Based on the fact that the majority of CRC cases evolve from colorectal adenomatous polyps, the different results between CRC and AP may be attributed to the fewer cases of CRC to conduct statistical analysis, which will be remedied by future cohort studies. In addition, further analysis of AP found that gastric histopathology has nothing to do with the site and size. The proportion of GHP or GIP and LGIN in multiple cases was higher than that in single cases, which seems to reveal that the pathological changes in the upper gastrointestinal tract have an overall impact on the lower gastrointestinal tract.

It is noteworthy that there are some potential connections and similarities between the risk factors of AP (H. pylori, AG or IM, LGIN, FGP, GHP, or GIP) found in our study. H. pylori, identified as a class I carcinogen by the World Health Organization, is recognized as the main pathogenic factor of atrophic gastritis, peptic ulcer, and gastric cancer (17–19). H. pylori infection leads to chronic gastritis, and long-term chronic gastritis causes atrophy of gastric mucosa and intestinal metaplasia, followed by decreased gastric acid secretion (10). Dysplasia of the gastric glands can occur due to atrophy and intestinal metaplasia, including LGIN. In addition, GHP and GIP are more likely to happen in the gastric mucosa of patients with long-term chronic gastritis or atrophy. Gastric FGP is associated with long-term oral anti-secretory medications (20, 21). The similarities of these gastric histopathologies are that they can all represent the decrease in gastric acid secretion, which will destroy the gastric acid barrier, so that microorganisms invade the lower gastrointestinal tract and then promote the occurrence and progression of AP (22). However, why the same result did not appear in NAP is not only an interesting finding of our study but also a question worthy of in-depth analysis and exploration.

The strength of our study is that various gastric histopathologies were collected and combined with endoscopic and pathological results, and CP were classified in detail according to the risk of progression to CRC, which is conducive for comparative analysis and has more guiding significance in clinical practice. Additionally, another highlight of this study is the large sample size. However, our study also had a few limitations. Firstly, this study was a single-center retrospective cross-sectional study; although the total sample size was large, there were fewer cases of CRC, which requires further large-sample cohort studies. Secondly, the duration of H. pylori infection was not taken into account, which was difficult to track. Thirdly, we did not include more variables for analysis, such as smoking, drinking, and eating habits, which may have impacted the final research results. In the future, prospective multicenter cohort studies with larger sample sizes should be conducted, and further investigation is required to explore specific molecular mechanisms.

In conclusion, the occurrence of various gastric histopathologies was different in NAP, AP, and CRC compared with the normal group. Gastric histopathologies, such as AG or IM, LGIN, FGP, and GHP or GIP, which can all represent the decrease in gastric acid secretion with subsequent destruction of the gastric acid barrier, were risk factors for AP, indicating that gastric histopathology has a potential predictive value for AP among the Chinese populations.
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Background

Although MicroRNAs (miRNAs) play important roles in various biological processes, the biological functions of miRNAs are achieved through mRNAs. The aim of this study is to identify dysregulated miRNA/mRNA expression patterns in colorectal tumors.



Methods

We examined 42 colorectal tumors [15 adenomas, 8 intramucosal cancers (IMCs), and 19 invasive colorectal cancers (CRCs)] with the microsatellite stable (MSS) phenotype (first cohort). The first cohort was used for genome-wide miRNA and mRNA expression arrays, whereas the second cohort (37 colorectal neoplasias) was used for validation analyses. Finally, we used 15 cases of “adenoma in/with carcinoma” to identify network patterns of miRNAs/mRNAs that were directly associated with neoplastic progression. In addition, simple regression analysis for array-based and RT-PCR analyses was performed to select candidate miRNA–mRNA pairs. Transfection of miRNA mimics was also performed to confirm whether target mRNA expression is affected by specific miRNAs.



Results

Specific paired miRNA/mRNA networks, including hsa-miR-34a-5p/SLC12A2, hsa-miR-15b-5p/SLC12A2, hsa-miR-195-5p/SLC12A2, hsa-miRNA-502-3p/OLFM4, hsa-miRNA-6807-5p/ZG16, and hsa-miRNA 3064-5p/SH3BGRL3, were identified in samples of adenoma, IMC, and CRC with the MSS phenotype. In adenomatous lesions obtained from the same tumor with a carcinomatous lesion, we identified pairs of miRNA-130a-3p/HSPA8 and miRNA-22-3p/RP53 that were linked to multiple pathways. On the other hand, 2 pairs of miRNA/mRNA (miRNA-660-5p and miRNA-664a-5p/APP) were found in isolated carcinomatous glands. Ectopic expression of miRNA 3064-5p suppressed SH3BGRL3 expression.



Conclusions

We found that networks based on specific pairs of miRNAs/mRNAs contribute to progression from adenomatous and carcinomatous lesions. Our results provide insights into the molecular tumorigenesis of colorectal tumors.





Keywords: adenoma, adenoma-carcinoma sequence, array-based analysis, microRNA, messenger RNA



Introduction

Fearon and Vogelstein proposed a novel hypothesis, designated the adenoma-carcinoma sequence of the colorectum, that describes transformation of normal colorectal epithelium to an adenoma and finally to an invasive and metastatic cancer (1). Based on this hypothesis, chromosomal instability, microsatellite instability, and CpG island methylator phenotype pathways contribute to genetic alterations occurring in colorectal cancer (2–4). Moreover, the adenoma-carcinoma progression is characterized by a chromosomal instability pathway that activates proto-oncogenes (KRAS) and inactivates at least 3 tumor suppression genes, including loss of APC, TP53, and DPC4 (5–7). Mutation of the PIK3CA gene has also been recently described (7).

MicroRNAs (miRNAs) are small, noncoding RNAs that cannot be translated into proteins (8, 9). Notably, miRNAs have many essential roles in multiple biological processes. (8, 9). For example, miRNAs have been shown to modulate the expression of greater than 30% of genes in the human genome (10, 11). Moreover, dysregulation of miRNA expression has been shown to be related to various biological functions, such as cell differentiation, apoptosis, and carcinogenesis (12, 13). Many studies have shown that miRNAs play central roles in the occurrence and development of a variety of cancers, including lung cancer (14), breast cancer (15), and colon cancer (9). Most of the effects of miRNAs on biological functions occur via modulation of messenger RNAs (mRNAs), which are transcribed into proteins (16). Thus, the link between dysregulated expression of miRNA and altered expression of mRNA is important for human carcinogenesis and should be carefully evaluated.

Here, we aimed to evaluate dysregulated mRNA–miRNA pairs contributing to colorectal carcinogenesis. To this end, we carried out integrative analyses of the interactions between miRNAs and target genes by applying high-throughput molecular profiling of isolated colorectal adenoma and cancerous samples, including colorectal intramucosal cancer (IMC) and invasive CRC. We also validated additional isolated tumor samples. In addition, we used samples of intramucosal neoplasia (intramucosal adenocarcinoma accompanied by an adenoma component, equivalent to pT1 carcinoma) to identify molecular alterations of direct progression from adenomatous to cancerous lesions within the same tumor.



Methods


Patients

In total, 42 patients were enrolled as the first cohort in this study; these patients included 15 cases of colorectal adenoma (both tubular and tubulovillous adenomas), 8 cases of IMC, and 19 cases of CRC (with invasion beyond the muscular layer without metastasis). Adenoma and IMC were diagnosed histologically based on the World Health Organization (WHO; 2019) criteria, with some modifications (7). The adenomas evaluated in this study consisted of both low-grade adenomas (LGAs) and high-grade adenomas (HGAs). The clinicopathological findings for the patients were described based on the General Rules for Management of the Japanese Colorectal Cancer Association (17). Furthermore, we performed a validation analysis using 37 colorectal tumors (15 adenomas, 8 IMCs, and 14 invasive CRCs) as the second cohort. Table 1-a shows the clinicopathological findings of the patients. All samples, including those from cohorts 1 and 2, were obtained from Iwate Medical University from 2018 to 2020. Therefore, samples from cohorts 1 and 2 were independently collected from the same hospital (Iwate Medical University).


Table 1-A | Clinicopathological findings of the colorectal lesions.



We examined 15 cases of “adenoma in/with carcinoma” (within the same tumor) to identify network patterns of miRNAs/mRNAs that were directly associated with neoplastic progression. Histological diagnosis of the second cohort was made using the same criteria as the first cohort. The detailed clinicopathological findings which were described in accordance with the General Rules for Management of the Japanese Colorectal Cancer Association are summarized in Table 1-B. Overall, two types including lesions separately examined in each lesion (adenomas, IMCs, and CRCs with the microsatellite stable (MSS) phenotype; type A) and two lesions consisted with adenomatous and carcinomatous lesions within the same tumor (type B) were investigated in the present study.


Table 1-B | Clinicopathological findings of the colonic adenocarcinomas in/with adenoma.



This study was approved by the local ethics committee of Iwate Medical University (approval number MH2020-066), and all patients provided informed consent.



Crypt Isolation Method

Crypts were isolated in the current study (18). Briefly, we obtained tumor glands (adenomatous and intramucosal carcinomatous glands) from suspected target lesions based on analysis of magnified observations. By contrast, we collected cancer glands in invasive CRC from the invasive front. Crypt isolation from the tumors and normal mucosa (for surgical specimens, this was the distal site of the colon) was described in previous studies (18, 19). After isolation, crypts were fixed in 70% ethanol and then stored at 4°C until DNA/RNA extraction. After fixation, a dissecting microscope (SZ60; Olympus, Tokyo, Japan) was used to visualize the isolated crypts. A portion of the isolated crypts was subjected to routine processing for histopathological analysis. The samples applied to array-based analyses and validation tests showed no contamination by interstitial cells. Representative images of adenoma, IMC, and invasive cancer are shown in Figure 1.




Figure 1 | Representative image of isolated crypts. (A–C) Isolated glands under a dissecting microscope. (D–F) Hematoxylin–eosin staining of isolated crypts. Isolated crypts of low grade tubular adenoma (A, D), intramucosal cancer (B, E), and invasive cancer (C, F).





Nucleic Acid Extraction


DNA Extraction

DNA was extracted from tumors and normal glands isolated from each patient by applying a classical phenol-chloroform extraction method. RNeasy Mini kits (Qiagen, Valencia, CA, USA) were to isolate total RNA from tumors and normal glands based on the instructions provided by the manufacturer. Nucleic acid concentrations were measured using a Nanodrop1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA), and 1.5% denaturing agarose gels were used to determine the purity of the isolated RNA.



RNA Extraction

Isolation of total RNA was performed using RNeasy Mini kits (Qiagen, Valencia, CA, USA) according to the manufacturer’s instructions. The nucleic acid concentration was determined using the Nanodrop1000 spectrophotometer (Thermo Fisher Scientific; Waltham, MA, USA), and RNA purity was verified on 1.5% agarose denaturing gels.




Analysis of Microsatellite Instability

We evaluated the MSI status of the tumor samples using a consensus panel containing five reference microsatellite markers (BAT25, BAT26, D2S123, D3S546, and D17S250) (20). MSI-high was defined as two or more markers being unstable, whereas MSI-low was defined as one marker being unstable; MSS was defined as the absence of instability (21). Normal alleles were typically represented by a major peak accompanied by a few minor peaks. The mobility shift of PCR products from tumor DNA was compared with that obtained from corresponding non-neoplastic crypts. MSI-low was included in MSS status in the present study.



MiRNA Microarray Analysis

For microarray analysis, we performed polyadenylation and labeling of RNA (200 ng) using a FlashTag Biotin HSR RNA Labeling kit. The RNA was then treated with DNA ligase, hybridized to GeneChip miRNA 4.0 microarrays (Thermo Fisher Scientific) by incubation for 16 h at 48°C, washed, and stained using streptavidin-PE solution. Next, scanning of the stained arrays was carried out using a GeneChip Scanner 3000 7G System (Thermo Fisher Scientific). The Affymetrix miRNA 4.0 microarray used in this study contained 6,631 probes, with 2,570 mature miRNA probes. The methods used here were described in detail in a previous study (22).

To identify candidate miRNAs associated with colorectal tumorigenesis, we then assessed miRNA expression based on the following criteria: less than or greater than 1.5 fold-change in expression compared with normal glands and a p value less than 0.05 based on Student’s t-test (without multiple comparison tests).



Clariom S Human Array and Gene Expression Analysis

Total RNA (500 ng) was applied to a Clariom S Human Array (Thermo Fisher Scientific), which included 21,453 mRNAs. The process, which included probe labeling, chip hybridization, and scanning, was carried out as recommended by the manufacturer. Probe sets (gene-exon) were determined as reported previously (22, 23). Transcriptome Analysis Console (TAC, version 4.0.1.36) was used to generate array data, and Affymetrix Chromosome Analysis Suite v.4.1 (Affymetrix Inc., USA) was used for analysis. mRNA expression was evaluated using low statistical stringency (without multiple comparison tests), as described above for the evaluation of miRNA expression (23).



Ingenuity Pathways Analysis

IPA (Ingenuity System Inc., USA, http://www.ingenuity.com) is an approach for identifying interactions between miRNAs and their mRNA targets. The “microRNA target filter” function in IPA was used to build graphical models of the molecular relationships between mRNAs and miRNAs showing significant changes in expression in isolated tumor glands of each colorectal tumor compared with isolated normal glands. miRNA/mRNA interactions with high confidence (predicted), moderate confidence (predicted), or confirmed experimental observations were selected.



Simple Linear Regression Analysis

Simple linear regression analysis was used to further analyze candidate mRNAs and their targeting miRNAs along with corresponding expression profiles from microarray analyses. The significance of regression coefficients was tested based on 95% confidence intervals (CIs). If the 95% CI for a coefficient did not include zero, there was less than a 5% chance that the coefficient was zero (p < 0.05). Thus, such coefficients were considered significant in the model.



RT- Quantitative PCR for Validation Analyses

Microarray results were validated using RT-qPCR. First-strand cDNA was generated by reverse transcription of 1 μg total RNA using the Qiagen cDNA Synthesis Kit (Qiagen). The resulting cDNA was then applied as a template for qPCR using gene-specific primers, using β-actin as the housekeeping control gene (control of each mRNA). RT-qPCR was performed using Power SYBR Green PCR Master Mix (Thermo Fisher Scientific) on the CFX96 Touch Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA). The 2−ΔCt method was used to calculate relative gene expression levels based on the Livak and Schmittgen method (24). The expression levels of each miRNA were compared with that of RNU6B. β-actin and RNU6B are used as a control of mRNA and miRNA standardly. The primer sequences are listed in Supplementary Table 1.



Transfection With miRNA Mimics

CRC cells (CaCO2, Colo320, DLD1, HCT116, HT29, RKO, SW48, SW480, and SW620 cell lines) at 5 × 105/well in 6-well plates were transfected with 40 pmol of the following mirVana miRNA mimics (Thermo Fisher Scientific): miRNA-6078-5p (assay ID: MC28605), miRNA 3064-5p (assay ID: MC20900), and Negative Control #1. Transfection was performed using Lipofectamine RNAiMAX (Thermo Fisher Scientific) according to the manufacturer’s instructions. After incubation for 72 h, total RNA was extracted using the RNeasy Mini kit (Qiagen) according to the manufacturer’s instructions.



Statistical Analysis

Differences in miRNA and mRNA expression levels were evaluated using limma (p values without adjusted Benjamini–Hochberg FDR correction to identify candidate miRNAs and mRNAs from array-based analyses). The correlation of miRNA with mRNA was examined using a single regression analysis. We used statistical software for analysis (JMP pro 13.0 software package for Windows (SAS Institute Inc., Cary, NC, USA). Results with a p value less than 0.05 were considered significant.



Work Flow (Supplementary Figure 1)

First, we examined the differences in mature miRNA expression levels between the colorectal tumors examined (adenoma, IMC, and MSS CRC) and normal glands using the following criteria: fold-change expression > |1.5| and p < 0.05 for the GeneChip miRNA 4.0 microarray and Clariom S human array data. Second, we assessed the interactions between miRNAs and mRNAs using the microRNA Target Filter in IPA to identify potential candidate mRNA/miRNA pairs based on the arrays. Third, simple regression analysis was performed. Fourth, validation analyses including RT-qPCR were performed in cohort 2. In addition, transfection assays were also conducted. Finally, the expression of candidate mRNAs and miRNAs in TCGA database was evaluated.

To examine the associations between dysregulated miRNAs and mRNAs, we evaluated the inverse correlations between miRNAs and mRNAs in adenomatous and carcinomatous lesions within the same tumor using the same method as above. However, validation analyses were not performed.




Results


Microsatellite Analyses of Colorectal Adenomas, IMCs, and Invasive CRC

In cohort 1, only three tumors were classified as MSI-low and the remaining as MSS. Thus, all of the samples were categorized as MSS based on previously reported criteria (20). Representative Figure is depicted in Supplementary Figure 2.



Analyses of Comprehensive Expression Patterns of miRNAs and mRNAs in Colorectal Tumors (Adenomas, IMCs, and CRC) Having an MSS Phenotype

We examined 15 adenomas, 8 IMCs, and 19 CRCs using array-based analysis.


miRNA Expression Profiling in Colorectal Tumors

In our analysis of expression levels in isolated adenomatous and normal crypts, we identified 133 miRNAs showing differential expression (31 upregulated and 102 downregulated miRNAs). Then, we evaluated the expression levels of miRNAs in isolated IMC glands and compared the results with those from normal isolated crypts; the results identified a total of 135 differentially expressed miRNAs, including 21 upregulated miRNAs and 114 downregulated miRNAs. Finally, we compared the expression levels of miRNAs in isolated cancer (CRC with an MSS phenotype) and corresponding normal glands and found 32 differential expressions (29 upregulated and 3 downregulated). The detailed data are displayed in a Venn diagram in Figure 2-A.




Figure 2 | Differential expression of miRNAs, comparing adenomas, IMCs, and CRCs having the MSS phenotype, as depicted by Venn diagram analysis. The numbers of miRNAs identified in adenomas, IMCs, and CRCs having the MSS phenotype were 40, 45 and 23, respectively. Among the three lesions, a considerable number of miRNAs overlapped with each other (adenoma and IMC, 85 miRNAs; adenoma and CRC with an MSS phenotype, 4 miRNAs; IMCs and CRCs having the MSS phenotype, 1 miRNA; adenomas, IMCs, and CRCs having the MSS phenotype, 4 miRNAs). 1-B. Differential expression of mRNAs between adenomas, IMCs, and CRCs having the MSS phenotype, as depicted by Venn diagram analysis. The numbers of mRNAs identified in adenomas, IMCs, and CRCs having the MSS phenotype were 28, 6, and 26. Among the three lesions, few mRNAs overlapped (adenoma and IMC, 1 mRNA; adenoma and CRC with an MSS phenotype, 2 mRNAs; IMCs and CRCs having the MSS phenotype, 1 mRNA; adenomas, IMCs, and CRCs having the MSS phenotype, none).





mRNA Expression Profiling of Colorectal Tumors

First, we assessed differences in mRNA expression levels between isolated neoplastic and normal glands. Consequently, we found 31 differentially upregulated mRNAs in isolated adenomatous samples. Similarly, we identified 21 upregulated mRNAs and 114 downregulated mRNAs from isolated IMC glands. Finally, we found changed expression levels in 32 mRNAs in isolated invasive cancer glands (29 upregulated and 3 downregulated). The detailed data based on a Venn diagram were previously described (Figure 2-B) (23).



Integrative Analysis of miRNA and mRNA Expression Levels and Simple Regression Analysis for Array-Based Assay Samples

We then evaluated the associations between opposite expression levels of miRNA/mRNA using IPA. Fifty-seven miRNA/mRNA pairs had inverse expression patterns in the adenoma samples (Supplementary Figure 3-A). Moreover, 12 and 23 miRNA/mRNA pairs showed inverse expression patterns in IMC (Supplementary Figure 3-B) and CRC with the MSS phenotype (Supplementary Figure 3-C), respectively.

Simple regression analysis of the array data was performed to select candidate miRNA/mRNA pairs. According to these criteria, the following five pairs of miRNAs/mRNAs were retained among 57 pairs in the adenoma samples (Supplementary Figure 4-A; Supplementary Table 2-A): hsa-miRNA-34a-5p/SLC12A2 (solute carrier family 12 member 2), hsa-miRNA-15b-5p/SLC12A2, hsa-miRNA-195-5p/SLC12A2, hsa-miRNA-15a-5p/SLC12A2, and hsa-miRNA-3907/EEF1A1. Moreover, in the IMC samples (Supplementary Figure 4-B; Supplementary Table 2-B), among 12 pairs of miRNA/mRNA networks, we identified 2 pairs of miRNA/mRNA, including hsa-miRNA-664b-3/GSKIP (glycogen synthase kinase 3 Interacting Protein) and hsa-miRNA-502-3p/olfactomedin 4 (OLFM4). On the other hand, among 23 pairs of miRNA/mRNA in CRC with an MSS phenotype, 3 pairs were selected. They included hsa-miRNA-5093/SLC26A3, hsa-miRNA-6807-5p/ZG16 (Zymogen granule protein 16) and hsa-miRNA- 3064-5p/SH3BGRL3 (Src homolog 3 Domain Binding Glutamate Rich Protein Like 3) (Supplementary Figure 4-C; Supplementary Table 2-C).



Simple Regression Analysis of the Validation Cohort

We validated the results that were obtained from the first cohort (array-based assays) using a real-time PCR method in 37 colorectal tumors (15 adenomas, 8 IMCs, and 14 CRCs with an MSS phenotype). In isolated adenoma samples, among 5 paired miRNAs/mRNAs, 3 pairs (hsa-miR-34a-5p/SLC12A2, hsa-miR-15a-5p/SLC12A2, and hsa-miR-195-5p/SLC12A2) were retained in single regression analysis (Figure 3-A; Table 2-a). Among the 2 miRNA/mRNA pairs in the IMC samples, the expression level of hsa-miRNA-502-3p was inversely correlated to that of OLFM4 (Figure 3-B; Table 2-b). In isolated invasive carcinomatous gland samples, 2 pairs were retained (Figure 3-C; Table 2-c): hsa-miRNA-6807-5p/ZG16 (zymogen granule protein 16) and hsa-miRNA 3064-5p/SH3BGRL3.




Figure 3 | miRNAs and mRNAs with inverse expression patterns in array-based assays in the first cohort of adenoma, intramucosal cancer, and CRC with MSS. (A), SKC12A2/miRNA-15a-5p, miRNA-34a-5p, and miRNA-195-5p in adenoma. (B) GSKIP/miRNA-664b-3p and OLFM4/miRNA-502-3p in IMC. (C) hsa-miRNA-6807-5p/ZG16 and hsa-miRNA 3064-5p/SH3BGRL3 in MSS CRC.




Table 2-A | Simple regression analysis between micro RNA and mRNA in conventional adenoma in validation cohort (cohort 2).




Table 2-B | Simple regression analysis between micro RNA and mRNA in intramucosal cancer in validation cohort (cohort 2).




Table 2-C | Simple regression analysis between micro RNA and mRNA in colorectal cancer with an MSS phenotype in validation cohort (cohort 2).






Comprehensive Analysis of Expression Pattern of Micro RNA and Messenger RNA Within the Same Tumor

We aimed to identify genome-wide miRNA/mRNA expression patterns occurring within the same tumor during neoplastic progression according to the adenoma–carcinoma sequence.



miRNA Expression Profiling Within the Same Tumor

Using a similar method, we also investigated the expression profiles of miRNAs occurring in isolated carcinomatous glands within the same tumor. First, in a comparison of expression levels between isolated adenomatous/carcinomatous tumors and normal crypts, we found that 75 miRNAs were differentially expressed (32 upregulated and 43 downregulated) in isolated adenomatous glands and 101 differentially expressed miRNA (37 upregulated and 64 downregulated) in isolated carcinomatous glands (Figure 4-A).




Figure 4 | (A). Differential expression of miRNAs between isolated adenoma and carcinomatous glands samples obtained from “cancer in/with adenoma” case, as depicted by Venn diagram analysis. The numbers of miRNAs identified in adenoma, and cancer glands were 9 and 35, respectively. Among the two lesions, a considerable number of miRNAs overlapped with each other (adenoma and cancer, 31 miRNAs). 2-B. Differential expression of mRNAs between isolated adenoma and carcinomatous glands samples obtained from “cancer in/with adenoma” case, as depicted by Venn diagram analysis. The numbers of mRNAs identified in adenoma and cancer samples were 5, 31, and 42. Among the two lesions, a considerable number of mRNAs were overlapped (adenoma and cancer samples, 31 mRNAs).





mRNA Expression Profiling in Isolated Adenomatous and Carcinomatous Glands Within the Same Tumor

Global mRNA expression profiles of 15 isolated colorectal adenomatous and carcinomatous glands within a tumor were evaluated and compared with those of normal isolated gland samples. In isolated adenomatous samples, 36 mRNAs showed differential upregulation, and 71 upregulated and 2 downregulated mRNAs were then set from isolated carcinomatous glands within a tumor. The detailed data and a Venn diagram were previously reported (Figure 4-B) (24).



Integrated Analysis of miRNA and mRNA Expression Within the Same Tumor and Simple Regression Analysis of Array-Based Samples

Next, IPA was used to identify functional miRNA-mRNA patterns by evaluating the inverse expression of miRNAs and their targeted mRNAs. Of 75 aberrantly expressed miRNAs identified in isolated adenomatous glands, 39 miRNA-mRNA pairs showed opposite expression patterns (Supplementary Figure 5-A; Supplementary Table 3-A). Of 101 aberrantly expressed miRNAs set from isolated carcinomatous glands, 123 miRNA-mRNA pairs with opposite expression patterns were suggested (Supplementary Figure 5-B; Supplementary Table 3-B).

Simple regression analysis for array-based assays was performed to select candidate pairs of miRNA-mRNA networks (Figures 5-A and -B). According to these criteria, we found 6 miRNA/mRNA pairs, including miRNA-132-3p/CBWD5 (cobalamin synthase W domain-5), miRNA-3907/EEF1A1, miRNA-130a-3p/HSPA8 (heat shock protein family A [Hsp70] member 8), miRNA-132-3p/NAP1L1 (nucleosome assembly protein 1 like 1), miRNA-125b-5p/PIGR (polymeric immunoglobulin receptor), and miRNA-22-3p/RP53 (retinitis pigmentosa 53) in isolated adenomatous glands (Figure 5-A). We also identified 2 miRNA/mRNA pairs, including miRNA-660-5p and miRNA-664a-5p/APP (amyloid beta precursor protein), in isolated carcinomatous glands (Figure 5-B).




Figure 5 | miRNAs and mRNAs with inverse expression patterns in the adenoma component in the array-based assays. (A) miRNA-132-3p/CBWD5, miRNA-3907/EEF1A1, miRNA-130a-3p/HSPA8, miRNA-132-3p/NAP1L1, miRNA-125b-5p/PIGR, and miRNA-22-3p/RP53. (B) miRNA-660-5p and miRNA-664a-5p/APP.





Effects of the Transfected miRNA Mimics miRNA-6078-5p and miRNA 3064-5p on SH3BGRL3 and ZG16 Expression

We transfected CRC cells with the miRNA mimics miRNA-6078-5p and miRNA 3064-5p and assessed their effects on the expression of candidate target genes (Figure 6). We found that ectopic expression of miRNA 3064-5p suppressed SH3BGRL3 expression. On the other hand, ectopic expression of miRNA-6078-5p had no effect on ZG16 expression; however, this result does not necessarily imply that ZG16 is not a potential target gene of miRNA-6807-5p in CRC cells.




Figure 6 | RT-qPCR analysis of SH3BGRL3 (A–C) and ZG16 (D) in normal colon tissues and CRC cell lines. Relative reduced expression of SH3BGRL3 in DLD1 cells after transfection of the miR-3064 mimic. (B) Relative reduced expression of SH3BGRL3 in RKO cells after transfection of the miR-3064 mimic. (C) Relative reduced expression of SH3BGRL3 in Colo320 cells after transfection of the miR-3064 mimic. (D) Relative high expression of ZG16 in CaCO2 cells after transfection of the miR-6078 mimic.





Associations Between ZG16 and hsa-miRNA 3064-5p and Between SH3BGRL3 and hsa-miRNA-6807 Expression in The Cancer Genome Atlas Database

We attempted to explore miRNA and mRNA expression data from the portal site of the TCGA-colon adenocarcinoma project database (RNA-Seq data, HTSeq-Counts and miRNA-Seq data, and British Canadian’s Genome Science Center miRNA profiling data). However, in this database, we could not find public data examining the association between ZG16 and hsa-miRNA-6807 or between SH3BGRL3 and hsa-miRNA 3064-5p expression.




Discussion

Bioinformatics and data mining are rapidly advancing, thereby allowing a multi-omics approach to the investigation of the biological alterations underlying disease (25). New technologies now enable the use of large-scale data bases. The Cancer Genome Atlas is a huge database of cancer-related results and has been used as a reference for studies performed worldwide (6). By contrast, MiRTarBase provides data for experimentally confirmed miRNA-mRNA pairs in several diseases (26). However, relatively few studies have targeted pairs of miRNAs/mRNAs identified in the “adenoma-carcinoma sequence”. Therefore, we examined potential network patterns of miRNAs/mRNAs occurring in adenomas, IMCs, and CRCs having the MSI phenotype based on a comprehensive genome-wide method.

In the present study, two approaches were adopted to evaluate neoplastic progression from adenomatous to carcinomatous lesions. First, comprehensive expression analyses of miRNAs and mRNAs were separately performed in each lesion, including adenomas, IMCs, and CRCs having the MSS phenotype (model A). Second, using a similar method, expressions of miRNA and mRNA were examined separately in isolated adenomatous and carcinomatous glands obtained from the same tumor (model B). Similar pairs of miRNAs/mRNAs are expected to be found in both models. However, the patterns of miRNAs/mRNAs found differed between models A and B. In model B, this finding is very important in that molecular alterations occurring in the adenoma component without carcinomatous lesions (adenoma only lesion) differ from those derived from the adenoma component with carcinomatous lesions within a single tumor. This theory may be supported by the finding that multiple networks of miRNAs/mRNAs are closely associated with model B lesions, unlike the network pattern in model A (27, 28).

In the present study, some mRNA/miRNA pairs with an inverse correlation were found to be closely associated with the initial stage of colorectal carcinogenesis. The translocation of substrates through biological membranes is regulated by transporter proteins (29), including ATP-binding cassette and solute carrier (SLC) proteins, which are expressed in most tissues (29). Importantly, SLC proteins have been shown to exhibit differential expression in gastrointestinal neoplasms (29). In gastrointestinal tumors, including colorectal adenomas, the functions of SLC12A2 have not been fully elucidated. Here, the expression of SLC12A2 was upregulated due to downregulation of several miRNAs, including hsa-miR-34a-5p, hsa-miR-15b-5p, and hsa-miR-195-5p, in isolated adenomatous glands derived from model A lesions. These results suggest that SLC12A2 could contribute to the initial stages of colorectal tumorigenesis.

In the present study, expression of hsa-miRNA-502-3p was inversely correlated to that of OLFM4 in IMC. OLFM4 is an evolutionarily conserved glycoprotein that belongs to the OLFM family and is abundantly expressed in intestinal crypts (30). A recent study also demonstrated that OLFM4 plays an important role in preserving intestinal Lgr5-positive stem cells (31). This result suggests that reduced expression of OLFM4, which is regulated by high expression of miRNA-502-3p, may be closely associated with early colorectal carcinogenesis.

In the advanced stage of colorectal carcinogenesis, there was an inverse correlation between miRNA-6807-5p and ZG16 and between miRNA 3064-5p and SH3BGRL3. ZG16 is one of the most significantly downregulated genes in colorectal cancer (CRC) tissues (32, 33). Previous studies showed that reduced expression of ZG16 may play an important role in cancer progression (32, 33). In addition, ZG16 may serve as a potential biomarker for CRC diagnosis and prognosis (33). According to the transfection assay in our study, however, we did not find that downregulation of ZG16 was correlated with upregulation of miRNA-6807-5p. There are a couple of explanations for this result. First, ZG16 may not be a direct target of miRNA-6807-5p, and another mechanism may play an important role in ZG16 regulation. Second, the results of our in vitro experiment may not reflect what occurs in vivo. On the other hand, we identified that ectopic expression of miRNA 3064-5p suppressed SH3BGRL3 expression. We suggest that the inverse relationship between miRNA 3064-5p and SH3BGRL3 plays an important role in colorectal carcinogenesis.

Our findings suggested inverse correlations between paired mRNAs and miRNAs necessary for progression of a tumor from adenoma to IMC (model B). In adenomatous lesions isolated from the same tumor, we observed two inverse correlations of paired mRNAs/miRNAs, including RP53/miRNA-3907 or miRNA22-3p and HSPA8/miRNA-130a-3p. First, ribosomal protein (RP) expression has been shown to be higher in tumor cells than in normal cells (21, 34). RPs are differentially expressed in tumors, and the expression levels vary among the different stages of cancer. RPs may promote tumor development in CRC (21, 34). Second, HSPA8 protein is a constitutively expressed molecular chaperone that assists the conformational folding or unfolding of other macromolecular structures (35). A previous study showed that upregulation of HSPA8 plays a vital role in the development of endometrial carcinoma (36). According to the present results, however, such transcripts may act as tumor suppressors in adenoma development. We suggest that the mRNA/miRNA pairs HSPA8/miRNA-130a-3p and RP53/miRNA-3907 or miRNA22-3p play an important role in the development of the adenomatous component of a tumor.

We also identified two miRNA/mRNA pairs, including miRNA-660-5p and miRNA-664a-5p/APP, in isolated carcinomatous glands from the same tumor (model B). APLP2 shows a broad expression pattern, whereas APLP1 is expressed primarily in neural tissues (37, 38). APP protein and APLP2 mRNA are overexpressed in many tumors (37), including cancers of the prostate, breast, colon, thyroid, lung, nasopharynx, and gastrointestinal tract (37). Both in vitro and in vivo studies have demonstrated the roles of APP in promoting colon cancer growth and proliferation (39). In the present study, however, APP expression was downregulated by high expression of miRNA-660-5p and miRNA-664a-5p, suggesting that the associations of miRNA-660-5p and miRNA-664a-5p with APP may promote tumor progression from adenoma to carcinoma.

This study had some limitations. First, we evaluated only a small number of samples in this study. However, we used isolated tumor glands, thereby excluding interstitial cells that could otherwise obscure molecular alterations within tumor cells. Isolated tumor glands are essential in the search for molecular alterations in the target tissue. Thus, our data may provide new insights into the evaluation of colorectal carcinogenesis, especially at the early stage, which has not been fully identified previously. Second, we could not perform a validation test in model B lesions. Importantly, obtaining isolated adenomatous and carcinomatous glands from the same tumor is quite challenging when analyzing clinical samples. As far as we know, the analysis of the expression of miRNA and mRNA was first reported in model B. We provided additional information elucidating neoplastic progression within the same tumor.

In conclusion, we examined the relationship between miRNA and mRNA expression in isolated adenomatous and carcinomatous glands, including IMC and CRC with an MSS phenotype. In addition, we identified miRNA/mRNA networks in the progression from adenomatous to carcinomatous lesions by analyzing the association between miRNA and mRNA expression in the same tumor. It is particularly interesting that network patterns of miRNA/mRNA in adenoma and IMC were different from those of adenomatous and carcinomatous lesions within a single tumor. These results indicated that there are two types of adenomas (molecularly stable and unstable). Further studies are needed to identify network patterns of miRNA/mRNA expression and function in colorectal tumors.
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Supplementary Figure 1 | Work flow of the present study.

Supplementary Figure 2 | (A). Histological feature (HE). (B). Isolated glands under a dissecting microscope. (C). Hematoxylin–eosin staining of isolated crypts. (D). Normal gland (BAT25). (E). Tumor gland (BAT25). (F). Normal gland (BAT26). (G). Tumor gland (BAT26).

Supplementary Figure 3 | Candidate connection of paired miRNAs/mRNAs with reciprocal expression in adenoma (A), IMC (B), and CRC with the MSS phenotype (C) (type A).

Supplementary Figure 4 | Significant miRNA/mRNA pairs with inverse relationships in adenoma (A)components (A), IMC (B), and CRC with the MSS phenotype (C).


Supplementary Figure 5 | miRNA/mRNA pairs with inverse relationships based on the adenoma–carcinoma sequence within the same tumor. (A) Adenoma and (B) IMC components.
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Background

Immunotherapy has achieved remarkable efficacy in treating oesophageal squamous cell carcinoma (ESCC). However, this treatment has limited efficacy in some patients. An increasing number of evidence suggested that immune cells within the tumour microenvironment (TME) are strongly related to immunotherapy response and patient prognosis. Thus, the landscape of immune cell infiltration (ICI) in ESCC needs to be mapped.



Methods

In the study, the ICI pattern in 206 cases of ESCC was characterised by two algorithms, namely, CIBERSORT and single-sample gene set enrichment analysis (ssGSEA). The ICI score of each specimen was calculated by principal component analysis (PCA) according to ICI signature genes A (ICISGA) and B (ICISGB). The prognostic difference was evaluated by using the Kaplan–Meier method. The related pathways of ICI score were investigated by applying gene set enrichment analysis (GSEA). The R packages of ‘regplot’, ‘timeROC’ and ‘rms’ were applied for the construction of nomogram model.



Result

Three TME subtypes were identified with no prognostic implication. A total of 333 differentially expressed genes (DEGs) among immune subtypes were determined, among which ICISGA and ICISGB were identified. Finally, ICI scores were constructed, and the patients were grouped into high or low ICI score group. Compared with the low ICI score group, the high ICI score group had better prognosis. GSEA revealed that the high ICI score group referred to multiple signalling pathways, including B cell receptor, Fc gamma R-mediated phagocytosis, NOD-like receptor and TGF-β signalling pathways. In addition, the nomogram model was constructed to evaluate 1-, 3- and 5-year probability of death in an ESCC patient. The ROC and calibration curves indicated that the model has a good discrimination ability.



Conclusion

We depicted a comprehensive ICI landscape in ESCC. ICI score may be used as a predictor of survival rate, which may be helpful for guiding immunotherapy in the future.





Keywords: oesophageal squamous cell carcinoma, tumour microenvironment, immunotherapy, immune signatures, prognosis



Introduction

Oesophageal carcinoma (EC) is among the most common gastrointestinal malignancies with approximately 572,034 new cases yearly (1). Oesophageal squamous cell carcinoma (ESCC) is the main subtype of EC and accounts for appropriately 90% of EC cases worldwide (2, 3). Despite advancements in multidisciplinary therapeutic approaches, the prognosis of ESCC remains unsatisfactory (4). Immune checkpoint inhibitors targeting PD1/PD-L1 have clinical efficacy in multiple cancers, including ESCC (5–7). Immunotherapy stimulates the patients’ immune response against malignant cells by targeting the immune checkpoint pathway (8). Despite the survival benefits of immunotherapy, only a small percentage of patients with ESCC (14%–28%) are benefitted (9–11). Therefore, effective biomarkers to guide patient selection and determine combination therapies are urgently needed.

Increasing evidence has elucidated the importance of the tumour microenvironment (TME), which is composed of a variety of cancer cells, infiltrating immune cells and stromal cells (12, 13). The heterogeneity of the TME, including immune-promoting cells, immunosuppressive cells and immune-related pathways, have been reported in patients with cancer (14–16). Changes in the number or functional activation of immune cells in the TME affect patient survival and response to immunotherapy in malignancies (17, 18). A growing number of studies have shown that intercellular interaction is more important than single cell subsets for anti-tumour effects. For example, exhausted T and NK cells are reportedly major proliferative cell components in ESCC TME. Tumour-associated macrophages and Tregs exert tumour-promoting effects by inducing immune escape in the ESCC TME (19, 20). The high infiltration of tumour-infiltrating lymphocytes is closely related to the favourable prognosis and clinical response of ESCC (21–23).

We aimed to characterise the pattern of immune cell infiltration (ICI) in ESCC. The CIBERSORT and single-sample gene set enrichment analysis (ssGSEA) algorithm was used to describe the ICI level of each sample. The ESTIMATE algorithm was applied to estimate immune and stromal scores. We further established ICI scores to predict the survival of ESCC patients.



Materials and Methods


ESCC Datasets and Pre-Processing

ESCC gene expression data was downloaded from The Cancer Genome Atlas (TCGA, https://portal.gdc.cancer.gov, TCGA-ESCC) and the Gene Expression Omnibus (GEO, https://www.ncbi.nlm.nih.gov/geo, GenBank: GSE53625). The patients without complete clinical information were excluded. The data of 206 patients were available for further analysis. The raw Fragments Per Kilobase per Million (FPKM) data from TCGA were converted into Transcripts Per Kilobase Million (TPM) data, which were similar to those of the GEO database to facilitate analysis. The transcriptomic data of ESCC from the GEO (GenBank: GSE53625) were annotated and normalised. The ComBat algorithm was used to remove batch effects due to non-biotech bias. Principal component analysis (PCA) analysis was performed to show the difference of two datasets before and after integration (Figures S1A, B). The detailed clinicopathological information of the ESCC samples are shown in Table S1.



Consensus Clustering of ICI

We quantified the ICI level of each ESCC sample using the CIBERSORT and ssGSEA algorithm (24, 25). Previously reported immune-related gene signatures (26–28) were used to characterise different immune states. The immune and stromal scores of the ESCC samples were calculated using the ESTIMATE algorithm. Unsupervised clustering was performed by applying the ‘ConsensuClusterPlus’ package of R and iterated 1,000 times.



Generation and Enrichment Analysis of ICI Signature Genes

The ESCC samples were divided into three ICI clusters based on ICI level, and ICI-related DEGs (|logFC| > 1.86, P < 0.05) were identified using the ‘limma’ package of R. Two gene clusters were identified according to ICI-related DEGs using the unsupervised clustering method. The ICI-related DEGs that were positively or negatively correlated with the gene cluster were defined as ICI signature genes A (ICISGA) or B (ICISGB). The ‘clusterProfiler’ package of R was used for Gene Ontology (GO) enrichment analysis, and the threshold was set as P < 0.05.



Establishment of TME Scores

Boruta algorithm was used to reduce the dimensions of ICISGA and ICISGB, and PCA was used to extract the first principal component (PC1), which are the signature scores of ICISGA and ICISGB (defined as PC1A and PC1B, respectively). Finally, we constructed the ICI scores using the formula below. The ESCC samples were divided into the high and low ICI score groups according to the optimal threshold of ICI score. GSEA was performed and visualised using R package ‘ggplot2’.

	



Analysis of Tumour Mutation Profiles

ESCC mutation data were obtained from TCGA. The raw data were annotated with somatic Mutation Annotation Format, and the mutation signatures of the ESCC samples were characterised. The driver genes of each sample were identified by the ‘maftool’ package of R, and somatic alterations in the driver genes between the two ICI score groups were evaluated.



Construction of Prognostic Model

Prognostic nomogram model was constructed to quantitatively predict the 1‐, 3‐ and 5‐year probability of death (PD), which consisted of the ICI score and clinical variables. Receiver operating characteristic (ROC) and calibration curves were plotted to indicate the discrimination ability of the prognostic model.



Statistical Analyses

R (v3.6.3) or GraphPad Prism (v6.0) software were used for statistical analysis. Student’s t-test was used to compare the normally distributed variables between the two groups. Wilcoxon test was used to compare non-normally distributed variables between the two groups. The Kruskal–Wallis test was used to compare variables amongst the three groups. Kaplan–Meier method was used to generate the survival curve. The log-rank test was used to compare the differences. The optimal cut-off value of the data was evaluated with R’s ‘Survminer’ package, and the heatmap was generated by the ‘pheatmap’ package of R. Spearman correlation was applied to analyse the correlation between ICI score and TMB. P < 0.05 was considered statistically significant.




Results


ICI Profile in ESCC TME

A total of 206 ESCC samples from TCGA-ESCC (n = 97) and GEO (GSE53625, n = 179) databases were analysed. The overall flow chart of the study is shown in Figure S1C. Tables S2 , S3 list the ICI level, immune scores and stromal scores of the ESCC specimen obtained by CIBERSORT and ssGSEA algorithms, respectively. Unsupervised clustering was used to perform ICI clustering, with K = 3 (ICI clusters A–C) as the optimal cluster pattern (Figures S1D–H). The heatmap shows the differences in the composition of immune cells amongst ICI clusters A–C (Figure 1A). Figure 1B presents the pattern of immune cell interaction in ESCC TME. Survival analysis showed that ICI cluster A tended to have a worse survival rate than ICI clusters B and C, although the difference had no statistical significance (Figure 1C). Furthermore, ICI cluster A was marked by a low immune score with high densities of Tregs, M2 macrophages, resting mast cells and resting dendritic cells. ICI cluster B exhibited high levels of CD8 T cells, CD4 T cells, follicular helper T cells, activated NK cells and M1 macrophages. ICI cluster C was characterised by minimum immune and stromal scores and low densities of most immune cells, except for the resting memory CD4 T cells, activated mast cells and monocytes (Figure 1D). The expression levels of immune activity-related signature genes (CXCL10, GZMB, PRF1, IFNG, GZMA and CXCL9) and immune checkpoint signature genes (BTLA, TIGIT, CD274, CD8A, CTLA4 and HAVCR2) were higher in ICI cluster B than in ICI clusters A and C, as shown in Figures 1E, F.




Figure 1 | Landscape of ICI in the TME of ESCC. (A) Unsupervised clustering of infiltrating immune cells in ESCC samples. Rows denote infiltrating immune cells, and columns denote samples. (B) Heatmap of the intrinsic interaction of infiltrating immune cells, immune score and stromal score in TME. The colour from blue to red represents negative and positive correlations. The pie chart size represents the absolute correlation coefficient. (C) Kaplan–Meier curves for patients with ESCC in ICI clusters A–C. Log rank test P = 0.113. (D) Box plot of infiltration immune cell fractions in ICI clusters A–C. The immune and stromal scores of the three ICI clusters are also plotted. (E) Box plot of the expression levels of immune activity-related signature genes (CXCL10, GZMB, CX3CR1, TNF, PRF1, IFNG, GZMA and CXCL9) among ICI clusters A–C. (F) Box plot of the expression levels of immune checkpoint signature genes (BTLA, TIGIT, CD274, CD8A, CTLA4 and HAVCR2) in ICI clusters A−C. *P < 0.05; **P < 0.01; ***P < 0.001; ns, no significance.





Identification of Immune Gene Subtype

A total of 333 ICI-related differentially expressed genes (DEGs) amongst the three ICI clusters were identified by R’s ‘limma’ package (Table S4). Unsupervised cluster analysis was conducted, and two gene clusters (gene clusters A and B) had the optimal patterns (Figures S2A–D). Figure 2A shows the transcriptomic profiles of the 333 ICI-related DEGs between the two genomic clusters. Gene cluster A tended to have poorer outcome than gene cluster B but without statistical difference (Figure 2B). Gene cluster A had a massive infiltration of CD8 T cells, activated memory CD4 T cells, M2 macrophages, memory B cells, gamma delta T cells, resting mast cells, activated NK cells and follicular helper T cells. Alternately, gene cluster B contained a large number of plasma cells, monocytes, activated dendritic cells, activated mast cells, resting memory CD4 T cells and neutrophils (Figure 2C). Gene cluster A had relatively higher levels of immune checkpoint-related genes (BTLA, TIGIT, CD8A and CTLA4) than gene cluster B (Figures 2D, E and S2F). ICI signature genes A (ICISGA) and B (ICISGB) are shown in Table S5. The GO enrichment result revealed that ICISGA was involved in inflammation, whereas ICISGB was remarkably enriched in immune-related signalling pathways, such as T cell activation and B cell-mediated immunity (Figures 2F, G and Table S6).




Figure 2 | Identification of immune gene subtypes. (A) Unsupervised clustering of DEGs among three ICI clusters in ESCC cohorts. (B) Kaplan–Meier curves for patients in gene clusters A and (B) Log-rank test P = 0.040. (C) Box plot of infiltrating immune cell fractions in gene clusters A and (B) The immune and stromal scores of the two gene clusters are also plotted. (D, E) Expression levels of PD-L1 (D) and CTLA4 (E) between the two gene clusters. (F, G) GO enrichment analyses of ICISGA (F) and ICISGB (G). The X-axis represents the number of genes within each GO term. *P < 0.05; **P < 0.01; ***P < 0.001; ns, no significance.





Construction of ICI Score

The abovementioned results suggested that ICI or gene cluster alone cannot accurately evaluate the prognosis of patients with ESCC. Two aggregate scores were calculated by principal component analysis (PCA), namely, (1) PC1A from ICISGA and (2) PC1B from ICISGB, to establish accurate prediction indicator for ESCC. ICI score was calculated from PC1A and PC1B based on the relevant scoring formula. Patients were classified into the high and low ICI score groups according to optimal score threshold (Table S7). As shown in Figures 3A–C, the high ICI score group had better survival rate than the low ICI score group. Accordingly, GSEA revealed that the B cell receptor, NOD-like receptor, Fc gamma R-mediated phagocytosis and immune suppression TGF-β signalling pathways were obviously enriched in the high ICI score group (Figure 3D). We observed that immune activity-related signature genes (CX3CR1, TNF and CXCL9) and immune checkpoint signature genes (BTLA, TIGIT and HAVCR2) were significantly higher in the high ICI score group than in the low ICI score group (Figures 3E, F).




Figure 3 | ICI score analysis. (A) Alluvial diagram of gene cluster distribution and survival outcome between high and low ICI score groups. (B) Kaplan–Meier curves for high and low ICI score groups in all samples. Log rank test P = 0.020. (C) Kaplan–Meier curves for high and low ICI score groups in the TCGA cohort. Log rank test P = 0.024. (D) GSEA of high and low ICI score groups. (E) Box plot of the expression levels of immune activity-related signature genes (CXCL10, GZMB, CX3CR1, TNF, PRF1, IFNG, GZMA and CXCL9) between high and low ICI score groups. (F) Box plot of the expression levels of immune checkpoint signature genes (BTLA, TIGIT, CD274, CD8A, CTLA4 and HAVCR2) between high and low ICI score groups. *P < 0.05; **P < 0.01; ***P < 0.001; ns, no significance.





ICI Score and Tumour Mutation Burden (TMB)

A tumour with high mutation frequency may act as an effective biomarker for the efficacy of immunotherapy (29). In the present study, we evaluated the difference in mutation frequencies between the high and low ICI score groups. No remarkable difference was found in the mutation frequency between the two groups (Figure 4A and Table S8). Tumour mutation burden (TMB) and ICI score had no statistical correlation (Figure 4B). In addition, we concluded that a patient with high TMB had worse outcome than that with low TMB (Figure 4C). Stratified analysis showed that in the low TMB subgroup, the patients with high ICI score had a remarkable survival advantage compared with the patients with low ICI score, whereas no statistical difference was found between the two ICI score groups in the high TMB subgroup (Figure 4D). The oncoPrint presented the top 20 high-frequency mutated genes (Figure 4E). The ICI score could predict survival independent of TMB.




Figure 4 | Correlation between ICI score and TMB. (A) TMB difference between high and low ICI score groups. (B) Scatter plots of the Spearman correlation between ICI score and TMB. (C) Kaplan–Meier curves for high and low TMB groups. Log rank test P = 0.021. (D) Kaplan–Meier curves for patients stratified by TMB and ICI score. Log rank test P = 0.020. (E) OncoPrint of high (left) and low (right) ICI score groups. Each column represents a single patient. The bar chart at the top represents TMB. The bar chart on the right shows the mutation frequency of each gene in the group with high or low ICI score.





ICI Score and Clinicopathological Features

Age, gender, depth of tumour invasion and pathological stage were related to the prognosis. This study evaluated the predictive ability of ICI score in the stratification of different clinicopathological features. Compared with the low ICI score group, the high ICI score group had more surviving patients (Figure 5A). Stratification analysis revealed that patients with high ICI score had superior survival than patients with a low ICI score in the T3–T4, TNM II and male patient groups (Figures 5B–D). ICI score may be a predictor of survival in T3-T4, TNM II and male patients’ groups.




Figure 5 | Association of ICI score and clinicopathological features. (A) Survival rates of patients with ESCC in high and low ICI score groups. (B–D) Kaplan–Meier curves for high and low ICI score groups in patients with T3–T4 stage (B) and TNM II stage (C) and in male patients (D) in the entire cohort.





ICI Score and Prognosis

To evaluate the potential immune activity of ICI score in ESCC. The correlation between the ICI score and the three differentially expressed immune checkpoint signature genes (BTLA, TIGIT and HAVCR2) were analysed (Figures 6A–C). The ICI score was positively correlated with BTLA (R=0.28, P<0.001), TIGIT (R=0.25, P=0.0023) and HAVCR2 (R=0.34, P=0.0023), suggesting that ICI score may play a non-negligible role in predicting the response of ESCC patients to immune checkpoint inhibitors treatment. In addition, nomogram was constructed to predict 1-, 3- and 5-year PD (Figure 6D). The ROC and calibration curves indicated that the model has a good discrimination ability (AUC were 0.666 for a 1-year PD, 0.733 for a 3-year PD and 0.731 for 5-year PD; Figures 6E, F).




Figure 6 | Prognosis Significance of ICI Scores. (A–C) Correlation analysis between the ICI score with the three differentially expressed immune checkpoint signature genes (BTLA, TIGIT, and HAVCR2). BTLA (A), TIGIT (B), and HAVCR2 (C); (D) The nomogram for predicting 1-, 3-, or 5- year probability of death; (E) The ROC curve of the nomogram for predicting the 1-, 3-, or 5- year probability of death. (F) The calibration curve of the nomogram for predicting the 1-, 3-, or 5- year probability of death.






Discussion

The advent of immunotherapy has rapidly changed the treatment paradigm for multiple cancers (30, 31). Currently, only anti‐PD‐1/PD-L1 immunotherapy drugs have been approved by the FDA for ESCC treatment (32). Pembrolizumab was approved as the second-line drug for PD-L1-positive advanced ESCC in 2019 (11). Nivolumab was approved in 2020 for patients with unresectable ESCC who previously underwent chemotherapy with fluorouracil and platinum regardless of PD-L1 expression level (33). Although immunotherapy has shown remarkable clinical efficacy in a variety of malignant tumours, only a small number of patients benefit from it (34, 35), which underscores the importance of identifying suitable patients. We comprehensively delineated the immune landscape of ESCC and constructed ICI score to predict patient survival outcomes.

Previous evidence revealed that tumour-specific immune cell dysfunction contributes to immune evasion, leading to tumour survival and progression (36, 37). In the present study, we firstly divided the ESCC samples into three ICI clusters by unsupervised clustering. ICI cluster A presented immunosuppressive phenotype with high stromal and low immune scores, and this was accompanied by high infiltration of Tregs and M2 macrophages. ICI cluster B presented an immunoactivated phenotype with high immune and low stromal scores, and this was accompanied by high levels of CD8 T cells, activated memory CD4 T cells and activated NK cells. ICI cluster C showed the lowest immune and stromal scores and exhibited an immune desert phenotype. Then, we analysed ICI-related DEGs and defined two gene clusters. Compared with gene cluster B, gene cluster A had higher densities of CD8 T cells, memory B cells, CD4 T cells, M2 macrophages and activated NK cells. Although gene cluster A presented an immune-activated phenotype, it is marked by high levels of BTLA, TIGIT, CD8A and CTLA-4. Compared with gene cluster B, the prognosis of gene cluster A tended to be poorer, but no remarkable difference was found. The above result highlighted the fact that ICI had an anti-tumour effect but cannot accurately predict the survival outcome of patients.

Given the complex tumour heterogeneity, we used Boruta algorithm to construct ICI scores to provide a more comprehensive classification scheme. GSEA revealed that the high ICI score group was associated with immune activity-related pathway, including B cell receptor, Fc gamma R-mediated phagocytosis, NOD-like receptor and immune suppression TGF-β signalling pathway (38, 39). The low ICI score group exhibited relatively low immune activities, thereby implying an immune cold phenotype. Compared with the patients in the low ICI score group, the patients in the high ICI score group had better prognoses. A large number of studies have shown that somatic mutations are likely to give rise to high neoantigen levels (40–42) and therefore could attract immune cells involved in anti-tumour immune response (43, 44). We downloaded and analysed ESCC mutation data to exclude the influence of TMB on the predictive ability of ICI score. High TMB led to poor prognosis in ESCC, which was similar to the findings of previous studies (45, 46). However, no correlation was found between ICI score and TMB in ESCC. The ICI score may be a prognostic predictor for ESCC that is independent of TMB.

Immune checkpoints are a class of immunosuppressive molecules expressed on immune cells and that regulate the degree of immune activation; these include PD1, CTLA4, TIGIT, BTLA and so on (47). In addition to the well-known immune checkpoint PD1, TIGIT has also been reported as a potential target for the treatment of malignant tumors (48, 49). In January 2021, tiragolumab (anti-TIGIT) combined with atezolizumab was approved by FDA for the treatment of metastatic non-small cell lung cancer patients with PD-L1 but without EGFR/ALK genome abnormalities. The role of other immune checkpoints in cancer immunotherapy is being studied. In this study, compared with low ICI score group, the three immune checkpoint-related genes (BTLA, TIGIT and HAVCR2) in the high ICI score group were highly expressed. The correlation analysis revealed that the three immune checkpoint-related genes were positively correlated with ICI score. BTLA, TIGIT and HAVCR may serve as new potential therapeutic targets that possibly bring clinical benefits to ESCC patients with high ICI score. The ICI score may play a non-negligible role in predicting the response of ESCC patients to immune checkpoint inhibitor treatment.

Wang et al. revealed that high expressions of PD-L1, TIM3 and TIGIT were associated with poor prognosis of ESCC patients, and they constructed a nomogram model composed of PD-L1, TIM3, TIGIT and TNM stages to predict the prognosis of patients (50). Their data analysis involved only one ESCC dataset downloaded from TCGA, and the nomogram model involved only a few immune checkpoint-related molecules. Given the complex tumour heterogeneity, we established a prognostic nomogram model that included ICI score, age and TNM staging to predict patient survival. The ROC and calibration curves indicated that the nomogram model had good discrimination ability.

We depicted a comprehensive ICI pattern of ESCC and constructed ICI scores, which facilitated the understanding of the TME of ESCC and provided new prognostic biomarkers and potential targets for immunotherapy. However, this study had a limitation. None of the patients in the analysis received immunotherapy. Thus, the predictive value of ICI score for immunotherapy efficacy in patients with ESCC cannot be evaluated. Further studies will be carried out in the future.
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Objective

The relationship between serum lipids and prognosis of gastric cancer has not been confirmed. Our purpose in the study was to investigate the associations between preoperative and postoperative serum lipids level and prognosis in patients with gastric cancer.



Methods

A retrospective study was performed on 431 patients who received radical (R0) gastrectomy from 2011 to 2013. Preoperative and postoperative serum lipids level were recorded. Clinical-pathological characteristics, oncologic outcomes, disease-free survival (DFS) and overall survival (OS) were collected. The prognostic significance was determined by Kaplan-Meier analysis and Cox proportional hazards regression model.



Results

There was no significant difference in DFS and OS according to preoperative serum lipids level. Regarding postoperative serum lipids level, compared to normal high-density lipoprotein cholesterol (HDL-C), low postoperative HDL-C level indicated a shorter OS (hazard ratio: 1.76, 99% confidence interval: 1.31–2.38; P=0.000) and a shorter DFS (hazard ratio: 2.06, 99% confidence interval: 1.55–2.73; P=0.000). However, other postoperative serum lipid molecules were not associated with DFS and OS.



Conclusion

Postoperative HDL-C might be an independent prognostic factor of gastric cancer.





Keywords: preoperative serum lipids, postoperative serum lipids, gastric cancer, prognosis, overall survival, disease-free survival



Introduction

Gastric cancer is the fifth most diagnosed malignancy worldwide (1) and ranks as the third most common cause of cancer related deaths worldwide (2). Although the popularization of early cancer screening has significantly improved the diagnosis rate of early gastric cancer, GC is still frequently advanced stage at diagnosis. With the progress of medicine, the treatment of GC has been improved, but the prognosis of GC is still poor, and the five-year survival rate is about 53% (3). In addition to the stage of cancer at presentation, many other factors of the patient will also affect the prognosis of gastric cancer. Thus, it is of great significance to explore new potential predictors of long-term prognosis. Serum lipid components, including total cholesterol (TC), triglycerides (TG), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), and apo lipoprotein. So far, the influence of serum lipids on cancer is unclear. It has been reported that preoperative lipid level is associated with prognosis of non-metastatic colorectal cancer (4). Currently, researchers have found that TC may play an important role in the development of gastric cancer (5); low HDL-C and high LDL-C levels may increase the risk of GC, but no lipid components was associated with OS of GC (6). One study reported that preoperative serum ApoB/ApoA1 ratio as a novel prognostic indicator of GC, and no association of lipid markers with gastric cancer was shown (7). However, another study found a different conclusion, which suggested that HDL-C is closely related to the prognosis of gastric cancer (8). Therefore, the impact of serum lipids level on outcomes after surgery is less well confirmed, especially few studies have focused on the relationships of postoperative serum lipid components with the prognosis of gastric cancer. In this study, we aim to comprehensively investigate the relationships between preoperative and postoperative serum lipids and prognosis of gastric cancer.



Materials and methods

Patients who received gastrectomy for gastric cancer in Chinese PLA General Hospital from January 1, 2011 to December 31, 2013 were included in this study. The study was approved by the research ethics committee of Chinese PLA General Hospital. Preoperative histological confirmation of the tumor was determined by endoscopic biopsy. Subtotal or total gastrectomy was performed according to tumor location, histopathology and the possibility of obtaining negative resection margins. All postoperative patients were followed up according to guidelines of gastric cancer from surgery to January 1, 2021. The date of tumor recurrence and death was recorded. The endpoint was defined as death or last follow-up. The overall survival was based on the period from histological confirmation of GC to the end of follow-up or endpoint, and the disease-free survival was the period from surgery to the gastric cancer recurrence or metastasis. The following clinical information was recorded in detail: the sex and age of the patient; preoperative serum lipids, body mass index (BMI) and fasting blood sugar; BMI and fasting blood sugar of 6 months after operation; operative site; operative procedure; postoperative pathological results; cancer stage (the pTNM classification was updated to the 8th edition); diet intake volume. Patients with metastatic stage IV disease, serious cardiovascular and cerebrovascular diseases, diabetes, serious thyroid disease, oral lipid-lowering drugs, a non-R0 resection, overall survival of less than 6 months and incomplete information were excluded from the analysis.

The serum lipids and fasting blood sugar were measured in early morning samples obtained before breakfast (at least 8 hours of fasting) within 1 week before surgery and 6 months after surgery by a Cobas c 701 chemistry analyzer (Roche). The low and high reference values were 5.7 mmol/L for TC, 1.7 mmol/L for TG, 1.15 mmol/L for HDL-C, and 3.37 mmol/L for LDL-C. Fasting blood sugar is classified as low group (<6.1 mmol/L), normal group (6.1-7.0 mmol/L) and high group (≥7.0 mmol/L). BMI calculate as weight [kg]/height [m2]. In this study, patients with BMI less than 18.5 kg/m2 were defined as low group, over 25 kg/m2 were defined as high group, and others were normal group. The diet intake volume will reduce after surgery of most patients. Considering the preoperative diet intake volume as 100%, the intake volume increased to 75% of patients at 6 months after surgery was defined as normal group and less than 75% was defined as low group.

Statistical analyses were performed with SPSS version 22.0 software. Continuous variables were presented as the mean ± standard deviation (x ± s). Chi-square test was used to compare categorical variables between groups and the results were described as the percentage (%). The OS and DFS after surgery were calculated using Kaplan-Meier’s method. The potential prognostic factors of GC were explored in univariate and multivariable analysis using a Cox proportional hazards regression model. A P value < 0.05 was considered statistically significant in all statistical analyses.



Results

A total of 431 patients were enrolled in this study. The mean duration of follow-up was 107.1 ± 10.8months (range 85.4-133.6months). The general characteristics of the patients are summarized in Table 1. Males were the majority in this study, the male to female ratio was 332:99. The mean age was 55 years. In respect to tumor location, 125 cases (29.0%) were in the upper third, 119 cases (27.6%) were in the middle third, 154 cases (35.7%) were in the lower third, and 33 cases (7.7%) were in the diffuse tumor site. Most of the tumors progressed locally and penetrated the serosa (283 cases of T4 tumors, 65.7%). Lymph node metastasis was common (n = 335, 77.7%). There were 34 patients (7.9%) in stage I, 119 (27.6%) in stage II, and 278 (64.5%) in stage III. On pathology, only 21 cases were signet ring cell carcinoma (4.9%), most of the pathological types were adenocarcinoma (255 cases, 59.2%) and mixed type (155 cases, 36.0%). The degree of pathological differentiation is recorded in detail as follows:362 cases (84.0%) were poorly differentiated; only 12cases (2.8%) were well differentiated, and the others were moderately differentiated (n= 57, 13.2%). In addition, 113 (26.2%) of the GC cases had a positive family history of cancer, either in first- or second-degree relatives. Regarding the operative procedure, total resection was performed in 37.4% (n=161) of the patients, distal resection was performed in 42.2% (n=182) of the patients and other patients (n=88, 20.4%) were performed proximal resection. The diet intake volume of most patients (n=356, 82.6%) increased to 75% after 6 months of surgery. Lipid profile, fasting blood sugar and BMI information are summarized in Table 2. As regards lipid profile (before surgery), the distributions were as follows: TG <1.7 mmol/L (170, 39.4%) versus TG≥1.7mmol/L (261, 60.6%); TC<5.7mmol/L(318, 73.8%) versus TC≥5.7mmol/L (113, 26.2%); HDL-C <1.15mmol/L (193, 44.8%) versus HDL-C≥1.15mmol/L (238, 55.2%); LDL-C<3.37 mmol/L (295, 68.4%) versus LDL-C ≥3.37mmol/L (136, 31.6%). Six months after operation, the proportions of TC <5.7 mmol/L, TG <1.7 mmol/L, LDL<3.37 mmol/L and low BMI were significantly increased.


Table 1 | Clinicopathological characteristics in the 431 gastric cancer patients.




Table 2 | characteristics of lipid profile, BMI and fasting blood sugar in the 431 gastric cancer patients.



In this study, the overall median DFS was 52.3 ± 34.4 months. The 3- and 5-year DFS rates were 61.3% and 43.9%, respectively. In a univariate Cox proportional hazards model of GC with DFS (Table 3, left panel), the factors associated with the gastric cancer DFS were the sex, T stage, N stage, TNM stage, differentiation, family history, operative procedure, preoperative BMI and postoperative HDL-C levels. To determine which factors may affect the prognosis of gastric cancer, all factors were further subjected to multivariate regression analyses. As shown in Table 3 (right panel), moderate and poor differentiations of tumor (HR: 3.78, 99% CI: 1.26–11.36, P = 0.002; HR: 3.78, 99% CI: 1.20–11.93, P = 0.003, respectively), T2, T3 and T4 of tumor (HR: 2.22, 99% CI: 0.96–5.18, P = 0.015; HR: 4.78, 99% CI: 2.16–10.57, P = 0.000; HR: 6.30, 99% CI: 2.99–13.30, P = 0.000, respectively). N1, N2, N3a and N3b of tumor (HR: 2.10, 99% CI: 1.35–3.28, P = 0.000; HR: 2.56, 99% CI: 1.69–3.88, P = 0.000; HR: 2.47, 99% CI: 1.62–3.77, P = 0.000, HR: 4.91, 99% CI: 3.00–8.02, P = 0.000, respectively); preoperative fasting blood sugar in 6.1-7.0mmol/(HR:1.82, 99% CI: 0.99-3.34, P = 0.012); postoperative HDL-C<1.15mmol/L (HR: 2.06, 99% CI: 1.55–2.73, P = 0.000) were related with poor DFS.


Table 3 | Univariate and multivariate cox proportional hazard model of gastric cancer with DFS.



The OS curves are shown in Figures 1A–D for preoperative lipids groups; No significant differences were observed in those stratified analyses. Figure 2 show the postoperative OS curves for the lipids groups. In the Kaplan-Meier curve for HDL-C after surgery, the 5-year OS rate was greater in the normal group than in the low group (80.0% versus 55.5%) (Figure 2C), there were significant differences in the two groups (P=0.000). Regarding the TC, TG and LDL-C after operation (Figures 2A, B, D), no statistically significant differences were observed in those stratified analyses (P = 0.564, P = 0.647, P = 0.582). Furthermore, Cox proportional hazard model was used to analyze which factors could predict OS of gastric cancer. According to the univariate analysis, the factors related with the gastric cancer overall survival were the sex, tumor location, differentiation, T stage, N stage, TNM stage, family history, operative procedure, preoperative BMI and postoperative HDL-C (Table 4 left panel). The results of the multivariate analysis of factors influencing the gastric cancer OS are presented in Table 4 (right panel), increasing T stage, increasing lymph node stage, unnormal preoperative BMI and low postoperative HDL-C all indicated a low mortality rate.




Figure 1 | Overall Survival in preoperative serum lipid. Overall Survival of patients grouped by serum lipid levels before surgery, no significant differences were observed at all levels.






Figure 2 | Overall Survival in postoperative serum lipid. There were significant differences in the low HDL and normal HDL groups (P=0.000). However, no significant differences were observed in other groups.




Table 4 | Univariate and multivariate cox proportional hazard model of gastric cancer with OS.



The association between postoperative HDL-C level and clinicopathological characteristics is summarized in Table 5. Of note, HDL-C level was significantly correlated with T stage (P=0.001), lymph node stage (P=0.010), TNM stage (P=0.000) and operative procedure (P=0.007). However, there was no significant relationships between postoperative HDL-C level and age, sex, tumor location, differentiation, histological type, postoperative BMI, postoperative fasting blood sugar, diet intake volume and family history.


Table 5 | Characteristics of the normal-HDL and low-HDL groups in 431 patients (after surgery).





Discussion

With the improvements in people’s living conditions and the prolongation of average life expectancy, there is an increasing number of people who are suffered from dyslipidemia. It is well known that LDL-C is called “bad” cholesterol, and positively correlated with cardiovascular and cerebrovascular diseases. On the contrary, HDL-C is called “good” cholesterol, and has a protective effect on cardiovascular and cerebrovascular system. So far, the roles played by lipids in cancer prognosis is a controversial area as there are studies reporting positive, negative or no influence of lipids on the advancement of cancer (6–9). Therefore, this study examined the impact of preoperative and postoperative serum lipids level on DFS and OS after resection for gastric.

HDL-C is known as an antioxidant and anti-inflammatory factor, which is one of the types of cholesterol (10). The major function of HDL-C is to maintain normal cell cholesterol homeostasis by removing excess cholesterol from an intracellular pool (11). Many researchers have previously investigated whether there is a relationship between serum HDL-C and tumorigenesis. Patients with gastrointestinal cancer have lower HDL-C level, when compared with normal controls (12). Low level of serum HDL-C may increase risk of gastric cancer (6, 13, 14), the possible reason is that H. pylori infection reduces HDL-C, which is an important risk factor for gastric cancer (15). As for the prognosis, some authors reported that HDL-C did not affect the OS and PFS of gastric cancer (6, 7). However, another study showed that low level of serum HDL-C is one of the factors of poor prognosis in gastric cancer (8). In this study, we found that postoperative HDL-C level no significant change compared to preoperative level. The positive correlation between postoperative HDL-C and T stage, N stage, and TNM stage indicates a more advanced tumor in patients with lower HDL-C level. In our study, the preoperative HDL-C showed negative association with the DFS and OS in gastric cancer. In addition, we also focused on the relationship between postoperative HDL-C level and prognosis of gastric cancer, which has rarely been reported. We found that low postoperative HDL-C level is associated with poor prognosis of gastric cancer. Therefore, the results of our study suggest that postoperative HDL-C level is an independent risk factor for predicting prognosis of gastric cancer.

Some studies have confirmed that high level of LDL-C and low level of HDL-C were risk factors for gastric cancer (6, 16, 17). Higher LDL-C have been reported to relate to pro-inflammatory activity and affect the suppression of the host immune system (18, 19). The results are inconsistent whether TC or TG is risk factor of gastric cancer (14, 20–22). As for the relationship between serum lipids and prognosis of gastric cancer, similar to our study which no association of preoperative TG, TC and LDL-C with gastric cancer was shown (6, 7). However, another study showed LDL-C as an independent prognosis of gastric cancer (23). Similarly, this study investigated the relationship between postoperative LDL-C, TG, TC and prognosis of gastric cancer. Eventually, no correlation between them and prognosis of gastric cancer was be found.

To the best of our knowledge, few studies that focus on the prognostic role of the postoperative lipids level in patients with gastric cancer. Thus, in our research, we incorporated both preoperative and postoperative TG, TC, LDL-C, HDL-C for analysis. Eventually, we found that postoperative HDL-C could act as an independent prognostic marker in GC among all lipid molecules. Although the underlying mechanism is unclear, stomach as one of the most important organs of the digestive system, patients will experience changes in dietary habits, poorer nutritional status, weight loss, and lower serum lipids after surgery, which requires further investigation.

It should be noted that our study has several potential limitations. First, it is a retrospective, single-center study, so the representativeness of patients is less than those in a prospective and multi-center study, and the results may be biased. Second, the results of this study are necessary to further validate by a mechanistic detail in vivo and in vitro. In spite of these limitations in this study, our analysis firstly tried to elucidate the impact of postoperative serum lipids on the prognosis in gastric cancer patients.



Conclusions

This study suggests that low serum HDL-C level of 6 months after operation is associated with poor prognosis in gastric cancer. Thus, we recommend measurement of serum HDL-C level after 6 months of gastrectomy to predict the prognosis of gastric cancer.
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In this review, we would like to focus on risk stratification and quality indicators of diagnostic upper gastrointestinal endoscopy in the detection and characterization of early gastric cancer. Preparation of the upper gastrointestinal tract with mucolytic agents or simethicone is often overlooked in the west, and this inexpensive step prior to endoscopy can greatly improve the quality of imaging of the upper digestive tract. Risk stratification based on epidemiological features including family history, Helicobacter pylori infection status, and tobacco smoking is often overlooked but may be useful to identify a subgroup of patients at higher risk of developing gastric cancer. Quality indicators of diagnostic upper gastrointestinal endoscopy are now well defined and include: minimal inspection time of 3 min, adequate photographic documentation of upper gastrointestinal landmarks, utilization of advanced endoscopic imaging technology including narrow band imaging and blue laser imaging to detect intestinal metaplasia and characterize early gastric cancer; and standardized biopsy protocols allow for histological evaluation of gastric mucosa and detection of atrophic gastritis and intestinal metaplasia. Finally, endoscopic and histologic classifications such as the Kimura–Takemoto Classification of atrophic gastritis and the OLGA–OLGIM classifications may help stratify patients at a higher risk of developing early gastric cancer.
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Introduction

Early gastric cancer (EGC) is defined as cancer occurring in the gastric mucosa and confined to the mucosa or submucosa, irrespective of lymph node metastasis (1). Patients with gastric mucosal atrophy and/or intestinal metaplasia affecting the gastric corpus alone and/or the antrum are at higher risk of gastric adenocarcinoma (2–4). Gastric cancer is the fifth most frequently diagnosed cancer and the third most common cause of death due to cancer, with the highest incidence being reported in Korea, Japan, and Mongolia (5). Population-based gastric cancer screening endoscopy programs in Japan for adults aged >50 years and in Korea for adults aged >40 years have resulted in the early detection of gastric cancer with a resultant significant decrease in mortality (5, 6). Image enhanced endoscopic technology (IEE), also called advanced endoscopic imaging, which includes Narrow Band Imaging (NBI), Flexible Spectral Imaging Color Enhancement (FICE), blue laser imaging (BLI), probe based Confocal Laser Endomicroscopy (pCLE), improves detection of gastric intestinal metaplasia, dysplasia, and early gastric cancer (2, 7, 8).



Pre-endoscopic Stratification of Risk for Early Gastric Cancer

Although the optimal method for risk stratification of gastric cancer is still unclear, pre-endoscopic assessment of epidemiologic factors can help stratify patients at risk of gastric cancer (1). Gastric cancer is a multifactorial disease and risk factors for gastric cancer identified include older age, male gender, Helicobacter pylori (H. pylori) infection, and smoking (4–6, 9–13).

A family history of gastric cancer in a first-degree relative is significant as these patients have an approximately threefold greater risk of gastric cancer (9, 12). Concerning the location of gastric cancer, risk factors for cancer at the cardia include obesity and gastroesophageal reflux disease (5, 6, 9). For non-cardia gastric cancer, H. pylori infection and smoking have been identified as risk factors (5, 9). There is a predominance of non-cardia gastric cancer in poorly developed regions of the world, while cancer of the cardia is more frequent in highly developed countries, except China and Japan (5).

Due to the higher risk of gastric atrophy and cancer in patients with low serum pepsinogen I levels, serum pepsinogen I/II ratio <3 and positive H. pylori antibody titers, screening endoscopy is recommended in these patients (1, 2). However, in patients with severe gastric mucosal atrophy and previous infection with H. pylori, false negative results may be observed (1). Additionally, in countries with a high prevalence of H. pylori infection (>50%), the utility of serum pepsinogen levels has been questioned and considered irrelevant (1). Machine learning models involving the age of the patient, presence of intestinal metaplasia, and gastric ulcer predict a higher risk of developing gastric cancer after H. pylori eradication (14).



Preparation of the Upper Digestive Tract Before Endoscopy

A high-quality examination during an upper gastrointestinal endoscopy requires optimal mucosal visualization (1, 2, 15). The use of mucolytic and defoaming agents, such as simethicone and N-acetylcysteine, improves the visibility of gastric mucosa compared to water and is associated with an increased rate of detection of early gastric cancer (15–19). Recommended in Japanese guidelines on endoscopic diagnosis of EGC but often overlooked in the west, the preparation of the upper gastrointestinal tract with a mucolytic agent 10 to 30 min before endoscopy is an inexpensive method, with a low frequency of adverse reactions/minimal patient burden, that can help obtain the optimal gastric cleanliness (1, 15, 20, 21). The quality of mucosal visualization should be recorded in the endoscopic report (15). Gastric peristalsis inhibitor drugs, namely, butilscopolamine and glucagon, should be considered where there is intense peristalsis to facilitate careful inspection of the gastric mucosa (1). The use of sedation and analgesia is recommended in anxious patients while performing screening endoscopy to improve the quality of endoscopic evaluation (1).



Quality Indicators of Diagnostic Upper Gastrointestinal Endoscopy

Quality indicators of diagnostic upper gastrointestinal endoscopy are now well defined and include minimal inspection time of the stomach of at least 3 min, adequate photographic documentation of upper gastrointestinal landmarks, usage of image enhanced endoscopic (IEE) technology including narrow band imaging and blue laser imaging to detect intestinal metaplasia and characterize EGC, and standardized biopsy protocols with separate biopsies from the gastric antrum and corpus allow for histological evaluation of gastric mucosa and detection of atrophic gastritis and intestinal metaplasia (1, 2, 15, 22).

Adequate inspection time of the stomach significantly improves gastric cancer detection (1, 15). In a study involving 30,506 upper GI endoscopies in asymptomatic patients screened for gastric cancer, an observation time of more than 3 min significantly increased neoplasm detection rates (13). Identification of a gastric mucosa with a high risk of early gastric cancer is important (23). The presence of gastric atrophy and intestinal metaplasia, thickened mucosal folds in the gastric corpus and xanthoma are associated with a higher risk of gastric cancer (1, 24).

Systematic evaluation of the stomach with photographic documentation is highly recommended by the Japanese and European Gastrointestinal Endoscopy Societies (1, 2, 22). A systematic screening protocol for the stomach allows for adequate mapping (22, 23).

High definition endoscopy with chromoendoscopy (CE) is better than high definition white-light endoscopy alone for the diagnosis of intestinal metaplasia and gastric dysplasia and EGC (25). Virtual CE, with or without magnification, should be used for the diagnosis of gastric precancerous conditions, for guiding biopsies for staging atrophic and metaplastic changes, and helping target neoplastic lesions (2, 26). IEE technology, including NBI and Blue Laser imaging (BLI), has been shown to be as useful as conventional chromoendoscopy with indigo carmine in characterizing early gastric cancer (1, 2, 22).



Endoscopic and Histologic Classifications of Gastric Atrophy and Intestinal Metaplasia and Risk of Gastric Cancer

Endoscopic and histologic classifications such as the Kimura–Takemoto Classification of atrophic gastritis and the Operative Link on Gastritis Assessment (OLGA) and Operative Link on Gastric Intestinal Metaplasia assessment (OLGIM) classifications (Table 1) may help stratify patients at higher risk of developing early gastric cancer (1, 2, 27–29). The Kyoto classification, which includes 5 endoscopic findings: gastric atrophy, intestinal metaplasia, thickened gastric folds, mucosal nodularity, diffuse redness, and the presence or absence of regular arrangement of collecting venules, has been shown to be associated with H. pylori infection and gastric cancer risk (24).


Table 1 | Operative link on gastric atrophy and gastric intestinal metaplasia assessment classification.



Endoscopic grading of gastric intestinal metaplasia (EGGIM) score has shown excellent correlation with the OLGIM classification and is determined by the presence of intestinal metaplasia detected by image enhanced endoscopy by narrow band imaging or blue laser imaging which detects light blue crest (LBC), white opaque substance or tubulovillous mucosal pattern in each of the five areas (lesser and greater curvatures of the gastric antrum and corpus and incisura) and is scored as 0 (none), 1 (focal, ≤30%), or 2 (extensive, >30%) (25, 26, 30).

As shown in Figure 1, the Kimura–Takemoto Classification divides gastritis into open (O) and closed (C) types with three subdivisions in each of these main subtypes (O1–3, C1–3). In the closed type, atrophic mucosa is limited to: the antrum in C-1; the incisura angularis or the lower corpus and antrum in C2; the upper corpus extending to the cardia and involving the antrum in C3. In the open type, atrophic mucosa extends to the fundus over the cardia and the atrophic border of the body lies between the lesser curvature and the anterior wall with maintained folds of the greater curvature in O1; O2 is an intermediate type between O1 and O3, extending to the anterior and posterior walls of the corpus but not involving the greater curvature with the atrophic border on the anterior wall of the stomach; and in O3, atrophy is present in the entire stomach, with a lack of folds in the greater curvature as a whole (3).




Figure 1 | Kimura-Takemoto classification of endoscopic gastric mucosal atrophy. Reproduced with permission of the publishers from (1)



In a study involving 27,777 patients, the prevalence of gastric cancer was 0% (0/4,506) for C1, 0.25% (9/3,660) for C2, 0.71% (21/2,960) for C3, 1.32% (75/5,684) for O1, 3.70% (140/3,780) for OII, and 5.33% (160/3,004) for O3 (3). In another study involving 573 patients with gastritis, after eradication of H. pylori, the cumulative 5-year incidence of gastric cancer was 1.5% in those without intestinal metaplasia, 5.3% in those with intestinal metaplasia in the gastric antrum, and 9.8% in those with intestinal metaplasia involving the gastric corpus (31).

The replacement of atrophic gastritis by intestinal metaplasia in the staging of gastritis considerably increased interobserver agreement, with the correlation with the severity of gastritis remaining at least as strong (2, 29). OLGIM should be preferred over the OLGA for predicting of gastric cancer risk in patients with premalignant lesions (2).

High OLGA and OLGIM stages have been found to be independent risk factors for gastric cancer, and may be useful for risk assessment in high-risk regions, especially for intestinal-type gastric cancer (12, 32). IM at a single location has a higher risk of gastric cancer. However, this increased risk does not justify surveillance in most cases, particularly if a high-quality endoscopy with biopsies has excluded advanced stages of atrophic gastritis (2). Advanced stages of atrophic gastritis and those with a family history of gastric cancer may benefit from a more intensive follow-up (e.g., every 1–2 years after diagnosis) (2).

Patients with advanced stages of atrophic gastritis (severe atrophic changes or intestinal metaplasia in both antrum and corpus, OLGA/OLGIM III/IV, EGGIM scores 5–10) have increased the risk of gastric cancer and should be followed up with a high quality endoscopy every 3 years (2, 24, 26, 30).

The Kyoto classification score in patients without a history of H. pylori eradication of 0, 1, and ≥2 was found to be associated with H. pylori infection rates of 1.5, 45, and 82%, respectively (24). Kyoto classification scores of ≥4 may be associated with increased gastric cancer risk (24). A modified Kyoto classification, which included open-type endoscopic atrophy, invisible regular arrangement of collecting venules at the incisura, virtual CE detecting intestinal metaplasia in >30% of the corpus and map-like redness in the corpus, performs better in determining EGC risk than the original Kyoto classification (30).



Detection and Characterization of Early Gastric Cancer

An adequate endoscopic evaluation with a histological diagnosis of EGC is crucial in order to plan an endoscopic therapeutic strategy (1). Endoscopic features of a suspicious lesion for EGC include focal erythema or pallor, irregularity of the mucosal surface (protrusions, elevated or depressed lesions), altered mucosal folds, and spontaneous bleeding (19). Conventional white light endoscopy is useful to evaluate for ulcers and ulcer scars in EGC as well as the depth of submucosal invasion with convergence of folds and tenting at the site of EGC, suggesting deep submucosal invasion (1, 19, 33). IEE technology with FICE with pCLE guided targeted biopsies has been shown to more than double the diagnostic yield of gastric intestinal metaplasia, dysplasia, and early gastric cancer while decreasing the number of biopsies by up to 50% when compared to FICE and random biopsies (8).

In cases of doubt regarding the depth of submucosal invasion, echoendoscopic evaluation can be useful in characterization of the depth of submucosal invasion as well as ruling out loco regional lymph node metastases (1, 33).

The Japanese Gastroenterological Endoscopy Society has proposed a magnified endoscopy simple diagnostic algorithm (MESDA) for gastric cancer (Figure 2) (1, 19). The microvascular pattern (MV) is comprised of a subepithelial capillary (SEC), a collecting venule (CV), and pathological microvessels (MVs) while the microsurface (MS) pattern is identified by marginal crypt epithelium (MCE), crypt opening (CO) and an intervening part (IP) between crypts (1). The demarcation line is a border between the lesion and non-lesion areas which is perceptible through an abrupt change in MV and or MS patterns. In the presence of subtle mucosal changes such as redness or polypoid or depressed lesions, the absence of a demarcation suggests a non-cancer. If a demarcation line is present, an irregular MS pattern or an irregular MV pattern suggest the presence of cancer as shown in Figure 3 (1, 19, 23). Demarcation line determination may be difficult in undifferentiated EGC and in certain differentiated EGCs, requiring biopsies from the surroundings of the lesion (33). Overall, MESDA for EGC has a pooled sensitivity of 83%, specificity of 89%, and a high diagnostic accuracy of around 95% with a positive predictive value of 79% and a negative predictive value of 99% (19, 25).




Figure 2 | Diagnostic algorithm for gastric cancer with magnifying endoscopy. Reproduced with permission from Yao K et al. (1)






Figure 3 | Demarcation line (yellow arrows) and irregular microvascular pattern (blue arrows) suggesting early gastric cancer. Reproduced with permission from Muto M et al. (19)



Patients with dysplasia detected in the gastric mucosa should be referred to a reference center, with all dysplastic lesions resected and in the absence of an endoscopically visible lesion, repeat endoscopy performed within 6 months if high-grade dysplasia and within 6 to 12 months if low-grade dysplasia (25). After the resection of EGC, patients should undergo yearly endoscopic surveillance to detect metachronous EGC (25).

Finally, a gastric cancer detected within 3 years of upper gastrointestinal endoscopy is considered a failure to detect cancer and should be auditable (15). Missed gastric cancers after upper gastrointestinal endoscopy vary between 4.6 and 14.4% and should be less than 10% in an endoscopy unit (15, 25).

In conclusion, adequate preparation of the upper digestive tract, risk stratification, and careful inspection of the gastric mucosa with high definition endoscopes with image enhanced endoscopic technology is crucial for the detection of early gastric cancer.



Author Contributions

CNF prepared the manuscript and revised it for intellectual content. JS provided intellectual input for the manuscript and prepared part of the manuscript and revised it for intellectual content. RM revised the manuscript for intellectual content. All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.



Acknowledgments

We would like to thank Dr. João Pereira da Silva, Consultant Gastroenterologist, Hospital dos Lusíadas, Lisbon for his valuable comments and suggestions.



References

1. Yao, K, Uedo, N, Kamada, T, Hirasawa, T, Nagahama, T, Yoshinaga, S, et al. Guidelines for Endoscopic Diagnosis of Early Gastric Cancer. Dig Endosc (2020), 32(5):663–98. doi: 10.1111/den.13684

2. Pimentel-Nunes, P, Libânio, D, Marcos-Pinto, R, Areia, M, Leja, M, Esposito, G, et al. Management of Epithelial Precancerous Conditions and Lesions in the Stomach (MAPS II): European Society of Gastrointestinal Endoscopy (ESGE), European Helicobacter and Microbiota Study Group (EHMSG), European Society of Pathology (ESP), and Sociedade Portuguesa De Endoscopia Digestiva (SPED) Guideline Update 2019. Endoscopy (2019) 51:365–88. doi: 10.1055/a-0859-1883

3. Masuyama, H, Yoshitake, N, Sasai, T, Nakamura, T, Masuyama, A, Zuiki, T, et al. Relationship Between the Degree of Endoscopic Atrophy of the Gastric Mucosa and Carcinogenic Risk. Digestion (2015) 91:30–6. doi: 10.1159/000368807

4. Uemura, N, Okamoto, S, Yamamoto, S, Matsumura, N, Yamaguchi, S, Yamakido, M, et al. Helicobacter Pylori Infection and the Development of Gastric Cancer. N Engl J Med (2001) 345(11):784–9. doi: 10.1056/NEJMoa001999

5. Arnold, M, Abnet, CC, Neale, RE, Vignat, J, Giovannucci, EL, McGlynn, KA, et al. Global Burden of 5 Major Types of Gastrointestinal Cancer. Gastroenterology (2020) 159:335–349.e15. doi: 10.1053/j.gastro.2020.02.068

6. Sekiguchi, M, Oda, I, Matsuda, T, and Saito, Y. Epidemiological Trends and Future Perspectives of Gastric Cancer in Eastern Asia. Digestion (2022) 103:22–8. doi: 10.1159/000518483

7. East, JE, Vleugels, JL, Roelandt, P, Bhandari, P, Bisschops, R, Dekker, E, et al. Advanced Endoscopic Imaging: European Society of Gastrointestinal Endoscopy (ESGE) Technology Review. Endoscopy (2016) 48(11):1029–45. doi: 10.1055/s-0042-118087

8. Zuo, X, Li, Z, Li, C, Zheng, Y, Xu, L, Chen, J, et al. Probe-Based Endomicroscopy for In Vivo Detection of Gastric Intestinal Metaplasia and Neoplasia: A Multicenter Randomized Controlled Trial. Endoscopy (2017) 49:1033–42. doi: 10.1055/s-0043-115382

9. Choi, YJ, and Kim, N. Gastric Cancer and Family History. Korean J Intern Med (2016) 49(11):1042–53. doi: 10.3904/kjim.2016.147

10. Cavatorta, O, Scida, S, Miraglia, C, Barchi, A, Nouvenne, A, Leandro G, MT, et al. Epidemiology of Gastric Cancer and Risk Factors. Acta BioMed (2018) 89(8-S):82–7. doi: 10.23750/abm.v89i8-S.7966

11. Guggenheim, DE, and Shah, MA. Gastric Cancer Epidemiology and Risk Factors. J Surg Oncol (2013) 107(3):230–6. doi: 10.1002/jso.23262

12. Cho, S, Choi, IJ, Kook, M, Nam, B, Kim, CG, Lee, JY, et al. Staging of Intestinal- and Diffuse-Type Gastric Cancers With the OLGA and OLGIM Staging Systems. Aliment Pharmacol Ther (2013) 38(10):1292–302. doi: 10.1111/apt.12515

13. Park, JM, Kim, SY, Shin, GY, Choe, Y, Cho, HS, Lim, CH, et al. Implementation Effect of Institutional Policy of EGD Observation Time on Neoplasm Detection. Gastrointest Endosc (2021) 93(5):1152–9. doi: 10.1016/j.gie.2020.09.002

14. Leung, WK, Cheung, KS, Li, B, Law, SYK, and Lui, TKL. Applications of Machine Learning Models in the Prediction of Gastric Cancer Risk in Patients After Helicobacter Pylori Eradication. Aliment Pharmacol Ther (2021) 53:864–72. doi: 10.1111/apt.16272

15. Beg, S, Ragunath, K, Wyman, A, Banks, M, Trudgill, N, Pritchard, DM, et al. Quality Standards in Upper Gastrointestinal Endoscopy : A Position Statement of the British Society of Gastroenterology ( BSG ) and Association of Upper Gastrointestinal Surgeons of Great Britain and Ireland (AUGIS). Gut (2017) 66(11):1886–99. doi: 10.1136/gutjnl-2017-314109

16. Sun, X, Xu, Y, Zhang, X, Ma, C, Li, A, Yu, H, et al. Simethicone Administration Improves Gastric Cleanness for Esophagogastroduodenoscopy : A Randomized Clinical Trial. Trials (2021) 22(1):2–7. doi: 10.1186/s13063-021-05527-8

17. Romańczyk, M, Ostrowski, B, Kozłowska-Petriczko, K, Pawlak, KM, Kurek, K, Zatorski, H, et al. Scoring System Assessing Mucosal Visibility of Upper Gastrointestinal Tract : The POLPREP Scale. J Gastroenterol Hepatol (2021) 37(1):1–5. doi: 10.1111/jgh.15662

18. Quach, DT, Ho, QD, Vu, KV, Vu, KT, Tran, HV, Le, NQ, et al. Improving Efficacy of Endoscopic Diagnosis of Early Gastric Cancer : Gaps to Overcome From the Real-World Practice in Vietnam. BioMed Res Int (2020),  26:1–7. doi: 10.1155/2020/7239075

19. Muto, M, Yao, K, Kaise, M, Kato, M, Uedo, N, Yagi, K, et al. Magnifying Endoscopy Simple Diagnostic Algorithm for Early Gastric Cancer (MESDA-G). Dig Endosc (2016) 28:379–93. doi: 10.1111/den.12638

20. Monrroy, H, Vargas, JI, Glasinovic, E, Candia, R, Azúa, E, Gálvez, C, et al. Use of N-Acetylcysteine Plus Simethicone to Improve Mucosal Visibility During Upper GI Endoscopy: A Double-Blind, Randomized Controlled Trial. Gastrointest Endosc (2018) 87:986–93. doi: 10.1016/j.gie.2017.10.005

21. Elvas, L, Areia, M, Brito, D, Alves, S, Saraiva, S, and Cadime, AT. Premedication With Simethicone and N-Acetylcysteine in Improving Visibility During Upper Endoscopy: A Double-Blind Randomized Trial. Endoscopy (2017) 49:139–45. doi: 10.1055/s-0042-119034

22. Veitch, AM, Uedo, N, Yao K,, and East, JE. Optimizing Early Upper Gastrointestinal Cancer Detection at Endoscopy. Nat Rev Gastroenterol Hepatol (2015) 12(11):660–7. doi: 10.1038/nrgastro.2015.128

23. Yao, K. The Endoscopic Diagnosis of Early Gastric Cancer. Ann Gastroenterol (2013) 26:11–22.

24. Toyoshima, O, and Nishizawaa T, KK. Endoscopic Kyoto Classification of Helicobacter Pylori Infection and Gastric Cancer Risk Diagnosis. World J Gastroenterol (2020) 26(5):466–77. doi: 10.3748/wjg.v26.i5.466

25. Waddingham, W, Nieuwenburg, SAV, Carlson, S, Justo, MR, Spaander, M, Kuipers, EJ, et al. Recent Advances in the Detection and Management of Early Gastric Cancer and its Precursors. Front Gastroenterol (2021) 12:322–31. doi: 10.1136/flgastro-2018-101089

26. Esposito, G, Pimentel-Nunes, P, Angeletti, S, Castro, R, Libânio, D, Galli, G, et al. Endoscopic Grading of Gastric Intestinal Metaplasia (EGGIM): A Multicenter Validation Study. Endoscopy (2019) 51:515–21. doi: 10.1055/a-0808-3186

27. Weng, CY, Xu, JL, Sun, SP, Wang KJ,, and Lv, B. Helicobacter Pylori Eradication: Exploring its Impacts on the Gastric Mucosa. World J Gastroenterol (2021) 9327:5152–70. doi: 10.3748/wjg.v27.i31.5152

28. Cubiella, J, Pérez Aisa, Á, Cuatrecasas, M, Díez Redondo, P, Fernández Esparrach, G, Marín-Gabriel, JC, et al. Gastric Cancer Screening in Low Incidence Populations: Position Statement of AEG, SEED and SEAP. Gastroenterol y Hepatol (English Ed (2021) 44:67–86. doi: 10.1016/j.gastre.2020.08.001

29. Capelle, LG, de Vries, AC, Haringsma, J, Ter Borg, F, de Vries, RA, Bruno, MJ, et al. The Staging of Gastritis With the OLGA System by Using Intestinal Metaplasia as an Accurate Alternative for Atrophic Gastritis. Gastrointest Endosc (2010) 71(1):1150–8. doi: 10.1016/j.gie.2009.12.029

30. Kawamura, M, Uedo, N, Koike, T, Kanesaka, T, Hatta, W, Ogata, Y, et al. Kyoto Classification Risk Scoring System and Endoscopic Grading of Gastric Intestinal Metaplasia for Gastric Cancer: Multicenter Observation Study in Japan. Dig Endosc (2021) 34(3):508–516. doi: 10.1111/den.14114

31. Shichijo, S, Hirata, Y, Niikura, R, Hayakawa, Y, Yamada, A, Ushiku, T, et al. Histologic Intestinal Metaplasia and Endoscopic Atrophy are Predictors of Gastric Cancer Development After Helicobacter Pylori Eradication. Gastrointest Endosc (2016) 84:618–24. doi: 10.1016/j.gie.2016.03.791

32. Quach, DT, Le, HM, Hiyama, T, Nguyen, OT, Nguyen, TS, and Uemura, N. Relationship Between Endoscopic and Histologic Gastric Atrophy and Intestinal Metaplasia. Helicobacter (2013) 18(2):151–7. doi: 10.1111/hel.12027

33. Ono, H, Yao, K, Fujishiro, M, Oda, I, Uedo, N, Nimura, S, et al. Guidelines for Endoscopic Submucosal Dissection and Endoscopic Mucosal Resection for Early Gastric Cancer (Second Edition). Dig Endosc (2021) 33:4–20. doi: 10.1111/den.13883




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 © 2022 Ferreira, Serrazina and Marinho. 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: 29 July 2022

doi: 10.3389/fonc.2022.889312

[image: image2]


Early changes in peripheral blood cytokine levels after the treatment of metastatic hepatic carcinoma with CalliSpheres microspheres drug-eluting beads transcatheter arterial chemoembolization


Ying Liu 1†, Song Liu 2†, Guang Sheng Zhao 3*‡, Xiang Li 4, Fei Gao 5, Zhi Zhong Ren 1, Jie Bian 6, Jian Lin Wu 7 and Yue Wei Zhang 1*‡


1 Hepatopancreatobiliary Center, Beijing Tsinghua Changgung Hospital, Beijing, China, 2 Interventional Medicine Center, Linyi Cancer Hospital, Linyi, China, 3 Minimally Invasive Interventional Treatment Center, Affiliated Zhongshan Hospital of Dalian University, Dalian, China, 4 Cancer Treatment Center, Affiliated Zhongshan Hospital of Dalian University, Dalian, China, 5 Department of Interventional Oncology, The Second Hospital of Dalian Medical University, Dalian, China, 6 Department of Radiology, The Second Hospital of Dalian Medical University, Dalian, China, 7 Department of Radiology, Affiliated Zhongshan Hospital of Dalian University, Dalian, China




Edited by: 

Yuming Jiang, Stanford University, United States

Reviewed by: 

Guanhui Zhou, Zhejiang University, China

Feng Duan, First Affiliated Hospital of Chinese PLA General Hospital, China

*Correspondence: 

Yue Wei Zhang
 yueweizhangdr@126.com 

Guang Sheng Zhao
 drzhaoguangsheng@163.com












†These authors share first authorship


‡These authors have contributed equally to this work


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


Received: 04 March 2022

Accepted: 07 July 2022

Published: 29 July 2022

Citation:
Liu Y, Liu S, Zhao GS, Li X, Gao F, Ren ZZ, Bian J, Wu JL and Zhang YW (2022) Early changes in peripheral blood cytokine levels after the treatment of metastatic hepatic carcinoma with CalliSpheres microspheres drug-eluting beads transcatheter arterial chemoembolization. Front. Oncol. 12:889312. doi: 10.3389/fonc.2022.889312




Objective

To observe the early changes in peripheral blood cytokine levels after treatment of metastatic hepatic carcinoma (MHC) with CalliSpheres microspheres drug-eluting beads (DEB) transcatheter arterial chemoembolization (CSM-TACE).



Methods

Twenty-eight patients with refractory MHC who underwent CSM-TACE were selected prospectively, and 5mL of peripheral blood was collected before CSM-TACE and on the 2nd and 5th day after CSM-TACE. Flow cytometry was used to detect immunological indicators. The early changes in levels of peripheral blood cell inflammatory factors Th1 (interleukin 2 (IL-2), tumor necrosis factor-α (TNF-a), interferon (IFN-r)), Th2 (IL-4, IL-6, IL-10), and Th17 (IL-17A) were observed after CSM-TACE, as well as the ratio of CD4+/CD8+.



Results

All the 28 patients underwent CSM-TACE successfully. CT at 4 days after CSM-TACE showed clear outline low-density changes in liver tumors, and honeycomb necrosis was observed in the tumors in some cases. After CSM-TACE, the IL-6 and IL-10 levels were increased and then decreased again. After CSM-TACE, IL-2 showed a trend of transient increase and then decreased again, and the TNF-a level decreased temporarily, and then decreased. After CSM-TACE, the IFN-r level showed a continuous and slowly increasing trend. The IL-17 level showed a continuous downward trend, and the CD4+/CD8+ ratio showed a gradual and continuous upward trend, and there was a negative correlation between them.



Conclusions

There are complex dynamic changes in TH1/Th2 in the early stage of CSM-TACE, and the acute inflammatory response and the enhancement of the body’s immune anti-tumor response coexist.
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Introduction

For patients with unresectable metastatic hepatic carcinoma (MHC), especially the refractory liver metastatic carcinoma that has progressed after chemotherapy, often die of irreversible liver failure within 3-5 months (1). CalliSpheres microspheres transcatheter arterial chemoembolization (CSM-TACE) with domestic drug-loaded microspheres has achieved good clinical effects in the treatment of various refractory liver cancers, and achieved the same therapeutic effect as imported drug-loaded microspheres (2, 3), and CSM-TACE seems to have more advantages in the treatment of refractory liver metastatic carcinoma (4). TACE for the treatment of primary hepatocellular carcinoma (PHC) can cause a series of changes in the body’s cytokines, thus further changing the tumor microenvironment (5–9). There is no research on the effect of CSM-TACE on the immune-inflammatory factors after the treatment of liver metastatic carcinoma.

TACE with microspheres embolic agent (m-TACE) can caused diffuse and significant necrosis of liver tumors shortly soon (10), and the level of Treg cells decreased after m-TACE, suggesting that m-TACE has a positive immune regulation ability for the treatment of PHC (11). TACE combined with various ablation therapies or immunotherapy for the treatment of PHC can also increase the body’s anti-tumor ability, mainly manifested as CD4+, CD4+/CD8+, NK cell levels increasing, CD8+ and Treg cell level decreasing, etc. (12). At present, most scholars mainly focus on the balance of various inflammatory factors and Th1/Th2 as the prognostic indicators of liver cancer after TACE (5, 6, 8), especially IL-6, it is considered to be an important survival predictive factor. Circulating blood IL-17 concentration is also considered to be a predictive factor of hepatocellular carcinoma (HCC) in patients with liver cirrhosis. The combination of alpha-fetoprotein (AFP) and IL-17 has a high sensitivity for predicting HCC within 1 year (13). In the NASH-HCC model, the inflammatory factor FGF21 can inhibit liver cells-TLR4-IL-17-A signaling pathway to prevent the conversion of NASH to HCC (14). miR-132 actively regulates Th17 cell differentiation and improves the tumor promotion effect of Th17 on hematopoietic stem cells (HSCs) (15). In HCC patients with complete or partial tumor response to TACE, the levels of circulating Th1, Th17 and CD4+/IFN-γ+/IL-17+T cells increased (16), suggesting that Th17 is closely related to liver cancer, and may have the “dual identity” of tumor-promoting and anti-tumor effects at the same time (17).

This study prospectively observed the changes in the levels of Th1/Th2 and Th17 and other inflammatory factors in the peripheral blood within 1 week after CSM-TACE treatment of refractory MHC with domestic CalliSpheres drug-loaded microspheres and further explored the effect of CSM-TACE treatment on the recent immune inflammation in MHC patients.



Materials and methods


Inclusion criteria

Patients who meet any of the following criteria are considered refractory MHC: 1. Recurrence or progression after surgical resection or ablation; 2. Patients with the lesion that adjacent to the gallbladder and hepatic portal area and cannot or is not suitable for surgery and ablation; 3. Patients with more than three liver internal metastatic lesions or with diffuse liver cancer; 4. Intolerance of systemic chemotherapy or progression after second-line chemotherapy, or progression after immune system therapy.



Patients’ information

A total of 28 patients with refractory MHC in the minimally invasive treatment center of our hospital underwent CSM-TACE interventional therapy from January 2020 to December 2020. There were 16 males and 12 females, aged from 34 to 77 years, with an average age of 59.9 ± 9.26 years. Sources of primary tumors: 11 cases of colorectal cancer, 5 cases of gastric cancer, 4 cases of pancreatic cancer, 2 cases of breast cancer, 2 cases of ovarian cancer, 2 cases of endometrial cancer, and 2 cases of lung cancer. The number of tumors: 4 cases (1 to 3 tumors), 15 cases (3 to 5 tumors), 9 cases (>5 tumors), and the intrahepatic lesions in patients were evaluated for postoperative tumor response according to mRECIST1.0 standard, and when the number of lesions in the patient was ≥5, 5 lesions were selected as target lesions in order from largest to smallest. The study was approved by the hospital ethics committee. All patients signed an informed consent form before treatment and agreed to CSM-TACE treatment and peripheral blood testing before and after CSM-TACE (Table 1).


Table 1 | Characteristics of 28 patients with metastatic hepatic carcinoma treated by CSM-TACE who had regular Th1/Th2 and Th17 tests.





Standardized CSM-TACE technology

After the successful puncture of the right femoral artery by Seldinger’s method, RH catheter was routinely introduced to perform abdominal hepatic artery and common hepatic artery angiography. The tumor supplying arteries were selected according to the angiographic findings and then compared with the preoperative imaging data to evaluate whether all intrahepatic lesions and blood vessels were found. The 1.0 g CalliSpheres drug-loaded microspheres with a diameter of 300-500 μm were used to load epirubicin 60mg, and the microspheres were mixed with chemotherapy drugs at room temperature, shake once every 5 minutes, and loaded for 30 minutes. Then mixed with non-ionic contrast agent iodixanol injection in 1:1 ratio, added gentamicin 80,000 units after mixing. The above mixture was diluted 10-20 times with water for injection and then slowly injected into the tumor supply artery. Uniform criteria for the endpoint of interventional embolization: angiography showed the tumor staining disappeared, the tumor target vessel was truncated, or the contrast agent remained in 3 cardiac cycles.



The detection method of peripheral blood cytokines and CD4+T/CD8+T

Serum was collected for Th1 (interleukin 2 (IL-2), tumor necrosis factor-α (TNF-a), interferon (IFN-r)), Th2 (IL-4, IL-6, IL-10), Th17 (IL-17A), and other cytokines detection before CSM-TACE, and 2d and 5d after CSM-TACE. The venous blood samples were collected in standard test tubes or test tubes with separation gel, coagulated naturally at room temperature, or centrifuged at 2000-4000rpm for 20 minutes, and about 0.5ml of separated serum was taken for examination. Samples to be tested should be processed and tested within 4 hours of blood draw. Fluorescence detection was performed on the calibrated flow cytometer according to the sequence of standard control tube, negative control tube, and sample control tube. Each test tube was required to be tested immediately after vortex mixing for 3-5 seconds. 5mL of peripheral blood was collected with heparin sodium anticoagulant before CSM-TACE, 2d, and 5d after CSM-TACE, and the level of CD4+T/CD8+T was determined by the flow fluorescence method.



Statistical analysis

The statistical analysis was conducted by SPSS software (provided by IBM, version 20.0). Results were expressed as mean ± SD. The t-test was used to compare the data of different groups. Non-normal data are represented in media and using rank-sum tests. The test level was a=0.05, and P < 0.05 was considered statistically significant.




Results


The Th1/Th2 level in peripheral blood of MHC before and after CSM-TACE

Before CSM-TACE, IL-2 level was 1.73(0.08-3.65)pg/ml, IL-4 level was 1.50(0.16-6.41)pg/ml, AND IL-6 level was 10.46(1.28-86.11)pg/ml. The levels of IL-10, TNF-A and IFN-R were 4.93(1.03-15.90)pg/mL, 2.05(0.10-5.38)pg/ml, and 1.68(0.16-5.53) pg/ml. The level of IL-6 increased 2d and 5d after CSM-TACE, which was statistically different from that before CSM-TACE (P < 0.05). The IL-10 level at 2 days after CSM-TACE was higher than that before CSM-TACE (P < 0.05), and decreased at 5 days after CSM-TACE, and was lower than that before CSM-TACE, and the difference was not statistically significant (P > 0.05). The IL-4 level showed a transient decline and then increased again, but there was no statistical difference (P > 0.05). The level of TNF-a decreased temporarily and then increased again and was higher than the preoperative level. There was a statistically significant difference in TNF-a before CSM-TACE and 5 days after CSM-TACE (P < 0.05). The postoperative IFN-r level showed a continuous and slowly increasing trend, and the IFN-r level on the 5th day after the CSM-TACE was significantly different from that before CSM-TACE (P < 0.05). The IL-2 level showed a trend of transient increase and then decreased again. Nevertheless, IL-2 at 2 and 5 days after CSM-TACE were significantly different from those before CSM-TACE (P < 0.05) (Table 2, Figure 1).


Table 2 | Comparison of Th1/Th2 and IL-17A in metastatic hepatic carcinoma patients before and after CSM-TACE.






Figure 1 | Flow Cytometry Chart: Changes of Th1/Th2 and IL-17A and CD4+/CD8+T in peripheral blood of metastatic hepatic carcinoma patients before and after CSM-TACE.





The Th17 level in peripheral blood of MHC before and after CSM-TACE

The level of IL-17A before CSM-TACE was 21.64(9.65-32.82)pg/ml, and the level of IL-17A began to decrease gradually at 2d and 5d after CSM-TACE, which were 11.77(3.01-26.84)pg/mL and 6.38(1.47-15.89)pg/ml, respectively, and the differences were statistically significant compared with those before CSM-TACE (P < 0.05) (Table 2, Figures 2).




Figure 2 | (A) Flow Cytometry Chart: Changes of IL-17A and CD4+/CD8+T in peripheral blood of metastatic hepatic carcinoma patients before and after CSM-TACE; (B) Correlation of IL-17A level and CD4+/CD8+T changes before and after CSM-TACE.





The CD4+/CD8+ proportion in peripheral blood of MHC before and after CSM-TACE

CD4+/CD8+T was 1.48(0.39-4.11) before CSM-TACE, and the CD4+/CD8+T gradually increased to 1.93(0.92-4.63) and 2.63(1.61-5.33), respectively at 2 and 5 days after CSM-TACE, and the levels at 2 and 5 days after CSM-TACE was still higher than those before CSM-TACE, and the differences were statistically significant (P < 0.05) (Table 2, Figure 2).



Correlation of IL-7A level and CD4+/CD8+ proportion changes

After CSM-TACE, CD4+/CD8+T showed a gradually increasing trend, and IL-17A showed a gradually decreasing trend. According to statistics: there was negative correlation between CD4+/CD8+T and IL-17A (preoperative r = 0.536 p = 0.003, 2d after CSM-TACE r = 0.507 p = 0.006, 5d after CSM-TACE r = 0.395 p = 0.037) (Figure 2).



Imaging changes of MHC before and after CSM-TACE

Preoperative enhanced MRI or CT showed enhanced tumor margins or weakly enhanced tumor parenchyma. Intraoperative DSA showed that the tumor was in mild to moderately advanced arterial staining, while the angiography after CSM-TACE showed tumor staining disappeared and the blood supply artery was cut off. A plain CT scan at 4 days after CSM-TACE showed clear low-density changes in liver tumors, and honeycomb necrosis was observed in the tumors in some cases. The ORR at 1 month after CSM-TACE reached 100%. Figure 3 is the image for a representative MHC patient.




Figure 3 |  A case of colon cancer with liver metastases, convalescent period of cerebral hemorrhage and not suitable for chemotherapy. (A) Preoperative contrast-enhanced MRI of the upper abdomen showed multiple intrahepatic space-occupying lesions. The picture shows the lesions in segment 4 of the left lobe of the liver. In the arterial phase, the tumor showed borderline flaky enhancement. (B) Intraoperative angiography of CSM-TACE revealed a hepatic tumor that was clumpy and slightly stained, and was supplied by a branch of the left hepatic artery. (C) Angiography after embolization showed that the tumor staining disappeared and the branches of the hepatic artery were truncated. (D) Review CT scan at 4 days after CSM-TACE showed that the liver tumor was significantly low-density and the outline of the lesion was clearly visible. (E) Contrast-enhanced MRI at 3 months after CSM-TACE showed no obvious enhancement of the left hepatic tumor. (F) Contrast-enhanced CT at 6 months after CSM-TACE showed significant shrinkage of the tumor in the left lobe of the liver without enhancement in the arterial phase.






Discussion

The results of this study showed that IL-6 increased significantly at 2 days after CSM-TACE and began to decrease at 5 days after CSM-TACE, which was consistent with the peak of IL-6 at 3days after TACE for liver cancer reported by Jekarl et al. (7). In this report, they also believed that among the tested cytokines, IL-6 and IL-22 appear to play a regenerative role. IL-6 is a pluripotent cytokine that can regulate various cellular functions, including cell proliferation, cell differentiation, immune defense mechanism, and hematopoiesis, etc., and is closely related to the occurrence and development of various tumors, thus affecting the progression of tumors (5, 6). In this study, CD4+/CD8+T increased gradually after CSM-TACE, and TH1(IL-2, IFN-R, TNF-A) levels on the 5th day after CSM-TACE were significantly higher than the preoperative levels, which further demonstrated that the immune microenvironment of the body showed a trend of enhancing specific anti-tumor ability after CSM-TACE. The duality of immune inflammation will also become a golden period for the body to promote tumor proliferation after CSM-TACE, because it will increase the levels of a series of inflammatory factors that promote tumor growth, including SCF, M-CSF, G-CSF, GM-CSF, VEGF, COX-2 and PGE2, etc. (18), these repair factors will up-regulate the level of MDSCs (19), enhance the CTLA-4 pathway-dependent Treg/DC cell contact inhibition ability, reduce the body’s anti-tumor ability, and then cause tumor escape (20).

IL-17A with double-sided characteristics showed a gradual decline process after CSM-TACE in patients with liver metastatic carcinoma, and it was negatively correlated with CD4+/CD8+T, the main reason was that with the significant necrosis of liver tumors, the tumor activity gradually decreased, and the body’s anti-tumor ability increased, then the IL-17A level decreased. It has also been reported that IL-17 after TACE in PHC patients was increased, and it was positively correlated with the prognosis. The study results of Liao et al. showed an increased frequency of circulating Th17 cells at 30 days after TACE (Th17 D30) compared with the baseline level, and Th17 D30 was positively associated with overall survival, and Th17 is a potential prognostic marker for stage III HCC patients who underwent TACE (21). The changes in the body’s inflammatory factors caused by TACE are complex. This is because the immune network itself is complex. In particular, the different types of embolic agents used in TACE can lead to different degrees of tumor necrosis, which may also cause different types of immune-inflammatory reactions.

This study also showed that the IL-2 and IFN-r levels continued to increase after CSM-TACE, and the TNF-a level was also significantly higher than the preoperative level on the 5th day after CSM-TACE. Therefore, although the recent changes in the immune-inflammatory network after CSM-TACE were complex, there was still overall consistency of changes, which further suggested that the simultaneous presence of acute inflammatory response and immune anti-tumor response may be a typical short-term postoperative CSM-TACE immunological phenomenon, the changes in IL-6 and Il-17A levels were more significant, but the changes in IFN-r and CD4+/CD8+T levels seem to be more specific. In addition, the chemotherapy drugs and dosages used in TACE may also cause different immune responses (22, 23). The chemotherapeutic drugs of CSM-TACE dominated by drug-loaded microspheres are slowly released in the liver tumor, which may be the main reason for its great difference from other conventional TACE.

There have been many studies on the correlation between changes in inflammatory cytokines and prognosis (24). This research mainly focused on the inflammatory cytokines in MHC patients within 1 week after CSM-TACE and observed the recent changes of tumor inflammatory microenvironment, and we found subtle changes within 1 week after CSM-TACE. The coexistence of acute inflammation and immune anti-tumor is a typical tumor microenvironment feature within 1 week after CSM-TACE. Meanwhile, the characteristics of immune inflammation caused by CSM-TACE provide us with a series of immunotherapy targets for reference, and 1 week after liver metastatic carcinoma surgery is also the best time point for comprehensive treatment after interventional surgery. These findings provide a theoretical basis for comprehensive treatment of liver metastatic carcinoma after CSM-TACE.

Due to the complexity of the body’s immune network and the mechanism of malignant tumors, the immune-inflammatory changes caused by TACE are also extremely complex and are fundamentally different from the immune changes caused by systemic therapy such as PD-1 inhibitors (25). Nevertheless, the results of this study showed that CSM-TACE not only had a good tumor local control rate but also resulted in the immunological phenomena of anti-tumor immune enhancement and acute inflammation coexist, which provided important immunological clues for the comprehensive treatment of liver metastases after CSM-TACE. Of course, further studies are needed to further confirm the effect of this method on the immune microenvironment and the mechanism. The limitations of this study are the small sample size and short research time limit. Therefore, a prospective large-sample multi-center study is needed to further explore the effects of CSM-TACE on immune inflammation and make contributions to basic and clinical translational research in the future.
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Introduction

Invasive Candida infection, or candidiasis, especially in gastrointestinal tract (GIT) is an infrequent but aggressive disease caused by Candida species. Candidiasis of gastrojejunostomosis after extensive gastrointestinal surgery may cause serious complications such as perforative peritonitis and anastomotic stenosis, which requires surgical interventions.



Case presentation

Our two patients had undergone pancreaticoduodenectomy (PD), respectively, due to pancreatic ductal adenocarcinoma and intraductal papillary mucinous neoplasms of the pancreatic head. Both the patients were malnutritioned and debilitated before the surgery, and they required reoperation for postoperative Candidiasis-relevant complication.In the first case, the patient was readmitted to the hospital with symptoms of perforative peritonitis, for which he underwent surgery and had Candida found in both gastrojejunostomosis ulcer and peritoneal fluid. In our second case, the patient was admitted to the hospital twice after the first operation and diagnosed with Candida-induced gastrojejunostomosis stenosis by esophagogastroduodenoscopy (EGD) and endoscopic biopsy. Fluconazole was indicated for a 2-week regimen. Blood sample withdrawn afterward showed no evidence of fungal agents, and the anastomotic stenosis responded well to treatment. However, after 3 weeks, he came back with cachexia and symptoms of gastrojejunostomotic stenosis. EGD showed no image of fungal agents but anastomotic stenosis due to chronic inflammatory process. The patient was then reoperated to redo his gastrojejunostomosis.



Conclusion

Candidiasis of gastrojejunostomosis after extensive gastrointestinal surgery such as PD is a very aggressive condition that may cause perforative peritonitis and anastomotic stenosis. However, there have been no publications on this disorder, and the strategic treatment remains unknown. We hereby present a report of two cases with postoperative gastrojejunostomosis candidiasis presenting with non-specific but aggressive and early clinical symptoms.
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Introduction

Invasive Candida infection, or candidiasis, especially in gastrointestinal tract (GIT) is an infrequent but aggressive disease caused by Candida spp. (1). These Candida species can be detected in the healthy human GIT, with incidence ranging from 30% to 60% (2). However, in immunocompromised or/and cachectic patients, or patients with injudicious use of antibacterial agents, or immunocompetent patients with prolonged use of antacid drugs, Candida spp. may cause opportunistic infection (3). There are at least 15 pathogenic Candida species, and over 90% cases were reported to be caused by Candida albicans, Candida tropicalis, Candida parapsilosis, Candida glabrata, and Candida krusei (1).

Gastrojejunostomosis candidiasis after extensive gastrointestinal surgery like pancreaticoduodenectomy (PD) is a very aggressive condition that may cause serious complications such as perforative peritonitis and anastomotic stenosis, which requires surgical interventions. However, there have been no publications on this disorder, and the strategic treatment remains unknown. Herein, we report two cases with gastrojejunostomosis candidiasis after PD, leading to anastomotic stricture in one case and perforation in the other, and present our preliminary experience for these complications. All our work has been reported in line with the SCARE criteria and guidelines (4).



Case presentation


Case 1

A 73-year-old man underwent PD and total pancreatectomy with extended lymphadenectomy and segmental portal vein (PV) resection for pancreatic ductal adenocarcinoma (PDAC) with PV involvement (pT4N2M0 or Stage III according to AJCC Staging 2017) (Figure 1) (5). The patient had used of prolonged antibacterial (Cephalosporin third generation and Metronidazole for prophylaxis) and antacid drugs as well as total parenteral nutrition postoperatively. On postoperative day (POD) 4, the patient underwent reoperation due to bleeding from right marginal colic artery. On POD 10, after starting refeeding, over 1,000 ml of slightly milky ascites was discharged from the inserted drain. A low-fat, middle-chain triglyceride (MCT) diet was prescribed, but there were no improvements in 10 PODs. On POD 20, intranodal lymphangiography was consulted and performed, and approximately 8 ml of mixture of Aetoxisclerol and air in 1:3 ratio was injected around the right and left PVs. After the intervention, MCT diet was prescribed, and drainage decreased to 700 ml on the following day and to approximately 300 ml of serous fluid on the following seventh day. The drain output remained low, and after 10 days, the drainage was 50 ml, and all drains were removed.




Figure 1 | A 73-year-old man with pancreatic ductal adenocarcinoma (PDAC) with PV involvement (pT4N2M0 or Stage III according to AJCC Staging 2017) (A) underwent pancreaticoduodenectomy (PD) and total pancreatectomy with extended lymphadenectomy and segmental portal vein (PV) resection (B).



However, 1 month after the first discharge, the patient was readmitted to the hospital with an aggressive syndrome of septic shock. His abdomen was rigid with generalized guarding; abdominal x-ray showed subdiaphragmatic free gas. Diagnosed with gastrojejunostomosis perforation, he underwent an urgent laparotomy. The intraoperative diagnosis was septic shock/peritonitis due to perforated gastrojejunal anastomotic ulcers. A wedge biopsy from the gastrojejunostomosis ulcer margin and peritoneal fluid was taken, and Candida was found in both samples (Figure 2). Subtotal gastrectomy and jejunectomy with gastrojejunostomosis redo surgery was performed. Fluconazole was indicated for 2 weeks, and blood sample was rechecked to find no evidence of fungal agents left. The patient had postoperative gastrojejunostomosis leakage but no peritonitis. However, the patient was too ill for a reoperation and, therefore, was discharged while waiting for further interventions. After 6 months, hepatic and peritoneal metastasis were detected. The patient and his family decided to refuse any further interventions.




Figure 2 | (A) The gastrojejunostomosis perforation with peritoneal fluid. PASx400 (B), HEx40 (C), and HEx400 (D) showed Candida spores and budding hyphae invading and destroying adjacent gastric wall and surrounding non-specific inflammation.





Case 2

A 65-year-old man underwent PD with extended lymphadenectomy for intraductal papillary mucinous neoplasms (IPMN) of the pancreatic head (Figure 3). The patient had used of prolonged antibacterial (Cephalosporin third generation and Metronidazole for prophylaxis) and antacid drugs as well as total parenteral nutrition postoperatively. In POD 7, The patient had symptoms of anastomotic stenosis, including continuous nausea and vomiting. The patient had to undergo a reconstructive surgery to expand the jejunum and stomach and dilate the gastrojejunostomosis. The patient responded well to treatment and was discharged on POD 20.




Figure 3 | A 65-year-old man with intraductal papillary mucinous neoplasms (IPMN) of the pancreatic head (B) underwent pancreaticoduodenectomy (PD) with extended lymphadenectomy (A).



However, the patient was readmitted to the hospital twice after the first operation, with symptoms of anastomotic stenosis. After diagnosed with Candida-induced gastrojejunostomosis stenosis by gastrointestinal endoscopy and endoscopic biopsy (Figure 4), fluconazole was indicated for 2 weeks. Blood sample withdrawn afterward showed no evidence of fungal agents and the anastomotic stenosis responded well to treatment (Figure 4). However, after 3 weeks, he came back with cachexia and symptoms of anastomotic stenosis. The gastrointestinal endoscopy showed no image of candidiasis but anastomotic stenosis due to a chronic inflammatory process. Therefore, we decided to perform a gastrojejunostomosis redo surgery, but the patient did not agree to do reoperation. Medical treatment was given, and symptoms improved.




Figure 4 | (A) Gastrojejunostomosis stenosis confirmed by gastrointestinal endoscopy. (B) The gastrojejunostomosis was good response after 2 weeks of Fluconazole prophylaxis. PASx400 (C, D), HEx100 (E), and Hex400 (F) showed Candida spores and budding hyphae invading and destroying adjacent gastric wall, and surrounding non-specific inflammation.






Discussion and conclusion

Candida species located on most of mucosal surfaces and mainly in the GIT, along with the skin and the mucosa in about 40% of healthy subjects (6, 7). Normally, the gastrointestinal fungi are well-controlled by beneficial gastrointestinal flora and gastric low pH (8). Candida species are also known as the most common human fungal pathogens, especially in patients with compromised immune systems (patients with HIV/AIDS, long-term steroid therapy, chemotherapeutic drugs, etc.) or in cachectic patients (6). In GIT, Candida infection, or candidiasis, is frequently seen in the esophagus, followed by the stomach, small intestine, and colon (9). Some studies have shown the correlation between Candida colonization and other diseases of GIT such as Crohn’s disease, ulcerative colitis, and gastric ulcers (9). Inflammation may also influence the GI flora, indirectly allowing Candida spp., with C. albicans particularly, to colonize (10). With the same mechanism, injudicious use of antibacterial agents could regulate the Candida spp. colonization (3). Candida species is the fourth most common cause of nosocomial sepsis and increase the rate of morbidity and mortality in critically ill patients, especially in patients undergoing extensive gastrointestinal surgery (11). Research by Kavyashree et al. divided risk factors of Candida infection or colonization into three groups (3):

	- Candida-related factors: Infectious site and size, susceptibility of fungal stain.

	- Patients’ factors: Use of prolonged antibacterial or antacid drugs, compromised immune systems, cachectic patients.

	- Other factors: GIT devices, gastrointestinal surgery with mucosal injury.



All our two patients had a preoperative malnutritioned and debilitated condition, underwent extensive gastrointestinal surgery with multiple GIT’s reconstructions (one case was PD with extended lymphadenectomy and one case was total pancreatectomy with extended lymphadenectomy and segmental PV resection), as well as used of prolonged antibacterial (Cephalosporin third generation and Metronidazole for prophylaxis) and antacid drugs as well as total parenteral nutrition postoperatively. Otherwise, it could not be ruled out Candida infection intraoperatively due to weak intraoperative infectious control.

Candida organisms colonize in gastroduodenal ulcers, especially in large or perforated ones (12, 13). Fungal colonization inhibits healing process of GIT ulcer and inflammation in the mucosa layer. A study by Lee et al. reported that, among 62 cases of peritonitis due to peptic ulcer perforation, 23 cases were cultured positive for Candida spp. from peritoneal fluid, making up 37%. In another retrospective study, nine of the 22 cases (41%) found Candida in culture from intraoperative peritoneal fluid (14, 15). Both our patients had some risk factors: low preoperative body mass index (BMI), prolonged use of antibacterial or antacid drugs, and recent extensive gastrointestinal surgery. It is still unclear whether Candidiasis is the primary cause of ulceration, or the ulcer is secondarily infected during its progression. Most patients with gastric candidiasis occasionally have ulcer-like pain, nausea, vomiting, and weight loss, and, in some cases, ulcers could lead to gastrointestinal bleeding and perforative peritonitis. Ealy diagnosis can prevent some lethal complications and mortality. Invasive Candidiasis or nosocomial sepsis is a serious medical disorder characterized by fever, sepsis syndromes, respiratory distress, and, finally, multi−organ failure (16, 17). Nosocomial Candida sepsis was reported the fourth most common cause with high rate of morbidity and mortality (11). This highlights the importance of early diagnosis in suspicious cases with esophagogastroduodenoscopy (EGD) and endoscopic biopsy. A gold standard for diagnosis of gastric candidiasis is based on histopathological findings of fungal hyphae with microbiologically Candida species (3). The samples to isolate Candida varied according to clinical condition, and they could be in peritoneal fluid, suspected tissue samples through gastrointestinal endoscopic biopsy, and blood samples. Isolation of Candida in ascites or intraoperative tissue samples is more clinically significant than postoperative samples. Histological staining using either PAS or H&E stains demonstrates Candida elements like Candida spores and budding hyphae invading and destroying adjacent gastric wall, and surrounding regions of non-specific inflammation, with marked granulation tissue formation and inflammatory cells (eosinophils, macrophages, plasma cells, and lymphocytes) infiltration (3, 8). As we mentioned, Candida species located on most of mucosal surfaces and mainly in the GIT in about 40% of healthy subjects. Moreover, Candida species usually colonize in gastroduodenal mucosal injury such as ulcers, especially in large or perforated ones, so that gastrointestinal anastomosis could become a possible colonization of Candida species. We supposed that the overall condition of two patients (use of prolonged antibacterial or antacid drugs, compromised immune systems, cachectic patients, underwent gastrointestinal surgery with mucosal injury, and GIT devices) motivated the organism invasion of Candida species, leading to serious and systemic complications such as Candida-induced gastrojejunostomosis stenosis and perforation, visceral peritonitis, and nosocomial Candida sepsis.

In treatment, surgery is required for patients present with a visceral peritonitis following perforated fungal ulcer. In patients without severe complications that needs urgent interventions, invasive candidiasis required fluconazole. Antifungal regimen can also be applied in cases with recent abdominal surgery and recurrent gastrointestinal perforations or anastomotic leakages or in critically ill surgical patients at ICU and/or on prolonged ventilation and/or on parenteral nutrition (18). Fluconazole with a dose of 400 mg per day is the first choice, and caspofungin with a dose of 50 mg per day is recommended for fluconazole-resistant cases. The minimum period of antifungal agents is 2 weeks, until there is evidence of clearance of fungal agents in peritoneal fluid or blood samples (18). Cumulative length of hospital stay (CLOS) over 29 days was a strong predictor of fluconazole-resistant Candida spp (19). Surgical candidate was patient with candidiasis-induced anastomotic stenosis and perforation. Hence, both our patients required surgical interventions. In the first case, the patient was readmitted to the hospital with symptoms of perforative peritonitis, for which he underwent surgery and had Candida found in both gastrojejunostomosis ulcer and peritoneal fluid (Figure 2). In our second case, the patient was readmitted to the hospital twice after the first operation, with symptoms of anastomotic stenosis. After diagnosed with Candida-induced gastrojejunostomosis stenosis by gastrointestinal endoscopy and endoscopic biopsy (Figure 4), fluconazole was indicated for 2 weeks. Blood sample withdrawn afterward showed no evidence of fungal agents and the anastomotic stenosis responded well to treatment (Figure 4). However, after 3 weeks, he came back with cachexia and symptoms of anastomotic stenosis. EGD showed no image of fungal agents but anastomotic stenosis due to chronic inflammatory process. Therefore, we decided to perform a gastrojejunostomosis redo surgery, but the patient did not agree to do reoperation. Medical treatment was given, and symptoms improved.



Conclusion

To the best of our knowledge, we present the first case report of gastrojejunostomosis candidiasis after PD in English literature. Clinical symptoms are non-specific but aggressive and present early postoperatively. Histological analysis are gold standards. Our report emphasizes the difficulty of diagnosis and management for this rare type of complication.
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Neoplastic* Non-neoplastic Total

LCE positive 269 358 627
LCE negative 0 244 244
Total 269 602 871

LCE, Lugol chromoendoscopy.
*Includes low-grade intraepithelial neoplasia (LGIN), high-grade intraepithelial neoplasia
(HGIN), and invasive/advanced carcinoma.
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Diagnostic performance Value

Sensitivity*(95% CI) (%) 100.0 (98.2-100)
Specificity*(95% Cl) (%) 40.5 (36.6-44.6)
PPV (95% CI) (%) 42.9 (39.0-46.9)
NPV (95% Cl) (%) 100.0 (98.1-100.0)
Accuracy*(95% Cl) (%) 58.9 (565.6-62.1)

LCE, Lugol chromoendoscopy.
*McNemar's test was used to assess sensitivity, specificity, and accuracy.
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Gene Assay Oligo Sequence PCR product size

CDKN2A P16-Light F-primer 5'-caggtctgtttccteatttg-3’ 129-bp
R-primer 5'-ggtcagattagttgagttgtg-3'
Probe FAM-ctggctggaccaacctcagg-BHQ1

GAPDH P16-Light F-primer 5'-gctcacatattctggaggag-3' 135-bp
R-primer 5'-ggtcattgatggcaacaata-3’
Probe Cy5-tgecttcttgectettgtetett-BHQ2

CDKN2A CRISPR/Cas9 Ela_sgRNA 5'-ACCGTAACTATTCGGTGCGTtgg-3'
E1b_sgRNA 5'-GCACGCGCGCCGAATCCGGAggg-3'
CDR-gRNA#1 3'-CGTCAAAGTCGTCTGTCgac-5'
CDR-gRNA#2 3'-gtgGCTCTTAGCTTTAGTGG-5'
E2_sgRNA 5-TCCCGGGCAGCGTCGTGCACggg-3’

CDKN2A exon-1a CRISPR/Cas9 Ela_oF 5'-cggtcectccagaggatttg-3' 411-bp
Ela_oR 5'-ggagaatcgaagcgctacctg-3'

CDKN2A exon-1b CRISPR/Cas9 Elb_oF 5'-agtctgcagttaagggggeag-3’ 312-bp
E1b_oR 5'-gacttttcgagggcctttccta-3'

CDKN2A exon-2 CRISPR/Cas9 E2_oF 5'-tgagggggctctacacaage-3" 363-bp

E2_oR 5'-tatgcgggeatggttactge-3”
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SCNVs of CDKN2A in GC patients (n=234) in the
cross-sectional study (26)

Amp. (%)
Sex Male 8(10.8)
Female 1(16.2)
Age =60 yrs 5(12.0)
<60 yrs 4(12.8)
Location Cardia 1@3.1)
Noncardia 8 (13.9)
Differentiation Mod./Well 8 (12.1)
Poor 21 (12.5)
PTNM stage | 1(4.8)
Il 5(11.9)
n 10 (13.2)
v 13 (1.7)
Invasion Ti2 2 (4.4)
Tad 27 (14.4)
Baseline lymph No 7(10.8)
metastasis Nyx 22 (13.1)
Baseline distant Mo 24 (12.5)
metastasis My 5(11.9)
Baseline hematogenous ~ Negative 26 (12.6)
Metastasis Positive 2(8.3
Follow-up hematogenous ~ Negative
Metastasis Positive
(Total) 29 (12.4)

Diploid (%)

103 (53,6)
11(26.2)

107 (51.2)
6(25.0)

114 (48.7)

Del. (%)

42.2)
30.9)
41.6)
35.8)
43.8)
38.1)
48.5)
35.1)

6(286)

70 (
21 (
52 (
39 (
4(
77 (
32
59 (

Chi- square p-value

2.997

0.528

1.665

2.014

0.584

0.643

6.362

6.028

0.003*

0.446

0.197

0.156

0.445

0.423

0.997

0.012

0.014

SCNVs of CDKN2A in pNoM, GC patients (n=174) in the
prospective study (27)

Amp. (%)

20 (16.3)
13 (25.5)
15 (16.5)
18 @1.7)
1(18.6)
22 (19.1)
12 (19.0)
19 (18.1)
12 (24.0)
19 (18. s)
2001
12 (24.0)
21 (169)
33 (19.0)

33 (19.0)
33 (19.0)
33(20.3)

0
33 (19.0)

Diploid (%)

77 (44.3)
77 (44.3)
73 (45.1)

4(333
77 (44.3)

Del. (%)

49 (39.8)
15 (29.4)
33(36.3)
31(37.3)
25 (42.4)
39 (33.9)
30 (47.6)
33 (31.4)
14 (28.0)
40 (39.2)
7(318)

14 (28.0)
53 (42.7)
64 (36.8)
64 (36.8)
64 (36.8)
56 (34.6)

8(66.7)
64 (36.8)

Chi- square
2.634
0.129
0.59
1.737

1.983

3.140

5.817

p-value

0.105

0.709

0.442

0.188

0.159

0.076

0.016

*Bold values: statistically significant.
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Hub genes Betweenness
EWSR1 161.13962
ESR1 104.66874
CLTC 92.86817
PCMT1 78.69666
TP53 76.55649
HUWE1 63.768787
HDAC1 61.19204
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Discovery Set

Validation Set

Serum Tissue Serum
Stage-1 P DAC HC? P Stage-1 P DAC DNT® P Stage-1 P DAC HC p
N 17 49 13 40 " 13
Gender
Male 10 21 0.12 7 23 0.81 6 7 1.00
F emale 7 28 6 17 5 6
Age 61.24+7.13 52.55+6.6 0.00 63.0+8.95 63.35+8.75 0.76 62.50+9.38 54.61+6.10 0.06
(mean +S D) 1
Diabetes
No 1" 49 8 = 8 13 =
ToDMm® 1 0 0 0 0
NoD* 5 0 5 3 0
Hypertension
No 10 35 0.34 10 28 0.74 74 10 0.659
Yes 7 14 3 12 4 3
Smoking History®
No 6 29 0.091 3 13 0.77 2 4 0.649
Yes 11 20 10 27 9 9
Tumor stage
IA 5 5 5 T
B 12 8 8 4
S ite of primary tumor
Head/Uncinate 12 9 8
B odly/Tail 5 4 3
Histologic grade
Well 0 0 3
Moderate 15 " 6
P oor 2 2 2
CA19-9(U/ml)
<37 £ 49 3 4 13
>37 10 0 10 7 0

HC was healthy controls.
"DNT was distal noncancerous tissue.
°T2DM was classified as the patients with T2DM two or more years.

INOD was classified as the patients with new-onset diabetes (< 2 years duration).
°Smoking History was classified as the patients with more than 1 year of smoking history.
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ESI mode

+ + + +

Metabolites

L-Isoleucine
2-Ethoxyethanol
L-Phenylalanine
Creatine

Adrenic Acid
DL-lactate

D-Fructose
L-Norleucine
3-Indolepropionic acid
D-Proline

AUC

0.867
0.719
0.717
0.661
0.813
0.794
0.738
0.761
0.535
0.720

VIP

1.945
1.698
1.156
1.297
1.993
2.259
5.546
3.587
6.715
1.328

Serum
Fold Change

0.679
1.639
0.604
0.632
1.533
0.715
0.707
0.697
5.757
0.710

p-value

<0.001
0.001
0.004
0.039

<0.001
0.001
0.011
0.022
0.029
0.036

Up/down

D e e

vIP

0.801
0.606
4.914
0.107
0.402
0.049
0.647
4.815
0.260
0.378

Tissue

Fold Change p-value
0.293 0.0240
1.056 0.781
0.130 <0.001
0.527 0.304
1.374 0.171
0.731 <0.001
0.248 0.001
0.150 <0.001
1.083 0.523
0.545 0.003

Up/down

S A A
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No. of lesions No. of misdiagnosed lesions OR 95% CI p-value
Size (mm)
<5 193 156 3.06 1.38-6.78 0.006
5-10 178 88 091 0.43-1.95 0.808
11-30 166 73 2.21 0.97-5.01 0.059
>30 90 41 1 Reference
Vascular Network
Branching vascular network 479 312 4.53 2.23-9.21 <0.001
Disappeared vascular network 148 46 1 Reference
Rugosity
Smooth 193 1561 2.40 1.38-4.18 0.002
Rough 434 207 1 Reference
Margin*
ll-demarcated 327 266 7.83 4.569-13.37 <0.001
Well-demarcated 300 92 1 Reference
PCS
PCS negative 295 318 4.04 2.38-6.84 <0.001
PCS positive 424 40 1 Reference

LCE, Lugol chromoendoscopy; PCS, Pink color sign.
*The margin of lesions under Lugol chromoendoscopy.
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Clinicopathological features Positive rate of MAGEA3 antibodies P
(Positive cases/total number)

Gender 0.207

Male 0.46 (13/28)

Female 0.27 (4/15)

Age (years) 0.559

<60 0.46 (6/13)

>60 0.37 (11/30)

Tumor size (cm) 0.350

<5 0.33 (8/24)

>5 0.47 (9/19)

Differentiation 0.181

Well/moderately 0.28 (5/18)

Poorly/none 0.48 (12/25)

Transfer of lymph node(N) 0.021*

0-2 0.28 (8/29)

>3 0.64 (9/14)

TNM stage 0.001*

1] 0.18 (5/28)

v 0.80 (12/15)

TNM, tumor node metastasis. *p < 0.05.
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Patients with GC in the Patients with pNyMy GC in 157 patients with GC in

cross-sectional study the prospective study the WGS study
(Liu et al., 2014) (Liu et al., 2019) (Tian et al., 2021)

Detection of CDKN2A SCNVs by P16-Light (using the paired

surgical normal sample as the diploid control)

Detection results of
CDKN2A SCNVs by
P16-Light (using the paired
surgical normal sample as

234 patients in the 174 patients in the hie: diplerd sontral)

discovery cohort validation cohort

Overall survival (OS) for merged patients with GC with and without somatic copy number
deletion of CDKN2A gene in the P16-Light analyses

Effects of various kinds of knockouts of CDKN2A gene on apoptosis and other biological
behaviors of GC cells by CRISPR/Cas9

.................................................................................................................................................................................................................
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Gene set name

KEGG_INTESTINAL_IMMUNE_NETWORK_FOR_IGA_PRODUCTION
KEGG_NATURAL_KILLER_CELL_MEDIATED_CYTOTOXICITY
KEGG_B_CELL_RECEPTOR_SIGNALING_PATHWAY
KEGG_T_CELL_RECEPTOR_SIGNALING_PATHWAY
KEGG_TOLL_LIKE_RECEPTOR_SIGNALING_PATHWAY
GO_REGULATION_OF_B_CELL_PROLIFERATION
GO_PROTEIN_COMPLEX_INVOLVED_IN_CELL_ADHESION
GO_ADAPTIVE_IMMUNE_RESPONSE

GO_PHAGOCYTIC_CUP

GO POSITIVE REGULATION OF T CELL PROLIFERATION

NES

-2.11
-1.97
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-1.89
-1.84
-2.17
-2.15
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=P 19

NOM p-val
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0.006
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0.01
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0.0034
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Characteristics

T stage

T1 and T2

T4 and T3

N stage

NO

N1 and N2 and N3
Pathologic stage
Stage |

Stage IV and stage lll and stage Il

Histologic grade
G1and G2

G3

Histological type
Diffuse type
Mucinous type
Papillary type
Tubular type
Primary therapy outcome
CR

PD and SD and PR
GPX8

STAT1

MZF1

SRF

TBP

Total (N)

362
96
266
352
107
245
347
50
297
361
144
217
156
63
19

69
313
229

84
370
370
370
370
370

Univariate analysis

Multivariate analysis

Hazard ratio (95% Cl)

Reference
1.719 (1.131-2.612)

Reference
1.925 (1.264-2.931)

Reference
2.247 (1.210-4.175)

Reference
1.353 (0.957-1.914)

Reference
0.288 (0.087-0.955)
1.635 (0.491-5.441)
0.950 (0.546-1.654)

Reference
4.228 (2.905-6.152)
1.359 (1.128-1.638)
0.980 (0.824-1.167)
0.869 (0.612-1.235)
0.990 (0.755-1.299)
0.806 (0.504-1.288)

P value

0.011

0.002

0.010

0.087

0.042
0.423
0.856

<0.001
0.001
0.823
0.434
0.944
0.367

Hazard ratio (95% CI)

2.860 (1.011-8.091)

1.439 (0.499-4.150)

0.298 (0.042-2.124)

2.404 (1.005-5.748)

0575 (0.150-2.209)
12.720 (2.500-64.726)
1.467 (0.664-3.240)

5.264 (2.612-10.610)
1.753 (1.223-2.514)
1.085 (0.793-1.486)
0.741 (0.380-1.444)
1.028 (0.621-1.701)
0.530 (0.172-1.637)

P value

0.048

0.501

0.227

0.049

0.420
0.002
0.343

<0.001
0.002
0.608
0.379
0.916
0.270

Bold font means P-value < 0.05.
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Metabolites Early-stage Intermediate-stage Advanced-stage Intermediate-stage vs. Early-stage Advanced-stage vs. Advanced-stage vs.

(n=87) (n=235) (n=24) Early-stage Intermediate-stage
Trend P Trend P Trend P
Aminomalonic acid 5.52 £+ 0.19 5.68 £ 0.19 5.60 +0.09 up 0.027 up 0.006 /
Aspartate 4.23 +0.24 429 £0.22 4.33 +£0.22 up 0.049 / /
Glutamate 5.20 + 0.24 5.26 £ 0.22 5.28 £0.17 up 0.023 / 7
Pyrophosphoric acid  4.99 + 0.14 4.98 +0.13 5.06 +0.15 / up 0.020 up 0.003
Cysteine 4.38 +0.13 4.36 +0.13 429 +0.18 v down 0.022 down 0.047
Arachidonic acid 4.26 +0.19 4.26 +£0.19 414 +0.16 i/ down 0.007  down 0.003
Alpha-Tocopherol 4.77 +0.42 4.69 + 0.47 429 +0.75 4 down 0.006  down 0.019
Uric acid 5.72 + 0.20 575 +0.17 581 +0.16 / up 0.038 /
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Metabolites

Glyceric acid
Oxalic acid
Hexadecanoic acid
4-Hydroxybutanoic
acid

Nonanoic acid
Arachidonic acid
Glutamate

Lysine

Serine

Fumarate

Leucine
Phenylalanine
Aspartate

Lactate

Proline

Valine

Tyrosine

Alanine

Ornithine

Citrate

Cysteine
Myo-Inositol
Pyruvate
Succinate
Pyrophosphoric acid
Asparagine
Glutamine

Palmitic acid
Monopalmitin
Malate

Linoleic acid

Uric acid
Alpha-Tocopherol
Fructose

Glycine
Cholesterol

Urea

Threonine
3-Hydroxybutyric acid
Fructose-6-Phosphate
Oleic acid
Monomethylphosphate
Palmitelaidic acid
Glucose
Pyroglutamate
Methionine
Glycolic acid
Aminomalonic acid
Creatinine

HC (n=187)

3.92 +0.08
538 +0.16
3.18+0.21
4.82 £0.20

3.71 £ 0.30
423 +0.19
528 +0.19
4.52 +0.20
551 +0.19
414 £017
591 +0.16
522 £0.12
4.36 +£0.15
6.40 £ 0.19
5.64 +0.33
532 +0.15
558 £0.13
6.34 £ 0.20
5.00 £ 0.22
5.70 £ 0.09
4.44 £0.11
4.75+0.12
4.66 +0.16
379 +0.14
510+0.11
442 £017
6.05 £ 0.13
5.72 £ 0.09
4.32+0.10
4.00 £0.10
5.16 +0.12
5.81+0.15
512+0.12
4.65 + 0.51
4.23 £ 0.40
5.86 +0.07
5.34 £ 0.34
514 +0.17
4.86 £ 0.33
3.88+0.14
5.56 + 0.16
4.53 +0.14
4.11+0.26
5.89 +0.28
5.63 £ 0.07
4.72£014
3.86 £ 0.10
542 +0.19
4.47 +0.20

ESD (n=20)

4.05+0.16
5.50+0.11
3.38 +£0.20
4.93+0.17

3.90+0.28
4.40 £0.21
5.16 + 0.24
4.43+0.14
5.40+0.15
4.03+0.14
5.84 £ 0.08
5.16 + 0.06
419022
6.25+0.20
5.35+ 047
5.22+0.08
5.50 + 0.08
6.19+0.17
4.75+ 025
5.62+0.10
4.36+0.13
4.66 + 0.09
4.44 +0.33
3.69+0.18
4.96 +0.10
4.23+0.13
5.89+0.10
5.61+0.11
4.24 £0.11
3.82+0.21
4.97 +0.16
5.65+0.16
4.85+0.28
4.29 + 0.54
397 +0.14
5.69 + 0.66
5.39+£0.29
5.10+0.13
4.76 £ 0.37
3.87 +£0.12
5.49+0.15
4.47 £0.10
3.95+0.35
6.03 + 0.60
5.54 +0.22
4.66 + 0.10
391021
5.46 £0.19
4.50+0.17

ESCC (n=346)

4.00 +0.18
5.54 £0.16
342 +0.23
4.85+0.15

3.74 +0.29
4.25 +0.19
525 +0.22
4.46 + 017
5.44 £ 0.12
4.07 £ 017
5.85+0.11
517 £0.11
4.28 +0.23
6.29 +0.32
5.49 +0.31
524 +0.11
5.50 +0.12
6.23+0.16
4.85 +0.23
5.64 £0.10
4.36 £0.14
4.67 £0.12
4.46 +0.38
3.66 +0.17
4.99 +0.14
426 +0.14
592 +0.12
5.61+0.13
4.20 £ 0.11
3.82+0.22
4.97 +0.19
574 +0.18
4.68 + 0.49
4.59 + 0.52
4.09 +0.27
5.83 + 0.20
5.41+0.36
5.10 £0.12
4.77 £ 0.41
3.84 +0.13
551 £0.14
4.49 +0.12
4.02 +0.31
6.04 +0.39
5.56 + 0.21
4.656+0.11
3.92+£0.14
5.57 £0.19
4.61+0.16

ESD vs. HC ESCC vs. HC ESCC vs. ESD
Trend P Trend P Trend P
up 0.002 up 0.000 v
up 0.001 up 0.000 /
up 0.000 up 0.000 /
up 0.026 up 0.045 down 0.030
up 0.007 / down 0.019
up 0.000 4 down 0.001
down 0.005 down 0.033 /
down 0.033 down 0.000 &
down 0.012 down 0.000 /
down 0.003 down 0.000 /
down 0.002 down 0.000 /
down 0.001 down 0.000 /
down 0.003 down 0.000 /
down 0.001 down 0.000 /
down 0.014 down 0.000 /
down 0.000 down 0.000 /
down 0.000 down 0.000 /
down 0.001 down 0.000 /
down 0.000 down 0.000 /
down 0.000 down 0.000 /
down 0.001 down 0.000 /
down 0.001 down 0.000 /
down 0.007 down 0.000 £
down 0.002 down 0.000 /
down 0.000 down 0.000 /
down 0.000 down 0.000 /
down 0.000 down 0.000 /
down 0.000 down 0.000 /
down 0.001 down 0.000 /
down 0.001 down 0.000 /
down 0.000 down 0.000 /
down 0.000 down 0.000 up 0.032
down 0.000 down 0.000 down 0.019
down 0.003 / up 0.013
down 0.000 down 0.000 up 0.001

/! down 0.048 /
7 up 0.042 /
/ down 0.015 /
/ down 0.005 /
/ down 0.006 /
/ down 0.001 /
/ down 0.001 /
i/ down 0.001 /
/ up 0.000 /
/ down 0.000 /
/ down 0.000 4
it up 0.000 /s
4 up 0.000 up 0.013
1 up 0.000 up 0.004

The data were log10 transformed and expressed as mean + SD. /" represents the statistical significance of p-values more than 0.05.
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Site of AP Number of AP Size of AP

Distal N (%) Proximal N (%) Multiple N (%) P Single N (%) Multiple N (%) P <1emN (%) 2>1cmN (%) P
Grand total 705 (100) 408 (100) 403 (100) 778 (100) 738 (100) 1,149 (100) 367 (100)
Demographics
Female 321 (54.47) 207 (50.74) 142(35.24)  <0.001 395 (50.77) 275(37.26)  <0.001 533 (46.39) 137 (37.33)  0.003
Male 384 (45.53) 201 (49.26) 261 (64.76) 383 (49.23) 463 (62.74) 616 (53.61) 230 (62.67)
Mean age (SD)  54.4 (9.77) 56.0 (8.96) 584 (7.92)  <0.001  54.3(9.89) 57.6(8.17) <0001 552(9.14)  57.9(923)  <0.001
Gastric histopathology
NAG 356 (50.5) 177 (43.4) 186 (46.2) 0.061 397 (51.03) 322 (43.63) 0.005 546 (47.5) 173 (47.1) 0.947
AG or IM 277 (39.3) 170 (41.7) 162 (40.2) 0.738 294 (37.8) 315 (42.7) 0.059 464 (40.4) 145 (39.5) 0.813
H. pylori 203 (28.8) 124 (30.4) 127 (31.5) 0.620 216 (27.8) 238 (32.2) 0.064 330 (28.7) 124 (33.8) 0.075
FGP 79 (11.2) 63 (15.4) 55 (13.6) 0.116 91 (11.7) 106 (14.4) 0.142 148 (12.9) 49 (13.4) 0.885
GHP or GIP 27 (3.89) 17 (4.17) 23 (5.71) 0.329 26 (3.34) 41 (5.56) 0.049 56 (4.87) 11 (3.00) 0.169
GAP 2(0.28) 2 (0.49) 3(0.74) 0.430 1(0.13) 6(0.81) 0.063 4(0.35) 3(0.82) 0.370
LGIN 20 (2.84) 13 (3.19) 16 (3.97) 0.590 17 (2.19) 32 (4.34) 0.026 34 (2.96) 15 (4.09) 0.371
HGIN 2(0.28) 1(0.25) 0 (0.00) 0.800 3(0.39) 0 (0.00) 0.250 2(0.17) 1(0.27) 0.565
SC-patho 1(0.14) 1(0.25) 1(0.25) 1.000 1(0.13) 2(0.27) 0.615 3(0.26) 0(0.00) 1.000

AP, colorectal adenomatous polyps; NAG, non-atrophic gastritis; AG or IM, atrophy/intestinal metaplasia; FGP, gastric fundus gland polyp; GHP or GIP, hyperplastic/inflammatory gastric polyps;
GAP, adenomatous gastric polyps; LGIN, low-grade intraepithelial neoplasia; HGIN, high-grade intraepithelial neoplasia; SC-patho, stomach cancer of pathology. P < 0.05 showed in bold.
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Grand total
Demographics
Female

Male

Mean age (SD)
Gastric histopathology
NAG

AG or IM

H. pylori

FGP

GHP or GIP
GAP

LGIN

HGIN
SC-patho

NAP N (%)
689 (100)

327 (47.46)
362 (52.54)
53.3 (9.50)

343 (49.78)
253 (36.72)
186 (27.00)
83 (12.05)
30 (4.35)
1(0.15)
22 (3.19)
3(0.44)
1(0.15)

AP N (%)
1,516 (100)

670 (44.20)
846 (55.80)
559 (9.23)

719 (47.42
609 (40.17
454 (29.95
197 (13.00
67 (4.42)
7(0.46)
49 (3.29)
3(0.20)
3(0.20)

CRC N (%)
74 (100)

34 (45.95)
40 (54.05)
62.3 (10.40)

36 (48.65)
28 (37.84)
24 (32.43)
8(10.81)
2(2.70)
2(2.70)
3 (4.05)
1(1.35)
3(4.05)

Normal N (%)

3,707 (100)

2,196 (59.24)
1,511 (40.76)
49.9 (10.90)

2,226 (60.05)
1,008 (29.62)
989 (26.78)
364 (9.82)
106 (2.86)
40.11)
55 (1.48)
8(0.22)
8(0.22)

<0.001

<0.001

<0.001
<0.001
0.081
0.007
0.017
0.002
<0.001
0.151
0.002

NAP, non-adenomatous polyps; AP, colorectal adenomatous polyps; CRC, colorectal cancer; NAG, non-atrophic gastritis; AG or IM, atrophy/intestinal metaplasia; FGP, gastric fundus
gland polyp; GHP or GIP, hyperplastic/inflammatory gastric polyps; GAP, adenomatous gastric polyps; LGIN, low-grade intraepithelial neoplasia; HGIN, high-grade intraepithelial
neoplasia; SC-patho, stomach cancer of pathology. P < 0.05 showed in bold.
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Complex Model Simple Model

Fators Odds ratio (95% CI)  Pvalue Odds ratio (95% CI)  Pvalue
Male 1.53 (0.95 — 2.48) 0.079 1.54 (0.96 - 2.49) 0.074
Age 1.13 (1.10 - 1.16) <0.001 113 (1.10-1.16)  <0.001
Hpylori 1.67 (0.98 — 2.80) 0.052 1.67 (0.99 — 2.75) 0.049
NAG 0.92 (0.32 - 2.73) 0.875

AG or IM 0.91 (0.33 — 2.49) 0.852

LGIN 1.91 (0.42 — 6.16) 0.327

FGP 1.12 (0.37 — 3.00) 0.827

GHP or GIP 0.87 (0.13 — 3.35) 0.855
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Function Cargo Effect Ref.
Proliferation miR-21 Promote (33)
miR-10b Promote (33)
circRNA Cdrt1as Promote (34)
miR-23a/b Promote (40)
circ-DB Promote (41)
miR-638 Repress (46)
LINC00161 Promote (48)
linc-FAM138B Inhibit (49)
circRNA-100338 Promote (50)
miR-326 Repress (54)
miR-125a/b Inhibit (55)
Tube formation miR-155 Promote 37)
miR-21 Promote (38)
miR-210 Promote (43)
miR-378b Promote (44)
miR-1290 Promote (45)
circRNA-100338 Promote (50)
miR-638 Inhibit (46)
LINCO0161 Promote (48)
Vasorin Promote (62)
CLEC3B Inhibit (69)
ANGPT2 Promote (64)
LOXL4 Promote (65)
EIF3C Promote (66)
Metastasis miR-1273f Promote (39)
miR-378b Promote (44)
LINCO0161 Promote (48)
CircPTGR1 Promote (51)
VASN Promote (63)
S100A4 Promote (67)
ENO1 Promote (68)
Immune response hsa_circ_0074854 Suppress macrophage M2 polarzation (56)
LncRNA TUC339 Positive associated with M(IL-4) macropaghe polarzation (57)
circUHRF1 Inhibit NK cell function (58)
miR-146a-5p Promote macrophage M2 polarzation (59)
14-3-3¢ Inhibit tumor infiltrating T lymphocytes activation, proliferation and anti-tumor functions (69)
Drug resistance lincRNA-VLDLR Resistance to sorafenib, camptothecin and doxorubicin (70)
lincRNA-ROR Sorafenib resistance (71)
miR-744 Sorafenib resistance (72)
miR-32-5p Induce multidrug resistance (73)
circRNA-SORE Spread sorafenib resistance (74)
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0.99 (0.74 — 1.33)
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Complex Model Simple Model

Fators Odds ratio (95% CI)  Pvalue Odds ratio (95% CI)  Pvalue
Male 1.67 (1.41 — 1.97) <0.001 = 1.66 (1.41 -1.96)  <0.001
Age 1.03 (1.02 — 1.04) <0.001 1.03 (1.02 - 1.04) <0.001
H.pylori 1.06 (0.88 — 1.29) 0.519

NAG 0.77 (0.50 — 1.17) 0.222 0.74 (0.62 - 0.87) <0.001
AG or IM 0.99 (0.66 — 1.47) 0.963

LGIN 1.66 (0.95 — 2.82) 0.068 1.63 (0.96 —2.70) 0.063

FGP 1.10 (0.74 — 1.62) 0.627

GHP or GIP 1.32 (0.78 - 2.16) 0.286
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N(1+2+3)vs.NO

Risk factors

Glyceric acid

Oxalic acid
Hexadecanoic acid
4-Hydroxybutanoic acid
Cysteine
Alpha-Tocopherol
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Alpha-Tocopherol
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Adjusted OR

171317.41
57715.64
237.48
181.86
2.85E-03
4.42E-07
45.34
13.61
0.47
3.41
4.97
458

95% CI

951.97 - 30830384.91
347.82 - 9576957.08
14.43 - 3909.02
491 -6733.25
4.30E-05 - 1.88E-01
6.49E-10 - 3.01E-04
2.72 - 755.68
1.36 - 136.44
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1.08 - 24.00
121-17.25

0.002
0.001
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0.026
0.001
0.000
0.004
0.013
0.019
0.046
0.040
0.015
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Gender

Age (years)
Diameter (cm)
Depth of invasion
Lymphatic metastasis
CEA (ng/mL)
CA125 (U/ml)
CAT72-4 (U/mL)
CA19-9 (U/mL)
CA50 (U/mL)
CA242 (U/mL)

OR. odds ratio: 95% CI, confidence interval.

univariate analysis

OR (95%Cl)

0.94
0.96

068, 1.30)
0.71, 1.30)
12.06 (2.92, 49.82)
14.56 (4.52, 46.86)
5.89 (2.87, 12.12)
250 (1.72, 3.64)
11.46 (6.38, 20.59)
4.09 (.92, 5.73)
274 (1.98, 3.89)
( )
( )

5.20 (3.25, 8.39)
3.83 (2.50, 5.88

P value

0.7206

0.8012

0.0006
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

multivariate analysis

OR (95%Cl)

/

/
0.136, 4.828)
1.073, 79.49)
0.624, 6.305)
0.295, 3.646)
4582 (2.526, 8.312)
4.674 (2673, 8.179)
0.356 (0.041, 3.050)
1.746 (0.265, 11.502)
1.573 (0.536, 4.613)

0.810
9.233
1.983
1.087

P value

/

/
0.363
0.043
0.246
0.681

<0.0001

<0.0001
0.346
0.562
0.409
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Group

Gender
Male
Female
Depth of invasion
Mucosa(T1a)
Submucosa(T1b)
muscularis propria(T2)
Within serosa (T3)
Beyond serosa (T4a-4b)
Lymphatic metastasis
NO
N1(1-2)
N2(3-6)
N3-N4(>7)
vascular cancer embolus
Absent
Present
Lympho-vascular invasion
Absent
Present
Perineural infiltration
Absent
Present
Age
<60
>60
CEA
Negative(<5.2 ng/ml)
Positive(=5.2 ng/ml)
CA50
Negative(<25 U/ml)
Positive(=25 U/ml)
CA125
Negative(<35 U/ml)
Positive(=35 U/ml)
CA72-4
Negative(<6.9 U/ml)
Positive(=6.9 U/ml)
CA242
Negative(<20 U/ml)
Positive(=20 U/ml)
Diameter
<2cm
>2cm
CA19-9
Negative(<27 U/ml)
Positive(=27 U/ml)

non.PD

442 (66.57%)
222 (33.43%)

119 (17.92%)
158 (23.80%)
226 (34.04%
136 (20.48%)

25 (3.77%)

)
)
)
)

326 (49.10%)
90 (13.55%)
108 (16.27%)
140 (21.08%)

349 (53.12%)
308 (46.88%)

332 (50.08%)
331 (49.92%)

363 (55.34%)
293 (44.66%)

318 (47.89%)
346 (52.11%)

578 (87.05%)
86 (12.95%)

630 (94.88%)
34 (5.12%)

642 (96.69%)
22 (3.31%)

556 (83.73%)
108 (16.27%)

615 (92.62%)
49 (7.38%)

186 (28.01%)
478 (71.99%)

561 (84.49%)
103 (16.51%)

Training cohort (n=885)
PD Standardize diff.

0.03 (-0.12,0.18)
150 (67.87%)
71 (32.13%)
2,07 (1.79, 2.35)
1 (1.56%)
2 (3.12%)
1 (1.56%)
36 (56.25%)
24 (37.50%)
0.93(0.67,1.19)
9 (14.06%)
8 (12.50%)
1 (17.19%)
36 (56.25%)
0.81(0.55,1.07)
1(17.19%)
53 (82.81%)
0.84 (058, 1.10)
9 (14.06%)
55 (85.94%)
0.54 (0.28, 0.80)
19 (29.69%)
45 (70.31%)
0.02 (-0.13,0.17)
108 (48.87%)
113 (51.13%)

0.36 (0.21, 0.51)
161 (72.85%)
60 (27.15%)

051 (0.35, 0.66)
171 (78.08%)
48 (21.92%)

0.73(0.53, 0.93)
84 (71.79%)
33 (28.21%)

0.64 (0.48, 0.80)
122 (55.71%)
97 (44.29%)

0.46 (0.30, 0.61)
167 (76.61%)
51 (23.39%)

0.73 (0.47,0.99)

2 (3.12%)

62 (96.88%)

0.43 (0.27, 0.58)
147 (66.52%)
74 (33.48%)

P-value

0721

<0.001

<0.001

<0.001

<0.001

<0.001

0.801

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

non.PD

190 (66.90%)
94 (33.10%)

57 (20.07%)
85 (29.93%)

117 (41.20%)
25 (8.80%)
0 (0.00%)

137 (48.24%)
47 (16.56%)
35 (12.32%)
65 (22.89%)

142 (50.35%)
140 (49.65%)

139 (49.12%)
144 (50.88%)

155 (54.96%)
127 (45.04%)

154 (54.23%)
130 (45.77%)

243 (85.56%)
41 (14.44%)

264 (92.96%)
20 (7.04%)

282 (99.30%)
2 (0.70%)

236 (83.10%)
48 (16.90%)

2565 (89.79%)
29 (10.21%)

69 (24.30%)
215 (75.70%)

239 (84.15%)
45 (15.85%)

Validation cohort (n=379)
PD Standardize diff.

001 (:0.22,0.24)
64 (67.37%)
31 (382.63%)
4.91(4.31,552)
0 (0.00%)
0 (0.00%)
0 (0.00%)
7 (36.84%)
12 (63.16%)
1.40 (0.94, 1.87)
1 (5.00%)
3 (15.00%)
1 (5.00%)
15 (75.00%)
057 (0.13, 1.02)
5(23.81%)
16 (76.19%)
1.14 (0.68, 1.61)
1 (5.00%)
19 (95.00%)
0.64 (0.19, 1.10)
5 (25.00%)
15 (75.00%)
0.37 (0.13, 0.60)
68 (71.58%)
27 (28.42%)
0.39 (0.16, 0.63)
66 (69.47%)
29 (30.53%)
0.35 (0.1, 0.58)
75 (81.52%)
7 (18.48%)
0.73 (0.45, 1.01)
48 (77.42%)
4 (22.58%)
0.47 (0.23, 0.71)
59 (62.77%)
35 (37.23%)
0.36 (0.12, 0.59)
72 (76.60%)
22 (23.40%)
0.57 (0.1, 1.02)
1 (5.00%)
9 (95.00%)
0.45 (0.21, 0.68)
62 (65.26%)
33 (34.74%)

P-value

0.933

<0.001

<0.001

0.019

<0.001

0.009

0.003

<0.001

0.001

<0.001

<0.001

0.001

0.048

<0.001

0.965

<0.001

0.200

0.679

0.837

0.982

0.081

0.393

0.758

0.123

0.626

0.281

0.344

0.814

PD, peritoneal dissemination. cT satge (clinical T stage), depth of invasion. cN stage (clinical N stage), lymphatic metastasis. Standardize diff,, standard difference. P*, the difference
between the training cohort and the validation cohort.
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Gastric cancer patients from January

2017 to December 2020.
(n=1,498)

Combined with other malignant
tumors (n =17)
Less than 16 lymph nodes retrieved
(n=281)

Immunotherapy, chemotherapy or
radiotherapy within three months
before surgery (n = 10)

No combined with other malignant
tumors (n = 1,481)

More than 16 lymph nodes retrieved
(n=1,400)

Clinicopathologic characteristics and

follow-up data were available
(n=1,390)

Clinicopathologic characteristics
and follow-up data were missing
(n = 126)

Patients included in the analysis
(n=1,264)

Validation cohort (n = 379)
Training cohort (n = 885)
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Gene

GPX8
GPX8
GPX8
GPX8
GPX8
GPX8
GPX8
GPX8
GPX8
GPX8
GPX8
GPX8
GPX8
GPX8
GPX8
GPX8
GPX8
GPX8
GPX8
GPX8
GPX8
GPX8
GPX8
GPX8

Immune cells

abC

B cells

CD8 T cells
Cytotoxic cells
DC
Eosinophils
iDC
Macrophages
Mast cells
Neutrophils
NK CD56bright cells
NK CD56dim cells
NK cells

pDC

T cells

T helper cells
Tem

Tem

TFH

Tgd

Th1 cells
Th17 cells

Th2 cells
TReg

Bold font means P-value < 0.05.

Correlation coefficient (Pearson)

0.117
0.122
0.296
0.243
0.357
0.322
0.475
0.555
0.433
0.295
-0.154
0.120
0.353
0.323
0.198
0.064
0.133
0.329
0.220
0.141

0.348
-0.152
-0.040
0.125

P (Pearson)

0.023
0.018
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.003
0.020
<0.001
<0.001
<0.001
0.218
0.010
<0.001
<0.001
0.006
<0.001
0.003
0.445
0.016

Correlation coefficient (Spearman)

0.119
0.146
0.291
0.234
0.341
0.322
0.451
0.534
0.419
0.229
-0.175
0111
0.371
0.326
0.201
0.055
0.150
0.307
0.216
0.191
0.333
-0.178
-0.074
0.120

P (Spearman)

0.022

0.005
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

0.032
<0.001
<0.001
<0.001

0.288

0.004
<0.001
<0.001
<0.001
<0.001
<0.001
0.150
0.020
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6,558 cases underwent gastroscopy and colonoscopy on the same day in
Shaoxing people's Hospital from August 1, 2019 to May 31, 2020

572 cases excluded
160 cases failure to complete total colon
examination for various reasons
158 cases underwent gastrointestinal resection for

gastric cancer, colorectal cancer or other causes
138 cases had hereditary polyposis, inflammatory
bowel disease and other intestinal diseases

59 cases without gastroscopic pathological results
57 cases without colonoscopic pathological results

A total of 5,986 cases for analysis
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Eligible patients(n=186)
a) Pathologically proven rectal cancer
b) a time interval of 3 days or greater between biopsy and MR imaging

Excluded patients (n=83)
a) Patients who accepted any adjuvant
treatment between MR examination and
surgery (n=53)
b) Time interval >2 weeks between MR
examination and surgery or absence of surgical
records in our hospital (n=5)
c¢) Patients whose DWI images were

inadequate to fully display the lesion and draw
precise regions of interest because of motion or
susceptibility artifacts (n=25)
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Characteristics Patients %

Age (year)
<60 281 65.2
=60 150 34.8
Sex
Male 332 77.0
Female 99 23.0

Tumor location

Lower third 154 35.7
Middle third 119 27.6
Upper third 125 29.0
Diffuse 33 77,
Differentiation
Well 12 2.8
Moderate 57 13.2
Poor 362 84.0
T stage
1 31 72
2 47 10.9
3 70 16.2
4 283 65.7
N stage
0 96 223
1 86 20.0
2 102 237
3a 92 21.3
3b 55 12.8
TNM stage
I 34 79
I 119 27.6
111 278 64.5

Histological type

Adenocarcinoma 255 59.2

Signet Ring Cell 21 49

Mixed 155 36.0
Family history

Yes 113 26.2

No 318 73.8

Operative procedure

Total 161 37.4
Distal 182 42.2
Proximal 88 20.4

Diet intake volume
Low 75 17.4
Normal 356 82.6
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Training dataset Validation dataset P value

Sex
Male
Female
Age *
Smoking history
No
Yes
Drinking history
No
Yes
BMI (kg/m?)
<18.5
18.5-25.0
>25.0
ECOG score
0
1
2
Primary location
Upper
Middle
Low
Pathological type
Adenocarcinoma
Mucinous/rare carcinoma
Histologic type
Well and moderate
Poor
Neural invasion
Negative
Positive
Lymphovascular invasion
Negative
Positive
TNM stage
|
I
Albumin
Low
Normal
CEA
Normal
High
CA125
Normal
High
CA19-9
Normal
High
AFP
Normal
High
Adjuvant chemotherapy
Without
With
Sl
Low
High
NLR
Low
High
PLR
Low
High
MLR
Low
High
ALl
Low
High
PNI
Low
High
SIS

S}

284 (79.3%)
74 (20.7%)
60.9+96

195 (54.5%)
163 (45.5%)

208 (58.1%)
150 (41.9%)

23 (6.4%)
220 (61.5%)
115 (32.1%)

238 (66.5%)
88 (24.6%)
32 (8.9%)

170 (47.5%)
44 (12.3%)
144 (40.2%)

265 (74.0%)
93 (26.0%)

105 (29.3%)
253 (70.7%)

327 (91.3%)
31 (8.7%)

313(87.4%)
45(12.6%)

231 (64.5%)
127 (35.5%)

22 (6.1%)
336 (93.9%)

271 (75.7%)
87 (24.3%)

351 (98.0%)
7 (2.0%)

340 (95.0%)
18 (5.0%)

338 (94.4%)
20 (5.6%)

199 (55.6%)
159 (44.4%)

267 (74.6%)
91 (25.4%)

51 (14.2%)
307 (85.8%)

54 (15.1%)
304 (84.9%)

215 (60.1%)
143 (39.9%)

116 (32.4%)
242 (67.6%)

197 (55.0%)
161 (45.0%)

156 (43.3%)
146 (40.8%)
57 (15.9%)

142 (74.7%)
48 (25.3%)
616+ 10.0

109 (57.4%)
81 (42.6%)

107 (56.3%)
83 (43.7%)

9(4.7%)
116 (61.1%)
65 (34.2%)

125 (65.8%)
47 (24.7%)
18 (9.5%)

69 (36.3%)
50 (26.3%)
71 (37.4%)

125 (65.8%)
65 (34.2%)

42 (22.1%)
148 (77.9%)

167 (87.9%)
23 (12.1%)

163 (85.8%)
27 (14.2%)

76 (40.0%)
114 (60.0%)

8 (4.2%)
182 (95.8%)

143 (75.3%)
47 (24.7%)

181 (95.3%)
9 (4.7%)

174 (91.6%)
16 (8.4%)

179 (94.2%)
11 (5.8%)

102 (53.7%)
88 (46.3%)

114 (60.0%)
76 (40.0%)

25 (13.2%)
165 (86.8%)

17 (8.9%)
173 (91.1%)

114 (60.0%)
76 (40.0%)

68 (35.8%)
122 (64.2%)

93 (48.9%)
97 (51.1%)

82 (43.2%)
78 (41.1%)
30 (15.8%)

“Two-tailed t tests of mean SD, others are two-sided 7 test.
BMI, body mass index; ECOG, Eastern Cooperative Oncology Group; NLR, neutrophil to
lymphocyte ratio; PLR, platelet to lymphocyte ratio; MLR, monocyte to lymphocyte ratio;
ALl, advanced lung cancer inflammation index; SlI, systemic immune-inflammation index;
PNI, prognostic nutritional index; SIS, systemic infammation score; CEA,
carcinoembryonic antigen; CA125, cancer antigen 125; CA19-9, carbohydrate
associated antigen 19-9; AFP, alpha-fetoprotein.
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C-index (95% CI) P value NRI (95% CI) P value IDI (95% Cl) P value

Conventional model 0.733 (0.705-0.761) 0.261 Ref 0.033 Ref 0.053
Conventional model + SlI 0.745 (0.717-0.773) 0.249 (0.022-0.375) 0.027 (0.000-0.057)
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Univariate analysis

Multivariate analysis

HR (95% CI) P value HR (95% Cl) P value

Sex

Male vs. Female 0.989 (0.570-1.716) 0.970
Age, years 1.064 (1.037-1.093) <0.001 1.057 (1.025-1.089) <0.001
Smoking history

No vs. Yes 1.124 (0.719-1.757) 0.609
Drinking history

No vs. Yes 0.802 (0.506-1.272) 0.348
BMI (kg/m?3)

<18.5 1.000 0111 1.000 0171

18.5-25.0 0.680 (0.323-1.434) 0.604 (0.273-1.335)

225.0 0.437 (0.190-1.005) 0.420 (0.167-1.055)
ECOG score

0 1.000 0.516

1 1.340 (0.814-2.207)

2 1.107 (0.500-2.450)
Primary location

Upper 1.000 0.005 1.000 0.114

Middle 0.786 (0.397-1.553) 0.998 (0.483-2.062)

Low 0.415 (0.244-0.706) 0.560 (0.318-0.988)
Pathological type

Adenocarcinoma vs. Mucinous/rare carcinoma 0.906 (0.540-1.522) 0.710
Histologic type

Well/moderate vs. Poor 1.003 (0.615-1.634) 0.991
Neural invasion

Negative vs. Positive 1.729 (0.889-3.363) 0.106
Lymphovascular invasion

Negative vs. Positive 1.483 (0.817-2.693) 0.195
TNM stage

lvs. Il 2.556 (1.630-4.009) <0.001 2.728 (1.681-4.426) <0.001
Albumin

Low vs. Normal 1.024 (0.414-2.535) 0.959
NLR

Low vs. High 1.422 (0.683-2.957) 0.347
PLR

Low vs. High 2.140 (0.930-4.924) 0.074 1.360 (0.563-3.285) 0.494
MLR

Low vs. High 1.876 (1.198-2.938) 0.006 1.673 (0.738-3.794) 0.218
ALI

Low vs. High 0.580 (0.370-0.909) 0.018 1.338 (0.735-2.436) 0.341
S|

Low vs. High 2.359 (1.499-3.713) <0.001 2.270 (1.230-4.188) 0.009
PNI

Low vs. High 0.938 (0.596-1.477) 0.783
SIS

0 1.000 0.075 1.000 0.468

1 1.210 (0.722-2.028) 0.627 (0.280-1.402)

2 1.960 (1.090-3.527) 0.541 (0.196-1.498)
CEA

Normal vs. High 1.591 (0.987-2.563) 0.057 1.174 (0.706-1.951) 0.536
CA125

Normal vs. High 2.147 (0.676-6.812) 0.195
CA19-9

Normal vs. High 2.396 (1.152-4.982) 0.019 2.270 (1.043-4.942) 0.039
AFP

Normal vs. High 2.382 (1.188-4.778) 0.014 1.701 (0.807-3.586) 0.163
Adjuvant chemotherapy

Without vs. With 0.728 (0.457-1.159) 0.181

Cl, confidence interval; HR, hazard ratio; BMI, body mass index; ECOG, Eastern Cooperative Oncology Group; NLR, neutrophil to lymphocyte ratio; PLR, platelet to lymphocyte ratio; MLR,
monocyte to lymphocyte ratio; ALI, advanced lung cancer inflammation index; S, systemic immune-inflammation index; PNI, prognostic nutritional index; SIS, systemic inflammation
score; CEA, carcinoembryonic antigen; CA125, cancer antigen 125; CA19-9, carbohydrate associated antigen 19-9; AFP, alphafetoprotein.
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NLR

Low
High
PLR
Low
High
MLR
Low
High
ALl
Low
High
PNI

High
sis

N = O

Sli-L

51 (19.1%)
216 (80.9%)

54 (20.2%)
213 (79.8%)

186 (69.7%)
81 (30.3%)

48 (18.0%)
219 (82.0%)

130 (48.7%)
137 (51.3%)

138 (51.7%)
103 (38.6%)
26 (9.7%)

Sli-H

0 (0.0%)
91 (100.0%)

0 (0.0%)
91 (100.0%)

29 (31.6%)
62 (68.1%)

68 (74.7%)
23 (25.3%)

67 (73.6%)
24 (26.4%)

17 (18.7%)
43 (47.3%)
31(34.1%)

P value

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

NLR, neutrophil to lymphocyte ratio; PLR, platelet to lymphocyte ratio; MLR, monocyte to
lymphocyte ratio; ALl, advanced lung cancer inflammation index; PNI, prognostic

nutritional index; SIS, systemic inflammation score.
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SlI-L Sil-H P value
Sex
Male 212 (79.4%) 72 (79.1%) 0.955
Female 55 (20.6%) 19 (20.9%)
Age * 60.4 + 8.8 622 +11.6 0177
Smoking history
No 142 (53.2%) 53 (58.2%) 0.403
Yes 125 (46.8%) 38 (41.8%)
Drinking history
No 149 (55.8%) 59 (64.8%) 0.132
Yes 118 (44.2%) 32 (35.2%)
BMI (kg/m?)
<185 18 (6.7%) 5 (5.5%) 0.321
18.56-25.0 169 (63.3%) 51 (56.0%)
>25.0 80 (30.0%) 35 (38.5%)
ECOG score
0 193 (72.3%) 45 (49.5%) <0.001
1 53 (19.9%) 35 (38.5%)
2 21 (7.9%) 11 (12.1%)
Primary location
Upper 118 (44.2%) 52 (57.1%) 0.102
Middle 35 (13.1%) 9 (9.9%)
Low 114 (42.7%) 30 (33.0%)
Pathological type
Adenocarcinoma 199 (74.5%) 66 (72.5%) 0.707
Mucinous/rare carcinoma 68 (25.5%) 25 (27.5%)
Histologic type
Well and moderate 75 (28.1%) 30 (33.0%) 0.377
Poor 192 (71.9%) 61 (67.0%)
Neural invasion
Negative 243 (91.0%) 84 (92.3%) 0.704
Positive 24 (9.0%) 7(7.7%)
Lymphovascular invasion
Negative 233 (87.3%) 80 (87.9%) 0.872
Positive 34 (12.7%) 11 (12.1%)
TNM stage
| 176 (65.9%) 55 (60.4%) 0.346
1 91 (34.1%) 36 (39.6%)
Albumin
Low 15 (5.6%) 7 (7.7%) 0.477
Normal 252 (94.4%) 84 (92.3%)
CEA
Normal 204 (76.4%) 67 (73.6%) 0.594
High 63 (23.6%) 24 (26.4%)
CA125
Normal 265 (99.3%) 86 (94.5%) 0.013*
High 2(0.7%) 5 (5.5%)
CA19-9
Normal 254 (95.1%) 86 (94.5%) 0.785"
High 13 (4.9%) 5 (5.5%)
AFP
Normal 253 (94.8%) 85 (93.4%) 0.628
High 14 (5.2%) 6 (6.6%)
Adjuvant chemotherapy
Without 151 (56.6%) 48 (52.7%) 0.528
With 116 (43.4%) 43 (47.3%)

*Two-tailed t tests of mean SD. *Two-sided Fisher's exact test, others are two-sided ) test.
BMI, body mass index; ECOG, Eastern Cooperative Oncology Group; CEA,
carcinoembryonic antigen; CA125, cancer antigen 125; CA19-9, carbohydrate
associated antigen 19-9; AFP, alpha-fetoprotein.
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Characteristics Cases (% of 358)

Sex

Male 284 (79.3%)

Female 74 (20.7%)
Age (median, IQR) 61 (56-67)
Smoking history

No 195 (54.5%)

Yes 163 (45.5%)
Drinking history

No 208 (58.1%)

Yes 150 (41.9%)
BMI (kg/m?)

<185 23 (6.4%)

18.5-25.0 220 (61.5%)

>25.0 115 (32.1%)
ECOG score

0 238 (66.5%)

1 88 (24.6%)

2 32 (8.9%)
Primary location

Upper 170 (47.5%)

Middle 44 (12.3%)

Low 144 (40.2%)
Pathological type

Adenocarcinoma 265 (74.0%)

Mucinous/rare carcinoma 93 (26.0%)
Histologic type

Well and moderate 105 (29.3%)

Poor 253 (70.7%)
Neural invasion

Negative 327 (91.3%)

Positive 31 (8.7%)
Lymphovascular invasion

Negative 313 (87.4%)

Positive 45 (12.6%)
TNM stage

| 231 (64.5%)

1 127 (35.5%)
Albumin

Low 22 (6.1%)

Normal 336 (93.9%)
NLR

Low 51 (14.2%)

High 307 (85.8%)
PLR

Low 54 (15.1%)

High 304 (84.9%)
MLR

Low 215 (60.1%)

High 143 (39.9%)
ALl

Low 116 (32.4%)

High 242 (67.6%)
Sl

Low 267 (74.6%)

High 91 (25.4%)
PNI

Low 197 (55.0%)

High 161 (45.0%)
SIS

0 155 (43.3%)

1 146 (40.8%)

2 57 (15.9%)
CEA

Normal 271 (75.7%)

High 87 (24.3%)
CA125

Normal 351 (98.0%)

High 7 (2.0%)
CA19-9

Normal 340 (95.0%)

High 18 (5.0%)
AFP

Normal 338 (94.4%)

High 20 (5.6%)
Adjuvant chemotherapy

Without 199 (55.6%)

With 159 (44.4%)

BMI, body mass index; ECOG, Eastern Cooperative Oncology Group; NLR, neutrophil to
lymphocyte ratio; PLR, platelet to lymphocyte ratio; MLR, monocyte to lymphocyte ratio;
AL, advanced lung cancer inflammation index; Sl, systemic immune-inflammation index;
PNI, prognostic nutritional index; SIS, systemic inflammation score; CEA,
carcinoembryonic antigen; CA125, cancer antigen 125; CA19-9, carbohydrate
associated antigen 19-9; AFP, alpha-fetoprotein.
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mRNA micro RNA Regression coefficient Adjusted coefficient of determination 95% ClI p-value
SH3BGRL3 miR-3064-5p -1.037 0.351 [-1.834, -0.24] 0.0150
ZG16 miR-6807-5p -1.207 0.251 [-2.343, -0.071] 0.0391
SLC26A3 miR-5093*

MSS, microsatellite stable; Cl, Confidence Interval: *, no amplification.
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Characteristics sW-L_____SW-H . HR (95%Cl) ___P value
All patients 267 91 L 2.36 (1.5-3.71) <0.001
Sex
Male 212 (79.40) 72 (79.12) m 2.86 (1.73-4.74)  <0.001
Female 55 (20.60) 19 (20.88) 1.04 (0.33-3.22) 0.95
Age
<60 114 (42.70) 28 (30.77) ] 1.42 (0.46-4.4) 0.545
>=60 153 (67.30) 63 (69.23) u 2.36 (1.42-3.9) 0.001
Smoking history
No 142 (53.18) 53 (58.24) ] 2.91 (1.56-5.46) 0.001
Yes 125 (46.82) 38 (41.76) u 1.93 (0.98-3.77) 0.055
Drinking history
No 149 (55.81) 59 (64.84) 2.07 (1.16-3.67) 0.013
Yes 118 (44.19) 32 (35.16) [ 2.82 (1.34-5.9) 0.006
BMI
<18.5 18 (6.74) 5 ( 5.49) ] 1.56 (0.31-7.81) 0.586
18.5-25.0 169 (63.30) 51 (56.04) u 2.74 (1.57-4.79) <0.001
>=25.0 80 (29.96) 35 (38.46) ] 2.44 (0.97-6.14) 0.059
ECOG score
0 193 (72.28) 45 (49.45) m 2.24 (1.21-4.14) 0.01
1 53 (19.85) 35 (38.46) . 1.42 (0.63-3.23) 0.398
2 21(7.87) 11(12.09) 18.1 (2.13-153.5)  0.008
Primary location
Upper 118 (44.19) 52 (57.14) ] 2.31 (1.31-4.08) 0.004
Middle 35 (13.11) 9 (9.89) 0.94 (0.2-4.45) 0.942
Low 114 (42.70) 30 (32.97) [ 2.64 (1.04-6.71) 0.041
Pathological type
Adenocarcinoma 199 (74.53) 66 (72.53) u 2.64 (1.57-4.44) <0.001
Mucinous/rare carcinoma 68 (25.47) 25 (27.47) u 1.69 (0.66-4.29) 0.272
Histologic type
Well/moderate 75(28.09) 30(32.97) 2.07 (0.91-4.72) 0.084
Poor 192 (71.91) 61 (67.03) = 2.51 (1.46-4.31) 0.001
Neural invasion
Negative 243 (91.01) 84 (92.31) [ 2.47 (1.53-4.01)  <0.001
Positive 24 ( 8.99) 7 (7.69) ] 1.88 (0.48-7.36) 0.362
Lymphovascular invasion
Negative 233 (87.27) 80 (87.91) 2.03 (1.23-3.35) 0.006
Positive 34 (12.73) 11 (12.09) 6.54 (2.03-21.09)  0.002
TNM stage
Stage | 176 (65.92) 55 (60.44) 2.12 (1.06-4.23) 0.033
Stage |I 91 (34.08) 36 (39.56) m 2.45 (1.34-4.48) 0.004
CEA
Normal 204 (76.40) 67 (73.63) [ 2.43 (1.4-4.22) 0.002
High 63 (23.60) 24 (26.37) 2.19 (0.98-4.88) 0.055
CA125
Normal 265 (99.25) 86 (94.51) m 2.24 (1.4-3.57) 0.001
High 2(0.75) 5(5.49) 3.80 (0.27-53.14) 0.999
CA19-9
Normal 254 (95.13) 86 (94.51) ] 2.41 (1.5-3.89) <0.001
High 13 (4.87) 5 ( 5.49) [ 1.87 (0.44-7.92) 0.393
AFP
Normal 253 (94.76) 85 (93.41) m 2.31 (1.43-3.75) 0.001
High 14 ( 5.24) 6 ( 6.59) [ 3.07 (0.75-12.63) 0.12
Adjuvant chemotherapy
Without 151 (56.55) 48 (52.75) [ 2.67 (1.52-4.71) 0.001
With 116 (43.45) 43 (47.25) | m 1.95 (0.91-4.17) 0.084
0 1 5 10
-———
SII-I. SII-H
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mRNA micro RNA Regression coefficient Adijusted coefficient of determination 95% Cl p-value

OLFM4 miR-502-3p -1.172 0.417 [-2.342, -0.002] 0.0497
GSKIP miR-664b-3p 0.738

Cl. Confidence Interval.
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Clinicopathological findings (%)

Total
Sex
Male
Female
Age, median (range) (years)
Size, median (range) (mm)
Location
Right
Left
Macroscopic type
Elevated
Depressed
Adenoma component
Histological subtype
Tubular adenoma
Tubulovillous adenoma
Histological grade
Low grade
High grade
Presence of KRAS mutation
Carcinoma component
Histological subtype
Well differentiated
Moderately differentiated
Papillary
Depth of cancer invasion
Mucosa
Submucosa
Presence of lymphatic invasion
Presence of venous invasion
Presence of KRAS mutation

N
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Patients who were diagnosed as gastric cancer and
underwent radical gastrectomy in our hospital (N=1725)

Patients who were pathologically diagnosed as stage I-II
gastric cancer (N=584)

5 patients were excluded:
patients with a history of other malignant disease or distal
metastasis (M1 stage)

N=579

7 patients were excluded:
patients who were accepted preoperative chemotherapy
and/or radiotherapy

N=572

14 patients were excluded:

patients with a history of autoimmune, inflammatory
disease and hematological disease

N=558

10 patients were excluded:
patients who received blood transfusion, and nutrition
supplement therapy within one month before blood
collection

N=548

Training group Validation group
N=358 N=190
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Cohort 1 (microarray) (%) Cohort 2 (validation test) (%)

Sex
Male 29 69) 19 (61.4)
Female 13 @1) 18 (48.6)
Age, median (range) 67 (43-81) 67 (46-85)
Location
C/NT/D/S/IR 2/8/6/3/11/12 4/10/1/1/8/13
Histological type
Conventional adenoma 15 (35.7) 15 (40.5)
Intramucosal cancer 8 (19) 8 (21.6)
Colorectal cancer with an MSS phenotype 19 (45.2) 14 37.8)
MDA 18 (94.7) 13 (92.9)
MuUC 1 (6.3 1 (7.1)
Stage
1 3 (15.8) 4 (28.6)
Il 6 31.6) 5 (35.7)
1 7 (36.8) 4 (28.6)
v 3 (15.8) 1 7.1

C, cecum; A, ascending colon; T, transverse colon; D, descending colon; S, sigmoid colon; R, rectum; MSS, microsatellite stable; MDA, moderately differentiated adenocarcinoma; MUC,
mucinous carcinoma.
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Variable

Age (years), 243 vs. <43

Sex (Female vs. Male)
Alpha-fetoprotein (AFP) (ng/ml), logso®
Six-CpG-Scorer

Total protein(g/L), =65 vs. <65

Total bilirubin(umol/L), >21 vs. <21
AST (U/L), logio

ALT (U/L), log1o

Direct bilirubin (umol/L), >7 vs. <7
v-GT (U/L), 245 vs. <45

Albumin (g/L), =40 vs. <40

Alkaline phosphatase (U/L), log1o
Hemoglobin (g/L), 2115 vs. <115
White blood cell count x 10%/L, logio

Monocyte count x 10%/L, truncate_99 + logso°

Platelet count x 10%L, >125 vs. <125
Lymphocyte count x 10%L, >1.1 vs. <1.1
Neutrophil countx 10%L, logso

*Nonlinear transformation.

Univariable

OR (95% ClI)

5.07
0.32

(3.07-8.56)
0.17-0.56)
1.50 (1.35-1.69)
2.37(1.83-3.12)
)
)
)

0.38 (0.19-0.71
0.32 (0.14-0.69
0.77 (0.45-1.28
0.51(0.43-1.06)
0.55 (0.77-2.35)
1.15 (0.83-1.61)
0.74 (0.41-1.36)
0.77 (0.44-1.35)

)

)

)

1.68 (0.91-3.14)
0.84 (0.17-4.24)
2.29 (1.14-4.67)
0.84(0.50-1.42)
0.82 (0.46-1.49)
1.08 (0.37-2.86)

p-value

1.75e-07***
0.0011*

1.85e-09"*

1.10e-07***
0.01209*
0.01588*
0.40551
0.15320
0.38832
0.47649
0.42147
0.44623
0.16827
0.85430
0.05410.
0.58796
0.58026
0.89871

bMonocyte count variable was truncated with 1st and 99th percentiles and then performed with nonlinear transformation.

OR, odds ratio; »GT, yglutamyltranspeptidase; ALT, alanine aminotransferase; AST, aspartate aminotransferase. Signif. codes:

Multivariable
OR (95% CI)

5.23 (3.24-8.63
0.32 (0.19-0.53
1.48 (1.34-1.64)
2.58 (2.01-3.36
0.32 (0.20-0.51
0.45 (0.32-0.64

“* 0.001, “*" 0.01, “* 0.05.

p-value

2.56e-08""
0.000248***
3.05e-10"*
1.08e-09"*
0.56
0.78
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Esophageal cancer Cardial and non-cardial gastric cancer

Control arm Screening arm Control arm Screening arm

(N =24) (N =82 (N=17) (N =24)
Average time cost (USD) for hospitalization per case mean (quartile) 993 (397;1,461) 573 (312;,614) 804 (373;1,256) 602 (394;889)
Average hospitalization cost (USD) per case mean (quartile) 16,852 (9,626;25,651) 12,173 (8,662;13,725) 19,876 (5,232;27,805) 15,784 (8,406;23,070)
Average treatment cost (USD) per case mean (quartile) ® 17,845 (10,148;27,145) 12,745 (9,023;14,434) 20,680 (5,573;29,197) 16,386 (8,796;24,006)
Average out-of-pocket hospitalization cost per case mean (quartile) 7,557 (4,012;10,786) 5,972 (4,231,6,639) 10,605 (2,248;14,586) 7,933 (4,212;12,120)
Number of cases of catastrophic health expenditure © 21 (88%) 80 (98%) 15 (88%) 23 (96%)
Total treatment cost for all cancer patients 428,292 1,045,119 351,557 393,261

*ESECC (Endoscopic Screening for Esophageal Cancer in China) randomized controlled trial (Clinical trial: NCT01688908).

bTreatment cost in this study was calculated as the sum of hospitalization cost and time cost.

“Catastrophic health expenditure was defined by WHO as out-of-pocket costs exceeding 40% of patient capacity to pay, and Per Capita Disposable Income of rural residents in Hua
County in 2017 was used as a substitutional index for capacity to pay in this study, amounting to 10906 RMB (3,072 USD).
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Age at diagnosis median (quartile)
Gender

Male

Female
Education level

Middle school or above

Primary school or below
Occupation

Manual worker

Technical staff
Household yearly income (USD) per
capita median (quartile)
Number of cancer cases by site

Esophageal cancer

Cardial cancer

Non-cardial gastric cancer
Stage at diagnosis

Ol

I

n

v
Therapy

Endoscopic treatment

Single radical resection

Radical surgery combined with
radiotherapy or chemotherapy

Radiotherapy or (and)
chemotherapy

Supportive care
Frequency of hospitalization per case
median (quartile)
Total length of stay (days) in hospital
per case median (quartile)

Control arm
(N =41)

64 (60; 67)

28 (68%)
13 (32%)

15 (38%)
25 (62%)

39 (98%)
1(2%)
845 (282;
2,817)

24 (59%)
9 (22%)
8 (19%)

1(5%)
3 (14%)
8 (36%)
10 (45%)

2 (4%)

10 (24%)
13 (32%)
8 (20%)

8 (20%)
2(1;4)

39 (19; 64)

Screening
arm (N = 106)

64 (62; 67)

60 (57%)
46 (43%)

29 (28%)
73 (72%)

103 (99%)
1 (19%)
563 (0; 1,972)

82 (77%)
7.(7%)
17 (16%)

58 (67%)
21 (25%)
3(3%)
4 (5%)

13 (12%)

66 (62%)

20 (19%)
4 (4%)

3(3%)
1012

21 (16; 34)

P value

0-419

0-260

0-317

0-480

0-215

0-023*

<0-001*

<0-001*

<0-001*

0-011*

AESECC (Endoscopic Screening for Esophageal Cancer in China) randomized controlled

trial (Clinical trial: NCT01688908).
*ariables with P value < 0-05.
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Male
Female
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-l
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Yes
No
Yes
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Low
High

Median of OS (95% CI)

67.00 (61.37-72.63)
62.08 (50.08-74.12)
70.00 (61.82-78.18)
70.00 (57.48-82.53)
67.00 (54.09-79.91)
67.00 (56.85-77.15)
67.00 (59.68-74.32)
66.00 (60.27-71.33)
78.00 (69.97-86.03)
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67.00 (60.27-73.73)
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Bold values mean that the value is statistically significant (P < 0.05).

5-year OS (%)

62.60
55.70
70.50
71.20
55.40
58.00
67.10
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70.50
65.50
57.10
78.20
55.10
75.40
47.40
66.80
16.60
74.10
37.30
64.90
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62.30
60.60
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79.20
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74.30
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Univariate analysis

Multivariate analysis

HR (95% CI)

1,406 (0.901-2.194)
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P-value
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0.012

0.057
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Parameters ©DWip4,000 images

aDWIlp 000 images

SNR 0.944 (0.919, 0.962)
CNR (mesorectum) 0.931 (0.900, 0.953)
CNR (gluteus) 0.938 (0.910, 0.958)
CNR (fat) 0.941 (0.914, 0.960)
CNR (interface) 0.938 (0.907, 0.958)
SIR (mesorectum) 0.941 (0.914, 0.960)
SIR (gluteus) 0.923 (0.888, 0.947)
SIR (fat) 0.891 (0.842, 0.925)
SIR (interface) 0.926 (0.890, 0.951)

0.952 (0.930, 0.967)
0.817 (0.741, 0.872)
0.868 (0.811, 0.908)
0.870 (0.812, 0.910)
0.858 (0.792, 0.904)
0.887 (0. 838, 0.922)
0.930 (0.898, 0.952)
0910 (0.869, 0.938)
0.849 (0.780, 0.898)

Data in parentheses are 95% confidence intervals.

aDWiy 1 o0, acquired diffusion-weighted imaging with b-value of 0 and 1,000 s/mm?Z: cDWik; 000, computed diffusion images with b-value of 1,000 s/mm? from 0 and 700 s/mm?.
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Parameters

Sharpness*

Distortion*

Artifacts*

Lesion conspicuity*

Total subjective image quality’
SNR
CNR
CNR
CNR (fat)

CNR (interface)
SIR (mesorectum)
SIR (gluteus)

SR (fat)

SIR (interface)

(mesorectum)
(gluteus)

¢cDWlp1,000

4.330/171.471 + 0.493

4.165/104.903 + 0.643

4.262/106.175 + 0.593

4.252/112.422 + 0.589

17.010/121.126 + 2.089
273.649 + 56.100

12.043 + 2.665

10.694 + 2.846

9.063 + 2.572

18.977 + 3.422

8.099 + 3.203

4.804 + 1.268

3.403 + 0.939

17.850 + 5.451

Data are means and standard deviations (averages between readers).

*Data are means/mean rank and standard deviations (averages between readers).
SNR, signal-to-noise ratio; CNR, contrast-to-noise ratio; SIR, signal intensity ratio;
aDWly 1 000, @cquired diffusion-weighted imaging with b-value of 0 and 1,000 s/mm?; cDWip1 000, cOmputed diffusion images with b-value of 1,000 s/mm?, from 0 and 700 s/mm?.

aDWly1,000

3.505/135.529 + 0.655
4.097/102.097 + 0.748
4.194/100.825 + 0.611

4.029/94.578 + 0.649
15.825/85.874 + 2.198

190.923 + 41.786

10.702 + 2.146
9.625 + 2.203
7.801 +2.134

12.675 + 2.557
6.652 + 1.862
4.505 £ 1.214
3.018 £ 0.892

15.052 + 3.325

P-value

0.000
0.008
0.035
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
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Pathologic N stages (n) C©DWily4 000

NO N1 N2
pNO (65) 50 138 2
pN1 (28) 4 24 0
pN2 (10) 0 3 7
Accuracy (%) 81.55 80.58 95.15
Sensitivity (%) 76.92 85.71 70.00
Specificity (%) 89.47 78.67 97.85

aDWig 1,000
NO N1 N2
45 17 3

5 19 4
0 3 7

7573 71.84 90.29

69.23 67.86 70.00

86.84 73.33 92.47

Total accuracy rate = 78.64% for calculated sequence, k= 0.616, P <0.001.
Total accuracy rate = 68.93% for DWI sequence, x = 0.460, P <0.001.
pNx, pathologic N staging; aDWip 1,000 = acquired diffusion-weighted imaging with b-value of 0 and 1,000 s/mm?; CcDWip 1,000 = computed diffusion images with b-value of 1,000 s/mm?

from O and 700 s/mm?Z.
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Pathologic T stages (n) €cDWIp1,000

aDWIly 1 000

T T2 T3 T4 T T2 T3 T4
pT1 (12) 10 2 0 0 5 7 0 0
pT2 (37) 0 35 2 0 3 25 9 0
pT3 (49) 0 1 46 2 0 6 a7 6
pT4 (5) 0 0 0 5 0 0 0 5
Accuracy (%) 98.06 95.15 95.15 98.06 9029 75.73 79.61 94.17
Sensttivity (%) 83.33 94.60 93.88 100 41.67 67.57 75.51 100
Specificity (%) 100 95.45 96.30 97.96 96.70 80.30 83.33 93.88

Total accuracy rate = 93.20% for calculated sequence, k = 0.892, P <0.001.
Total accuracy rate = 69.90% for DWI sequence, x = 0.530, P <0.001.

pTx, pathologic T staging; aDWiy,o00, acquired diffusion-weighted imaging with b-value of 0 and 1,000 sec/mm?; CcDWiy1,000, computed diffusion images with b-value of 1,000 s/mm?
from O and 700 s/mm?Z.
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Sequence

TR/TE (ms)

No. of slices
Thickness (mm)
Gap (mm)
Bandwidth (Hz/pixel)
Field of View (mm?)
Voxel size (mm?)
Time (min’ s™)
b-values (s/mm?)
No. of signal averages**

HR T2wWI

Turbo spin echo
9,010/108
24
3
03
381
20 x 20
03x0.3x3.0
215"

/

2

aDWly1 000

Single-shot echo-planar
4,780/89
24
3
0.3
1,116
26 x 26
1.9x1.9x3.0
2'28"

0, 1,000
1,2

bwi*

Single-shot echo-planar
4,780/91
24
3
0.3
1,116
26 x 26
19x1.9x30
2'28"
0, 700
12

HR T2WiI, high-resolution T2-weighted imaging; aDWiy 1,000, acquired diffusion-weighted imaging with b-value of 0 and 1,000 s/mm?; TR, repetition time; TE, echo time.

"DWI with b-value of 0 and 700 s/mm?.

“*Number of averages is in sequence corresponding to b-values above.
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Characteristics

Age (year)
<60
260
Sex
Male
Female
Tumor location
Upper third
Middle third
Lower third
Diffuse
Differentiation
Poor
Moderate
Well
T stage
1
2
3
4
N stage
0
1
2
3a
3b
TNM stage
I+ 11
111
Histological type
Adenocarcinoma
Signet Ring Cell
Mixed
Family history
Yes
No
Operative procedure
Total
Distal
Proximal
Diet intake volume
Low
Normal
BMI
Low
Normal
High
Fasting blood sugar(mmol/L)
<6.1
6.1-7.0
27.0

Normal HDL (%)

164 (68.3)
76 (31.7)

179 (74.6)
61 (25.4)

71 (29.6)
64 (26.7)
90 (37.5)
15 (6.3)

201 (83.8)
32(133)
7 (2.9)

21 (8.8)

38 (15.8)
35 (14.6)
146 (60.8)

67 (27.9)
43 (17.9)
60 (25.0)
45 (18.8)
25(10.4)

105(43.8)
135 (56.3)

145 (60.4)
13 (5.4)
82 (34.2)

63 (26.3)
177 (73.8)

74 (30.8)
112 (46.7)
54 (22.5)

47 (19.6)
193 (80.4)

59 (24.6)
134 (55.8)
47 (19.6)

223 (92.9)
15 (6.3)
2(0.8)

Low HDL (%)

117 (61.3)
74 (38.7)

153 (80.1)
38 (19.9)

54 (28.3)
55 (28.8)
64 (33.5)
18 (9.4)

161 (84.3)
25 (13.1)
5(2.6)

10 (5.2)
9 (4.7)
35 (18.3)
137 (71.7)

29 (15.2)
43 (22.5)
42 (22.0)
47 (24.6)
30 (15.7)

48 (25.1)
143(74.9)

110 (57.6)
8(4.2)
73 (38.2)

50 (26.2)
141 (73.8)

87 (45.5)
70 (36.6)
4 (17.8)

28 (14.7)
163 (85.3)

51 (26.7)
116 (60.7)
24 (12.6)

180 (94.2)
8 (4.2)
3 (1.6)

P-value

0.130

0.176

0.550

0.979

0.001

0.010

0.000

0.619

0.987

0.007

0.180

0.149

0.505
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Univariate analysis

Multivariate analysis

HR (99% CI) P-value HR (99% CI) P-value
Age (year) 0.882
<60 1
260 1.02 (0.75-1.37)
Sex 0.028
Male 1
Female 0.73 (0.51-1.05)
Tumor location 0.030
Upper third 1
Middle third 1.06 (0.72-1.55) 0.694
Lower third 0.89 (0.62-1.26) 0.376
Diffuse 1.67 (0.96-2.90) 0.018
Differentiation 0.048
Well 1
Moderate 267 (0.91-7.79) 0.019
Poor 2.93 (0.95-9.07) 0.014
T stage 0.000 0.000
1 1 1
2 2.21 (0.82-5.96) 0.040 2.39 (0.88-6.52) 0.025
3 3.09 (1.18-8.10) 0.003 2.83 (1.06-7.58) 0.007
4 5.99 (2.49-14.39) 0.000 6.80 (2.76-16.78) 0.000
N stage 0.000 0.000
0 1 1
1 2.08 (1.29-3.35) 0.000 2.85 (1.72-4.72) 0.000
2 2.48 (1.57-3.92) 0.000 3.00 (1.86-4.84) 0.000
3a 3.11 (1.95-4.96) 0.000 2.97 (1.84-4.80) 0.000
3b 6.10 (3.64-10.21) 0.000 6.13 (3.59-10.46) 0.000
TNM stage 0.000
I+ 11 1
jits 3.91 (2.77-5.52)
Histological type 0.434
Adenocarcinoma 1
Signet Ring Cell 1.31 (0.68-2.51) 0.288
Mixed 1.11 (0.82-1.51) 0.363
Family history 0.049
Yes 1
No 1.29 (0.93-1.80)
Operative procedure 0.003
Total 1
Distal 0.66 (0.48-0.91) 0.001
Proximal 0.75 (0.51-1.10) 0.050
Diet intake volume 0.498
Low 1
Normal 0.91 (0.64-1.30)
Pre TC (mmol/L) 0.982
<5.7 1
25.7 1.00 (0.72-1.39)
Pre TG (mmol/L) 0.908
<L7 1
21.7 1.01 (0.76-1.36)
Pre HDL (mmol/L) 0574
<1.15 1.07 (0.80-1.42)
21.15 1
Pre LDL (mmol/L) 0.348
<3.37 1
23.37 0.89 (0.66-1.22)
Pre BMI 0.000 0.001
Low 1 1
Normal 0.52 (0.34-0.79) 0.000 0.58 (0.38-0.88) 0.001
High 0.62 (0.41-0.95) 0.004 0.79 (0.51-1.22) 0.163
Pre fasting blood sugar(mmol/L) 0.741
<6.1 1
6.1-7.0 1.14 (0.63-2.09) 0.570
27.0 1.22 (0.48-3.07) 0.586
Post TC (mmol/L) 0.565
<5.7 1
25.7 1.08 (0.77-1.51)
Post TG (mmol/L) 0.648
<L7 1
217 1.05 (0.79-1.41)
Post HDL (mmol/L) 0.000
<L.15 2.02 (1.51-2.70) 1.76 (1.31-2.38) 0.000
21.15 1 1
Post LDL (mmol/L) 0.582
<3.37 1
2337 1.08 (0.74-1.58)
Post BMI 0.227
Low 1
Normal 0.86 (0.61-1.20) 0.242
High 0.74 (0.46-1.17) 0.092
Post fasting blood sugar(mmol/L) 0.231
<6.1 1
6.1-7.0 1.49 (0.82-2.70) 0.087
27.0 1.00 (0.27-3.67) 0.998
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Age (year)
<60
260
Sex
Male
Female
Tumor location
Upper third
Middle third
Lower third
Diffuse
Differentiation
Well
Moderate
Poor
T stage
1
2
3
4
N stage
0
1
2
3a
3b
TNM stage
T+II
11
Histological type
Adenocarcinoma
Signet Ring Cell
Mixed
Family history
Yes
No
Operative procedure
Total
Distal
Proximal
Diet intake volume
Low
Normal
Pre TC (mmol/L)
<5.7
5.7
Pre TG (mmol/L)
<17
217
Pre HDL (mmol/L)
<L15
=115
Pre LDL (mmol/L)
<337
2337
Pre BMI
Low
Normal
High
Pre-fasting blood sugar(mmol/L)
<6.1
6.1-7.0
27.0
Post TC (mmol/L)

Post TG (mmol/L)
Post HDL (mmol/L)
21.15

Post LDL (mmol/L)

Post BMI

Post fasting blood sugar(mmol/L)

Univariate analysis

HR (99% CI)

1
1.12 (0.85-1.47)

1
0.71 (0.51-0.98)

1
0.97 (0.69-1.37)
0.81 (0.59-1.13)
1.12 (0.66-1.92)

1
371 (1.27-10.82)
356 (1.16-10.92)

1
1.91 (0.84-4.31)
4.28 (1.99-9.23)
5.41 (2.65-11.03)

1
1.72 (1.23-2.62)
2.35 (1.58-3.51)
2.78 (1.84-4.19)
5.55 (3.45-8.92)

1
3.50 (2.60-4.72)

1
0.92 (0.49-1.73)
1.06 (0.80-1.39)

1
1.37 (1.01-1.86)

1
0.71 (0.53-0.96)
0.88 (0.62-1.26)

1
0.98 (0.70-1.38)

1
1.00 (0.74-1.35)

1
0.99 (0.75-1.29)

1.07 (0.83-1.40)
1

1
0.84 (0.63-1.11)

1
0.63 (0.42-0.94)
0.83 (0.55-1.23)

1
1.04 (0.59-1.85)
092 (0.37-2.32)

<5.7
257

<17
217

<L15

<3.37
23.37

Low
Normal

High

<6.1
6.1-7.0
27.0

P-value

0.283

0.006

0.237

0.822
0.104
0.574
0.007

0.002
0.003
0.000

0.041
0.000
0.000
0.000

0.001
0.000
0.000
0.000
0.000

0.805

0.734
0.618
0.008

0.011

0.003
0.364
0.880

0.997

0.882

0.489

0.100

0.004

0.003
0.215
0.956

0.846
0.822
0.649
1
1.06 (0.77-1.45)
0.914
1
1.01 (0.77-1.33)
0.000
2.02 (1.55-2.64)

0.985
1
1.00 (0.71-1.42)
0.341
1
1.12 (0.81-1.54)
0.92 (0.61-1.41)
0.424
1
1.33 (0.76-2.35)
1.09 (0.34-3.47)

Multivariate analysis

HR (99% CI)

1
378 (1.26-11.36)
378 (1.20-11.93)

1
222 (0.96-5.18)
4.78 (2.16-10.57)
6.30 (2.99-13.30)

1
2.10 (1.35-3.28)
2.56 (1.69-3.88)
247 (1.62-3.77)
491 (3.00-8.02)

1
0.76(0.51-1.14)
1.03(0.68-1.56)

1
1.82(0.99-3.34)
0.60(0.23-1.54)

2.06 (1.55-2.73)
1

0.379
0.623

0.193
0.856

P-value

0.008

0.002
0.003
0.000

0015
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.021
0.080
0.848

0.012

0.012
0.158

0.000
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ColoCaller test +

Total

Specificity

‘+" means methylation positive, and ®, means methylation negative.

54
26
80

Pathological characteristics of GCC

- Total

3 58
134 159
137 217

67.5% (56.64%-77.85%)
97.81% (93.76-99.25%)
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Pathological characteristics of CRC
+° b Total
ColoCaller test + 43 14 57
- 2 158 160
Total 45 172 217
95.56% (85.17%-98.77%)

91.86% (86.80%-95.09%)

a " means methylation positive, and ©, means methylation negative.
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Variable No. of patients (n, %) No. of ColoCaller test positive (n, %)

Total 217 57 (26.27)
Colorectal cancer 39(17.97) 37 (94.87)
Sex

Male 28 (71.79) 28 (100)

Female 11 (28.21) 9(81.82)
Age

40-50 31(79.49) 29 (93.55)

>50 8(20.51) 8 (100)
Location

Left 35(89.74) 33 (94.29)

Right 4(10.26) 4(100)
TNM stage

| 9(23.07) 8(88.89)

Il 16 (41.03) 15 (93.75)

v 14 (35.90) 14 (100)
Adenomas (>1 cm) 6(2.76) 6 (100)
Gastric cancer 35(16.13) 11 (31.43)
Pancreatic cancer 12 (5.53) 0(0)
Liver cancer 6(2.76) 0(0)
Esophagus cancer 6(2.76) 0(0)

Gallbladder cancer 6 (2.76) 1(16.67)
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Background esophageal multiple LVLs before combined treatment

B (82) C(116) D (131) P

Age, mean + SD 62.24 + 8.08 60.80 + 7.79 60.15 + 6.92 0.157
Sex (male) 53 (64.6%) 103 (88.8%) 129 (98.5%) <0.001
BMI, kg/m?, mean + SD 23.49 £ 3.11 23.65 + 3.09 23.41 +3.01 0.839
Intraesophageal multiple cancers 11 (13.4%) 23 (19.8%) 48 (36.6%) <0.001
History of any cancer 13 (15.9%) 27 (23.3%) 35 (26.7%) 0.182
History of head and neck neoplasm 2(2.4%) (10 3%) 24 (18.3%) 0.002
History of any cancer in a first-degree relative 29 (35.4%) 4 (29.3%) 40 (30.5%) 0.644
Cigarette smoking 32 (39.0%) 4 (63.8%) 106 (80.9%) <0.001
Alcohol drinking 29 (35.4%) 72 (62.1%) 111 (84.7%) <0.001
CuR rate 84.1% 82.8% 702% 0.019
CR rate after primary RFA 100% 97.4% 93.9% 0.046
Additional ER failed endoscopic treatment 3(3.7%) 2(1.7%) 12 (9.2%) 0.024
Additional RFA after primary RFA 5(6.1%) 17 (14.7%) 21 (16.0%) 0.092
CR rate for the last EE 98.8% 92.2% 83.2% 0.001
Degradation of background esophageal muitiple LVLs <0.001

0 44 (63.7%) 28 (24.1%) 6 (19.8%)

1 38 (46.3%) 74 (63.8%) 81 (61.8%)

2 0 14 (12.1%) 23 (17.6%)

3 0 0 1(0.8%)

LVLs, Lugol-voiding lesions; ER, endoscopic resection; BMI, body mass index; CuR, curative resection; RFA, radiofrequency ablation; CR, complete response; EE, endoscopic
examination.
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Cohorts

Training cohort
Testing cohort

Independent validation cohort

Clinical model (0)

076
(0.68-0.84)
079
(0.67-0.91)
0.81
(0.68-0.94)

AUC
(95%Cl)
Radiomics model (1)

0.9
(0.85-0.95)
0.9
(0.82-0.99)
0.85
(0.73-0.97)

p value (Ovs1)

combined model (2)

0.93 0.002*
(0.88-0.97)

0.93 0.1315
(0.87-1.00)

0.89 0.6199
(0.79-0.99)

p value (Ovs2)

<0.001*

0.005*

0.135

p value (1vs2)

0.1191
0.319

0.167
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Parameters

Localized type
infiltrative type

Thickness of the cancerous lumps
Enhancement range

Nontransmural

Transmural

Enhancement forms

Homogeneous

Heterogeneous

Rough serosal surface

Negative

Positive

Increased density of peritumoral adipose tissue
Negative

Positive

Increased fat density (Rough serosal surface)
Negative

Positive

Serosal nodule

Negative

Po:
Positive lymph nodes

Negative

Abdominal and pelvic effusionPositive
Negative

P

Training cohort

Testing cohort

Independent validation cohort

Serosa (-)
n=38

10 (26.3%)
28 (73.7%)

13 (34.2%)
25 (65.8%)

36 (90.0%)
4(10.0%)

37 (92.5%)
3 (7.50%)

34 (85.0%)

6 (15.0%)
16 (42.1%)
22 (67.9%)

1.30 [0.80:1.78]

4(105%)
34 (89.5%)

21(55.3%)
17 (44.7%)

22 (57.9%)
16 (42.1%)

23 (60.5%)
15 (39.5%)

23 (60.5%)
15 (39.5%)

35 (92.1%)
3 (7.89%)

16 (42.1%)
22 (57.9%)
36 (04.7%)
2 (5.26%)

Serosa (+)
n=96

15 (15.6%)
81 (84.4%)

49 (51.0%)
47 (49.0%)

67 (69.8%)
29 (30.2%)

75 (78.1%)
21 (21.9%)

77 (80.2%)

19 (19.8%)

7 (7.29%)

89 (92.7%)
1.75 [1.302.32]

4(417%)
92 (95.8%)

35 (36.5%)
61 (63.5%)

8(8.33%)
88 (91.7%)

8 (8.33%)
88 (91.7%)

8 (8.33%)
88 (91.7%)

70 (72.9%)
26 (27.1%)

11 (11.5%)
85 (88.5%)
77 (80.2%)
19 (19.8%)

p value

0.236

0117

0.022

0.079

0.679

0.001
0.222

0.073

0.073

<0.001

<0.001

<0.001

0.028

<0.001

0.069

Serosa (-)
n=16

2(12.5%)
14 (87.5%)

7 (43.8%)
9(56.2%)

14 (87.5%)
2(12.5%)

16 (100%)
0 (0.00%)

14 (87.5%)
2 (12.5%)
4(25.0%)
12 (75.0%)
0.94 (0.48)

4(25.0%)
12 (75.0%)

15 (93.8%)
1(6.25%)

11 (68.8%)
5(31.2%)

12 (75.0%)
4 (25.0%)

12 (75.0%)
4 (25.0%)

15 (93.8%)
1(6.25%)

6(37.5%)
10 (62.5%)
15 (93.8%)
1 (6.25%)

Serosa (+)
n=41

11 (26.8%)
30 (73.2%)

14.(34.1%)
27 (65.9%)

33 (80.5%)
8(19.5%)

35 (85.4%)
6(14.6%)

35 (85.4%)
8 (19.5%)
2 (4.88%)

39(95.1%)
184(0.71)

2(4.88%)
39 (95.1%)

11 (26.8%)
30 (73.2%)

5(12.2%)
36 (87.8%)

7(17.1%)
34 (82.9%)

7(17.1%)
34 (82.9%)

24 (58.5%)
17 (41.5%)

5 (12.2%)
36 (87.8%)
31 (75.6%)
10 (24.4%)

p value

0.313

0.711

0.708

0.170

0.708

<0.001
0.046

<0.001

<0.001

<0.001

<0.001

<0.001

0.024

0.057

0.154

Serosa (-)
n=17

1(6.25%)
15 (93.8%)

7 (41.2%)
10 (58.8%)

16 (94.1%)
1(5.88%)

17 (100%)
0(0.00%)

15 (88.2%)
2(11.8%)
9 (52.9%)
8(47.1%)
069 (0.41)

9 (52.9%)
8(47.1%)

12 (70.6%)
5(29.4%)

12 (70.6%)
5(29.4%)

12 (70.6%)
5 (20.4%)

12 (70.6%)
5 (29.4%)

16 (94.1%)
1(5.88%)

12 (70.6%)
5(29.4%)
16 (94.1%)
1 (5.88%)

Serosa (+)
n=23

4(17.4%)
19 (82.6%)

9
(39.1%)
14 (60.9%)

16 (69.6%)
7 (30.4%)

19 (82.6%)
4(17.4%)

20 (87.0%)
3(13.0%)
0(0.00%)
23 (100%)
1.91(047)

1(4.35%)
22 95.7%)

11(47.8%)
12(52.2%)

1(4.35%)
22 (95.7%)

2(8.70%)
21(913%)

2(8.70%)
21(913%)

17 (73.9%)
6(26.1%)

2(8.7%)

21 913%)

20 (87.0%)
3 (13%)

p value

0.631

0.107

0.123

1.000

<0.001
0.001

0.264

0.264

<0.001

<0.001

<0.001

0.205

<0.001

0.624
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Factors Univariate analysis Multivariate analysis

Age OR (95%) P OR(95%) P
<67 Reference Reference

68-81 0.77 (0.61-0.97) 0.026 0.72 (0.55-0.93) 0.013
>82 0.5 (0.33-0.73) <0.001 0.41 (0.26-0.62) <0.001
Year of diagnosis

2004-2009 Reference Reference

2010-2012 0.93 (0.71-1.21) 0.5693 1.02 (0.76-1.37) 0.895
2013-2015 1.23 (0.95-1.59) 0.106 1.54 (1.15-2.05) 0.003
T-stage

T Reference Reference

T2 0.54 (0.42-0.69) <0.001 0.44 (0.33-0.57) <0.001
Sex

Male Reference Reference

Female 0.69 (0.52-0.90) 0.008 0.90 (0.65-1.23) 0514
Race

White Reference Reference

Black 1.06 (0.70-1.57) 0.773 1.00 (0.61-1.59) 0.985
Asian or Pacific Islander 1.22 (0.81-1.82) 0.332 1.23 (0.76-1.96) 0.398
American Indian/Alaska Native 1.65 (0.43-5.49) 0.427 0.81 (0.20-2.91) 0.753
Grade

Grade | (well differentiated) Reference Reference

Grade Il 4.53 (2.23-10.88) <0.001 3.77 (1.79-9.25) 0.001
(moderately differentiated)

Grade Ill (poorly differentiated) 9.36 (4.63-22.38) <0.001 6.84 (3.27-16.75) <0.001
Grade IV (undifferentiated) 7.21 (2.67-20.93) <0.001 5.07 (1.75-15.63) 0.003
Primary site

Cervical esophagus Reference Reference

Thoracic esophagus 0.85 (0.49-1.52) 0.572 0.79 (0.43-1.48) 0.446
Abdominal esophagus 1.35 (0.83-2.32) 0.245 155 (0.86-2.86) 0.153
Overlapping lesion of esophagus 2.02 (0.95-4.30) 0.068 1.34 (0.58-3.11) 0.494
Histology

Adenocarcinoma Reference Reference

Squamous cell carcinoma 0.89 (0.70-1.13) 0.359 0.99 (0.69-1.41) 0.946
Others 1.42 (0.79-2.48) 0.225 1.20 (0.61-2.29) 0.588
Tumor size

0-21 mm Reference Reference

22-47 mm 3.17 (2.22-4.62) <0.001 3.34 (2.30-4.94) <0.001
~48 mm 8.27 (5.80-11.86) <0.001 8.56 (5.98-12.51) <0.001
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Primary site

Cervical esophagus
Thoracic esophagus
Abdominal esophagus
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Histology
Adenocarcinoma
Squamous cell carcinoma
Others

Tumor size
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Characteristic

Age

<67

68-81

>82

Year of diagnosis
2004-2009

2010-2012

2013-2015

T-stage

T

T2

Sex

Male

Female

Race

White

Black

Asian or Pacific Islander
American Indian/Alaska Native
Grade

Grade | (well differentiated)
Grade Il (moderately differentiated)
Grade Il (poorly differentiated)
Grade IV (undifferentiated)
Primary site

Cervical esophagus

Thoracic esophagus
Abdominal esophagus
Overlapping lesion of esophagus
Histology

Adenocarcinoma

Squamous cell carcinoma
Others

Vital status

Dead of other reasons or alive
Dead of cancer

Tumor size

0-21 mm

22-47 mm

>48 mm

Surgery (primary site)
None

Yes

Nt (%)
1290

664 (51.47)
458 (35.50)
168 (13.02)

651 (50.47)
325 (25.19)
314 (24.34)

834 (64.65)
456 (35.35)

993 (76.98)
297 (23.02)

1100 (85.27)
98 (7.60)
85 (6.59)

7(0.54)

122 (9.46)

627 (48.60)

512 (39.69)
29 (2.25)

70 (5.43)
288 (22.33)
9 (69.69)

33 (2.56)

869 (67.36)
384 (29.77)
37 (2.87)

390 (30.23)
900 (69.77)

465 (36.05)
460 (35.66)
365 (28.29)

555 (43.02)
735 (56.98)

Ne (%)
431(33.41)

253 (58.70)
141 (32.71)
37 (8.58)

212 (49.19)
116 (26.91)
103 (23.90)

204 (47.33)
227 (52.67)

332 (77.09)
99 (22.97)

8.12)
9.05)
1(0.23)

356 (82.60)
35
39

4(3.25)
195 (45.94)
a (48.26)

1 (2.55)

26 (6.03)
106 (24.59)
257 (66.59)

2(278)
264 (61.25)

153 (35.50)
14 (3.25)

94 (21.81)
337 (78.19)

97 (22.51)
161 (37.35)
173 (40.14)

218 (50.58)
213 (49.42)

Nne (%)
859(66.59)

411 (47.85)
317 (36.90)
131 (15.25)

439 (51.11)
209 (24.393)
211 (24.56)

630 (73.34)
229 (26.66)

661 (76.95)
198 (23.05)

744 (86.61)
63 (7.33)
46 (5.36)

6(0.70)

108 (12.57)

429 (49.94)

304 (35.39)
8(2.10)

44 (5.12)

182 (21.19)

2 (71.25)
21 (2.44)

605 (70.43)
231 (26.89)
23 (2.68)

296 (34.46)
563 (65.54)

368 (42.84)
299 (34.81)
192 (22.35)

337 (39.29)
522 (60.77)

<0.001

0.6

<0.001

0.974

0.051

<0.001

0.399

0.004

<0.001

<0.001

<0.001





OPS/images/fonc.2021.766181/table2.jpg
Characteristic

Age

<67

68-81

>82

Year of diagnosis
2004-2009

2010-2012

2013-2015

T-stage

T

T2

Sex

Male

Female

Race

White

Black

Asian or Pacific Islander
American Indian/Alaska Native
Grade

Grade | (well differentiated)
Grade Il (moderately differentiated)
Grade Ill (poorly differentiated)
Grade IV (undifferentiated)
Primary site

Cervical esophagus

Thoracic esophagus
Abdominal esophagus
Overlapping lesion of esophagus
Histology

Adenocarcinoma

Squamous cell carcinoma
Others

Vital status

Dead of other reasons or alive
Dead of cancer

Tumor size

0-21 mm

22-47 mm

>48 mm

Surgery (primary site)
None

Yes

Mt (%)
1747

940 (53.81)
604 (34.57)
203 (11.62)

873 (49.97)
428 (24.50)
446 (25.53)

1187 (67.95)
560 (32.05)

1372 (78.53)
375 (21.47)

1481 (84.77)
134 (7.67)
121 (6.93)

1(0.63)

129 (7.38)

790 (45.22)

787 (45.05)
41(2.35)

90 (5.15)
358 (20.49)
1247 (71.38)

52 (2.98)

1183 (67.72)
508 (20.08)
56 (3.21)

410 (23.47)
1337 (76.59)

508 (29.08)
595 (34.06)
644 (36.86)

973 (55.70)
774 (44.30)

Me (%)
457(26.16)

276 (60.39)
146 (31.95)
35 (7.66)

222 (48.58)
103 (22.54)
132 (28.88)

353 (77.24)
104 (22.76)

379 (82.93)
78 (17.07)

381 (83.37)
36 (7.88)
36 (7.88)
4(0.88)

7(1.59)

163 (35.67)

275 (60.18)
12 (2.63)

20 (4.38)
70 (15.32)
348 (76.15)
19 (4.16)

314 (68.71)
124 (27.13)
19 (4.16)

20 (4.38)
437 (95.62)

43 (9.41)
135 (29.54)
279 (61.05)

418 (91.47)
39 (8.53)

Mne (%)
1290(73.84)

664 (51.47)
458 (35.50)
168 (13.02)

651 (50.47)
325 (25.19)
314 (24.34)

834 (64.65)
456 (35.35)

993 (76.98)
297 (23.02)

1100 (85.27)
98 (7.60)
85 (6.59)

7(0.54)

122 (9.46)

627 (48.60)

512 (39.69)
29 (2.25)

70 (5.43)

288 (22.33)

9 (69.69)
33 (2.56)

869 (67.36)
384 (29.77)
37 (2.87)

390 (30.23)
900 (69.77)

465 (36.05)
460 (35.66)
365 (28.29)

5565 (43.02)
735 (66.98)

0.001

0.139

<0.001

0.008

0.678

<0.001

0.003

0.266

<0.001

<0.001

<0.001
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Factors
Age

<67

68-81

>82

Year of diagnosis
2004-2009

2010-2012

2013-2015

T-stage

T

T2

Sex

Male

Female

Race

White

Black

Asian or Pacific Islander
American Indian/Alaska Native
Grade

Grade | (well differentiated)
Grade Il (moderately differentiated)
Grade Il (poorly differentiated)
Grade IV (undifferentiated)
Primary site

Cervical esophagus

Thoracic esophagus
Abdominal esophagus
Overlapping lesion of esophagus
Histology

Adenocarcinoma

Squamous cell carcinoma
Others

Tumor size

0-21 mm

22-47 mm

>48 mm

Univariate analysis

OR (95%)

Reference
0.72 (0.56-0.93)
0.46 (0.30-0.68)

Reference
1.15 (0.87-1.52)
1.01(0.76-1.34)

Reference
3.06 (2.40-3.90)

Reference
1.00 (0.75-1.31)

Reference
1.16 (0.75-1.78)
1.77 (1.13-2.76)
0.35 (0.02-2.05)

Reference
3.56 (2.06-6.64)
5.28 (3.04-9.86)

4.71 (1.84-12.08)

Reference
0.99 (0.58-1.71)
0.79 (0.48-1.33)
097 (0.40-2.27)

Reference
1.52 (1.18-1.95)
1.39 (0.69-2.72)

Reference
2.04 (1.52-2.75)
3.42 (2.53-4.64)

0.012
<0.001

0.330
0.941

<0.001

0.974

0.498
0.012
0.330

<0.001
<0.001
0.001

0.958
0.369
0.939

0.001
0.337

<0.001
<0.001

Multivariate analysis

OR (95%)

Reference
0.65 (0.49-0.85)
0.34 (0.22-0.52)

Reference
1.15 (0.84-1.56)
1.07 (0.78-1.47)

Reference
2.83 (2.19-3.66)

Reference
0.93 (0.68-1.28)

Reference
0.85 (0.52-1.39)
1.74 (1.04-2.89)
0.31 (0.02-1.94)

Reference
2.79 (1.55-5.37)
4.06 (2.25-7.81)
3.25 (1.17-9.01)

Reference
1.01(0.57-1.82)
0.89 (0.50-1.61)
0.67 (0.26-1.69)

Reference
1.22 (0.84-1.78)
1.15 (0.563-2.42)

Reference
1.77 (1.29-2.44)
3.21 (2.31-4.49)

0.002
<0.001

0.375
0.655

<0.001

0.667

0.527
0.033
0.290

0.001
<0.001
0.023

0972
0.702
0.395

0.285
0.723

<0.001
<0.001
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N=102 (%)

Age at diagnosis
Mean =+ std
Median, range

Sex
E
M

Grade
G1
G2

Stage

Primary site

Pancreas
Non-pancreas
Stomach
Rectum
Duodenum
Ampulla of Vater
Liver, colon, appendix
Functionality

No

Yes

53.7 +14.3
54, 18-82

47 (46.1%)
55 (53.9%)

63 (61.8%)
39 (38.2%)

48 (47.1%)
18 (17.6%)
8 (7.8%)
28 (27.5%)

68 (66.7%)
34 (33.3%)
9

N AN ®

3,21

72 (70.6%)
30 (29.4%)
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Low High P* value
N =38 N =22
Sex 0.045
Men 24 (63.2%) 8 (36.4%)
Women 14 (37.8%) 14 (63.6%)
Grade 0.229
G1 25 (65.8%) 11 (50%)
G2 13 (34.2%) 11 (50%)
Functionality 0.428
Y 15 (39.5%) 11 (50%)
N 23 (60.5%) 11 (50%)
Stage 0.023
| 21 (55.3%) 6 (27.3%)
1 1(2.6%) 5 (22.7%)
Il 4 (10.5%) 1 (4.5%)
v 12 (31.6%) 10 (45.5%)
Primary site 0.294
Pancreas 29 (76.3%) 14 (63.6%)
Non-pancreas 9 (23.7%) 8 (36.4%)

*Chi-square test or exact test.
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Variable Cases Low o3 High o3 p Value

Age(years) 0.59
<55 24 18 1"
255 67 32 35

Sex 0.116
Female 45 26 19
Male 46 19 27

TNM Stage 0.001***
I-ll 4 28 13
-V 50 17 33

Histologic Grade 0.6
G1G2 63 30 33
G3 28 15 13

Metastasis 0.001***
Present 50 17 33
Absent Eal 28 13

Calculated using the y test. *'p < 0.001 were considered statistically significant.
Bolded value indicated statistically significant.
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Baseline characteristics

Age, years (median, interquartile range)
Sex, male/female
Tumor size, mm (median, interquartile range)
Tumor location in the stomach, n (%)
Upper third
Middle third
Lower third
Macroscopic type, n (%)
O-lla
O-llb
O-lic
Histological classification, n (%)
Adenoma
Tub
Depth of tumor invasion, n (%)
Tla
Adenoma
Lymphatic invasion, n (%)
ly0
Iy1
Venous invasion, n (%)
vO
vi
5-Aminolevulinic acid-mediated PDD, n (%)
Negative
Weakly positive
Strongly positive

Total samples (n = 17)

725
Yl
23.0

(64.0-75.5)
(10.0-30.0)

(11.8)
(58.8)
(29.4)

(70.6)
(5.9)
(23.5)
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Background esophageal multiple LVLs before combined treatment

B

Total

Background esophageal multiple LVLs after combined treatments

A

38
14
1

53

44
74
23

141

c

0
28
81
109

D

0
0
26
26

Total

82
116
131
329

[ VLs, Lugol-voiding lesions; ER, endoscopic resection.
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Sensitivity False-positive rate

5-aminole vulinic acid-mediated PDD 66.7% (4/6)* 33.3% (2/6)*
86.5% (45/52)
Magnifying image-enhanced endoscope 90.5% (38/42) N/A

*new lesions, N/A, not applied.
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Baseline characteristics

Total samples (n = 52)

Age, years (median, interquartile range)
Sex, male/female
Endoscopy, Sie-P1/Sie-P2
Tumor size, mm (median, interquartile range)
Tumor location in the stomach, n (%)
Upper third
Middle third
Lower third
Macroscopic type, n (%)
o1
O-lla
O-llb
O-llc
Histological classification, n (%)
Adenoma
Tub
Sig
Depth of tumor invasion, n (%)
Tia
Tib
Adenoma
Lymphatic invasion, n (%)
iyo
Iy1
Venous invasion, n (%)
VO
vi
5-Aminolevulinic acid-mediated PDD, n (%)
Negative
Weakly positive
Strongly positive

72.0
32/11
30/13

18.5

29

17

24

23

10

38

37

10

39

39

24
21

(64.0-77.0)

(10.0-30.0

(11.5)
(55.8)
@2.7)

3.8)
(46.2)
5.8
(44.2)

(19.2)
(73.1)
(7.7)

(71.2)
9.6)
(19.2)

©2.9)
@1

©2.9)
(7.1)

(13.5)
(46.2)
(40.3)
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Variable Training Cohort (n = 50) Validation Cohort (n = 101) p-value

ESCC, n=23n (%) Control, n = 27 n (%) ESCC, n =48 n (%) Control, n =53 n (%)

Age (years) 62.3+ 8.6 581+77 62.1 £ 8.67 59.2 +8.1 p>0.05

Mean + SD

Gender Male (%) 20 (87.0%) 7 (87.5%) 43 (89.6%) 14 (82.4%)
Female (%) 3(13.0%) 1(12.5%) 5(10.4%) 3(17.6%)
p-value p>005

Smoking Status
Non-smoker (%) 10 (43.5%) 5 (62.5%) 19 (39.6%) 10 (58.8%)
Current or former smoker (%) 13 (66.5%) 3 (37.5%) 29 (60.4%) 6 (35.3%)
Unknown (%) 0(0%) 0(0%) 0(0%) 1(5.9%)
p-value p <0.001

Stage
1(%) 7 (30.4%) - 14 (29.2%) =
11 (%) 6(26.1%) - 16 (33.3%) -
Il (%) 10 (43.5%) = 18 (37.5%) =
p-value p >0.05

Only healthy controls from Cancer Hospital, Chinese Academy of Medical Sciences were statistically analyzed in Table 1 in both the training cohort and validation cohort. ESCC:
esophagus squamous cell carcinoma.
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Age, mean = SD 60.9 = 7.4

Sex

Male 285 (86.6%)
Female 44 (13.4%)
Alcohol drinking 212 (64.4%)
Drinking index (g*year) 6,307.0 + 4,053.6
Cigarette smoking 212 (64.4%)
Smoking index 648.9 + 499.2
History of any cancer in a first-degree relative 103 (31.3%)
History of any cancer 75 (22.8%)
History of head and neck neoplasm 38 (11.6%)
BMI, kg/m?, mean + SD 235+ 3.1
Resection methods

ESD 300 (91.2%)
EMR/MBM 29 (8.8%)
Size of resected specimen (mm)

Min-max 10-120
Mean + SD 39.4 + 141
Operation duration for ER (min)

Median (min-max) 28 (6-150)
Operation duration for RFA (min)

Median (min-max) 3(1-10)
Procedure-related complication

Bleeding 10 (3%)
Perforation 2 (0.6%)
Stricture 29 (8.8%)
Sessions of dilatation, median (range) 4 (1-20)

BMI, body mass index; ESD, endoscopic submucosal dissection; EMR, endoscopic
mucosal resection; MBM, multiband mucosectomy; Min, minimum; Max, maximum; ER,
endoscopic resection; RFA, radiofrequency ablation.
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Location within esophagus

Upper

Mid

Lower
Intraesophageal multiple cancers
Circumferential extension of tumor

Tumor < 1/2

1/2 < tumor < 3/4

3/4 < tumor < 1
Background esophageal multiple LVLs before combined treatment

A

B

C

D
Tumor size (mm)

Min-max

Mean + SD
Macroscopic type

O-lla

O-llb

O-lic

O-lla+llc
Depth of invasion

EP

LMP

MM

SM (<200 um)

SM (>200 um)
Results of resection

EnR

RO

CuR

28 (8.5%)

187 (56.8%)
114 (34.7%)
82 (24.9%)

236 (71.7%)
72 (21.9%)
21 (6.4%)

0 (0%)
82 (24.9%)
116 (35.3%)
131 (39.8%)

3-80
211127

62 (18.8%)
229 (69.6%)
19 (5.8%)
19 (5.8%)

160 (48.6%)
71 (21.6%)
50 (15.2%)
16 (4.9%)
32 (9.7%)

300 (91.2%)
295 (89.7%)
266 (80.9%)

LVLs, Lugol-voiding lesions; ER, endoscopic resection; Min, minimum; Max, maximum;
EP, epithelial; LMP, lamina propria; MM, muscularis mucosa; SM, submucosal; EnR, en-

bloc resection; RO, completed resection; CuR, curative resection.
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Follow-up, months, median (range) 37 (6-125)
CR rate after primary RFA 318 (96.7%)
Additional ER failed endoscopic treatment 17 (6.2%)
Neoplastic progression in the TA of RFA 3(0.9%)
Local recurrence in the TA of ER 4 (1.2%)
Metachronous ESCN 10 (3%)
Additional RFA after primary RFA 42 (12.8%)
LGIN persisting in the TA of RFA 2 (0.6%)
LGIN persisting in the TA of ER 13 (4.0%)
Metachronous LGIN 27 (8.2%)
CR rate for the last EE 297 (90.3%)
LGIN persisting for the last EE 32 (9.7%)
LGIN persisting in the TA of RFA 6 (1.8%)
LGIN persisting in the TA of ER 15 (4.6%)
Metachronous LGIN 11 (3.3%)
Background esophageal multiple LVLs after combined treatment
A 53 (16.1%)
B 141 (42.9%)
(5} 109 (33.1%)
D 26 (7.9%)
Degradation of background esophageal multiple LVLs
0 98 (29.8%)
1 193 (58.7%)
2 37 (11.2%)
3 1(0.3%)

CR, complete response; RFA, radiofrequency ablation; ER, endoscopic resection; TA,
treatment area; ESCN, esophageal early squamous cell neoplasia; LGIN, low-grade
intraepithelial neoplasia; EE, endoscopic examination; LVLs, Lugol-voiding lesions.
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Univariate P* value Multivariate P* value
HR 95% CI HR 95% CI
Baseline CgA level, high vs low 14.3 1.76-116.48 0.013 13.52 1.06-172.47 0.045
Age of diagnosis 1.04 0.99-10.9 0.160 1.08 0.98-1.19 0.101
Sex, men vs women 0.51 0.12-2.14 0.358 207 0.24-17.83 0.507
Grade, G2 vs G1 1.71 1.44-95.39 0.022 41.81 1.68-1041.72 0.023
Stage, VI vs 1l 3.86 0.78-19.16 0.098 3.66 0.33-40.10 0.288
1.37 0.34-5.49 0.656 1.61 0.20-12.94 0.656

Functionality, yes vs no

*Cox proportional analysis.
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Univariate Multivariate
OR 95% Cl P value OR 95% CI P value
Ratio of change of CgA level, 0.4 vs <0.4 3.22 1.11-9.34 0.031 5.04 1.31-194 0.019
Sex, men vs women 1.59 0.64-3.93 0.315 0.89 0.28-2.87 0.843
Age of diagnosis 0.98 0.95-1.01 0.217 1 0.96-1.04 0.950
Grade, G2 vs G1 8.4 3.02-23.34 <0.001 7.44 2.19-25.28 0.001
Stage, NV vs I/l 5 1.92-13.0 0.001 3.15 0.96-10.31 0.058
Functionality, yes vs no 0.82 0.3-2.25 0.704 0.49 0.13-1.82 0.288
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ESD combined with RFA were preformed in 645 patients from September
2010 to September 2020 in CICAMS

Excluded:

1. Prior endoscopic resection in other hospital: 32
2. Chemotherapy or radiotherapy to the esophagus: 15
3. Previous esophageal surgery: 12
4. Previous RFA or APC to the esophagus: 52
5. Other: 17

517 patients with early ESCNs with synchronous multiple
LVLs were treated with ESD combined with RFA

Excluded during follow-up:
1. Salvage surgery for patients with noncurative resection: 10

2. No endoscopic surveillance after operation: 63
3. No conventional iodine staining: 115

329 consecutive patients were inluded in this study





OPS/images/fonc.2021.741096/table3.jpg
Baseline CgA level

All

Low

High

Baseline CgA level by sex
Men

Low

High

Women

Low

High

Baseline CgA level by primary site
Pancreas

Low

High

Non-pancreas

Low

High

Baseline CgA level by grade
G1

Low

High

G2

Low

High

Baseline CgA level by stage
il

Low

High

v

Low

High

Baseline CgA level by functionality
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*Log-rank test.

Case number (N)

38
22

32
24
8
28
14
14

43
29
14
17
9
8

36
25
"
24
13
"

33
22
11
27
16
11

26
15
11
34
23
11

Survival rate (%)

97.4
68.2

100
62.5
92.9
71.4
96.6
57.1

100
87.9

100
90.9
92.3
45.5

100
81.8
93.8
54.6

100

63.6

95.7
72.7

Median survival (years)

P* value

0.001

0.009
0.001

0.126

0.0002
0.0002

0.317

<0.0001
0.145

0.007

0.002
0.034

0.019

0.004
0.004

0.098





