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Editorial on the Research Topic 


The Evolving Landscape, Clinical Implications and Future Perspective of Biomarkers in Gastrointestinal Cancers


Gastrointestinal (GI) cancer is a major public health problem worldwide. Early GI cancer detection, pretherapeutic responsiveness prediction, and postoperative micrometastasis monitoring are the hallmarks for successful GI cancer treatment. The approval of novel prognostic models and therapies for metastatic GI cancer (mGIC) has led to important improvements in patient outcomes.

Histocompatibility leukocyte antigen complex P5 (HCP5) is a momentous long non-coding RNA (lncRNA) and is involved in many autoimmune diseases and malignant tumors. Qin et al. demonstrated that the increase of serum HCP5 could significantly distinguish between patients with primary gastric cancer (GC) and healthy subjects, and the combined diagnosis of HCP5, CEA, and CA199 had high diagnostic efficiency.

Identification of a simplified prediction model for lymph node metastasis (LNM) for patients with early colorectal cancer (CRC) is urgently needed to determine treatment and follow-up strategies. CRC patients with tumor larger than 3 cm, who were identified as high-risk through the model, may require careful attention. Early CRC could be detected through the development of a novel prognostic model for predicting lymph node metastasis (Ahn et al.). Likewise, Log odds of positive lymph node scheme (LODDS) is an innovative N staging system and has been recently introduced as a new prognostic index in CRCs, which could powerfully stratify patients into different risk groups even when dissected lymph nodes were insufficient. Zhu et al. presented that a novel prognostic model incorporating common TBs (CA 199, CA125, and CEA) and LODDS displayed better predictive performance than both single factor and the TNM classification.

Systematic inflammatory factors, such as lymphocytes, monocytes, neutrophils, and blood biochemical indicators related to nutritional status, such as C-reactive protein (CRP) levels and albumin (ALB) levels, are valuable prognostic indicators for cancers including CRC. The prognostic value of new index (LANR) composed of pre-operative lymphocytes, albumin, and neutrophils has been demonstrated to be an important prognostic indicator for patients with resectable CRC (Liang et al.). Immunotherapy and induction of ferroptosis are both considered to be of great significance in clinical management of CRC. A ferroptosis-related genes model consisted of five genes: AKR1C1, ALOX12, CARS1, FDFT1, and ATP5MC3. This was built as a prognosis model for ferroptosis and might provide clues for further therapy in CRC (Nie et al.).

Various studies have suggested that the pathogenesis of CRC is influenced not only by genetic factors but also by altered gut microbial composition. Gut microbes can produce extracellular vesicles (EVs), also called nanovesicles, and are upregulated during cell activation and growth during cancer development. Profiling of microbe-derived EVs may offer a novel biomarker for detecting and predicting CRC prognosis (Park et al.).

Liquid biopsies allowing for individualized risk stratification of cancer patients have become of high significance in individualized cancer diagnostics and treatment. Ottaiano et al. contribute to a biological basis approach of KRAS testing with a more dynamic attitude (liquid biopsy) giving both new prognostic and therapeutic chances. Furthermore, they demonstrated that an association between KRAS regressive trajectory and the oligo-metastatic status was found and regressive and progressive mutational trajectories emerged as independent prognostic factors for survival. Hendricks et al. showed a novel immunofluorescence-based and a molecular detection approach for enumeration and detection of circulating tumor cells (CTCs). They enlighten the kinetics of CTC in CRC patients and support that the significance of CTC as a prognostic biomarker in a more in-depth longitudinal analysis of CTC over the course of the disease. Chen et al. reported that emerging technologies (liquid biopsy and exosomes media) may help early diagnosis of peritoneal metastasis by screening exosome miRNAs and exosomes-based treatment by transferring anti-tumor drugs and restricting exosomes homing in peritoneal metastasis.

Immune checkpoint blockade (ICB) shows remarkable clinical effects in patients with metastatic microsatellite-unstable (MSI) cancer. Busch et al. demonstrates that beta-2-microglobulin mutations are linked to a distant metastatic pattern and a favorable outcome in MSI stage IV GI cancers.

This editorial describes the novel biomarkers relevant to GI cancers. There is currently great focus on the discovery and validation of further biomarkers, with many new potential prognostic and predictive markers being identified alongside developments in molecular profiling technologies. Furthermore, the future perspective of emerging biomarkers’ development for the unmet medical need for GI cancer patients is mandatory.


Author Contributions

H-LT and Y-CC contributed to the draft and writing; J-YW and KT reviewed the final version of this manuscript. All authors contributed to the article and approved the submitted version.




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 Tsai, Chen, To and Wang. 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: 18 February 2021

doi: 10.3389/fonc.2020.616440

[image: image2]


Detection of Circulating Tumor Cells in Resectable Pancreatic Ductal Adenocarcinoma: A Prospective Evaluation as a Prognostic Marker


Byeong Geun Song 1†, Wooil Kwon 2†, Hyemin Kim 1,3†, Eun Mi Lee 1, Young Min Han 2, Hongbeom Kim 2, Yoonhyeong Byun 2, Kyung Bun Lee 4, Kwang Hyuck Lee 1,5, Kyu Taek Lee 1, Jong Kyun Lee 1, Jin-Young Jang 2* and Joo Kyung Park 1,5*


1 Department of Medicine, Samsung Medical Center, Sungkyunkwan University School of Medicine, Seoul, South Korea, 2 Departments of Surgery, Seoul National University College of Medicine, Seoul, South Korea, 3 Medical Research Institute, Sungkyunkwan University School of Medicine, Seoul, South Korea, 4 Departments of Pathology, Seoul National University College of Medicine, Seoul, South Korea, 5 Department of Health Sciences and Technology, SAIHST, Sungkyunkwan University, Seoul, South Korea




Edited by:
 Jaw-Yuan Wang, Medical University, Taiwan

Reviewed by:
 Yi-Chia Wu, Kaohsiung Medical University, Taiwan
 Wen-Tsan Chang, Kaohsiung Medical University Hospital, Taiwan
 Yan-Shen Shan, National Cheng Kung University, Taiwan

*Correspondence: 
Joo Kyung Park
 mdsophie@gmail.com
 Jin-Young Jang
 jangjy4@snu.ac.kr

†These authors have contributed equally to this work

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


Received: 12 October 2020

Accepted: 30 December 2020

Published: 18 February 2021

Citation:
Song BG, Kwon W, Kim H, Lee EM, Han YM, Kim H, Byun Y, Lee KB, Lee KH, Lee KT, Lee JK, Jang J-Y and Park JK (2021) Detection of Circulating Tumor Cells in Resectable Pancreatic Ductal Adenocarcinoma: A Prospective Evaluation as a Prognostic Marker. Front. Oncol. 10:616440. doi: 10.3389/fonc.2020.616440



Circulating tumor cells (CTCs) are useful biomarkers of many solid tumors, but are infrequently detected in early stage pancreatic ductal adenocarcinomas (PDACs). The first drainage of pancreatic venous blood flow come to portal vein and pass through the liver, and they finally go out for peripheral blood. We thought that comparing CTCs from portal vein and peripheral blood could enable us to understand the clinical meaning of CTCs from each different site in PDACs. Therefore, we aimed to determine 1) whether CTCs could be reliably identified in early stages (operable) of PDACs, 2) if there are any differences in the detected number of CTC in portal vein blood and peripheral blood, and 3) whether CTCs can be sensitive biomarkers for the prognosis of resectable PDAC patients. Newly diagnosed PDAC patients who underwent operation with curative intention between 2013 and 2015 were prospectively enrolled. Blood draws from portal and peripheral vein ran through the microfabricated porous filter, and anti-epithelial cell adhesion molecule (EpCAM) and anti-Plectin-1 antibodies were used for CTC identification. Baseline clinical characteristics, tumor characteristics, treatment, and clinical outcomes were assessed. The clinical stages of the 32 enrolled patients were as follows: IA/IB 1 (3.1%); IIA 9 (28.1%); IIB 17 (53.1%); III 5 (15.6%). Twenty-seven patients (84.4%) received R0 resection, while five patients (15.6%) received R1 resection. EpCAM+ CTCs were detected in 20 portal blood (62.5%) and 22 peripheral blood (68.8%). Plectin-1+ CTCs were identified in 14 portal blood (43.8%) and 16 peripheral blood (50%). Plectin-1-expressing CTCs were picked from CTC platform (microfabricated porous filter) and we could find out all KRAS mutation. Patients with detectable EpCAM+ CTC less than one in peripheral blood showed longer overall survival (OS) compared to patients with detectable CTCs more than one (35.5 months vs. 16.0 months). EpCAM and Plectin-1 successfully identified CTCs at the early stage of PDACs. Also, the number of CTCs could be a prognostic marker for survival in resectable PDACs.




Keywords: circulating tumor cell, plectin-1, epithelial cell adhesion molecule, pancreatic ductal adenocarcinoma, overall survival



Introduction

Pancreatic ductal adenocarcinoma (PDAC) is associated with poor prognosis due to early metastatic spread. The 5-year survival rate for metastatic PDAC is approximately 2% (1). Only 20% of patients have resectable PDAC at diagnosis, and only 20% of them survive for more than 5 years (2). Nonetheless, early diagnosis and curative resection is the only means to improve prognosis of PDAC patients. However, there are no useful biomarkers for early diagnosis, and predicting prognosis and treatment response. Among several novel biomarker candidates, circulating tumor cell (CTC) is one of the most promising candidates. Capturing, isolating, and characterizing CTCs have been developed, which revealed that CTCs usually circulate in the blood of patients with various cancers such as breast, lung, prostate and colorectal cancers (3–10). Several studies have been reported the prognostic and predictive value of CTCs in cancer patients (11–14). It is easy to detect CTCs in the peripheral circulation of cancer patients where tumor drainages are into the peripheral circulation. However, the first venous drainage of PDAC is into the portal circulation, leading some difficulties to capture CTCs in peripheral circulation. Thus, portal vein could be a more promising location for the detection of CTCs in PDAC. The investigation of CTCs in portal vs. peripheral blood may give us insights into the importance of tumor drainage pattern in CTC detection.

Antibodies against epithelial cell adhesion molecule (EpCAM) have been known to provide the specificity for CTC capture from blood because EpCAM is often overexpressed by epithelial tumors including breast, prostate, colon, and lung cancers (15). Plectin-1 is a cytolinker protein and was recently suggested as a biomarker for PDAC (16). As it was identified not only in primary and metastatic PDAC but also in pre-invasive Pancreatic Intraepithelial Neoplasia (PanIN) III lesions, Plectin-1 may be detected in early stage PDAC. It can also distinguish malignant pancreatic disease from chronic pancreatitis (16). In conclusion, Plectin-1 might be an ideal biomarker for PDAC. However, till date, it has not been studied to verify the usefulness of CTC detected by Plectin-1.

This study is the first to explore several aspects of CTCs in resectable PDACs. Firstly, the reliability of a microfabricated porous filter in identifying CTCs in patients with resectable PDACs was tested. Secondly, the feasibility of Plectin-1 as PDAC-specific identifier was examined. Thirdly, the clinical significance of CTCs captured from the portal vein was compared with that of CTCs captured from peripheral circulation. Lastly, the prognostic significance of number of CTCs was evaluated in terms of overall survival (OS).



Patients and Methods


Study Design and Blood Draws

Thirty-two newly diagnosed PDAC patients who underwent surgery with curative intention between 2013 and 2015 at Seoul National University Hospital were prospectively enrolled. The study patients were followed up until February of 2020 (5 years after the last study patient). Intraoperatively, 10 ml of blood was drawn from the portal vein from the surgical field just before complete resection and extraction of specimen. Simultaneous, 10 ml of blood was drawn from the cephalic vein. The blood samples were collected in Ethylenediaminetetraacetic acid (EDTA) tubes and processed within 4 h. Clinical variables collected included: age at diagnosis, sex, stages defined by the eighth edition American Joint Committee on Cancer (AJCC), date of surgery, date and site of recurrence, date of death and laboratory data. This study was conducted under the principles of the Declaration of Helsinki. The institutional review board (IRB) of Seoul National University Hospital approved the study protocol. All patients provided written informed consent, and all specimens were collected according to IRB regulations and approval (IRB No. 1305-573-489).



Flow Cytometry Analysis and Immunofluorescent Staining

Pancreatic cancer cell lines were grown as a confluent monolayer in various culture media including Dulbecco’s Modified Eagle’s Medium for PANC1, SW1990, MIA-PaCa2, PaTu8902 and CFPAC-1 cells, RPMI-1640 Medium for COLO357, AsPC-1, KP-1NL, MPanc-96, BxPC3, PaTu8988, and CAPAN-2 cells, Iscove’s Modified Dulbecco’s Medium for CAPAN-1 cells, and Eagle’s Minimum Essential Medium for HPAFII at 37°C in a humidified atmosphere containing 5% CO2. All culture media were supplemented with 10% fetal bovine serum (FBS) and 1% Antibiotic Antimicotic, and they were purchased from Thermo Fisher Scientific (Waltham, MA, USA). After detaching with 0.25% Typsin/EDTA solution and washing with phosphate buffered saline (PBS), harvested cells were resuspended in ice cold flow cytometry staining buffer (PBS with 1% bovine serum albumin (BSA) and 0.1% sodium azide) to a concentration of 1x107 cells/ml. Primary EpCAM or Plectin-1 antibody (Cell Signaling Technology (CST), Danvers, MA, USA) was added into polystyrene round bottom tube containing cells (1x106 cells/0.1 ml/tube) and cells were incubated for 60 min in dark on ice with gentle shaking. After washing three times, cells were incubated with fluorochrome (APC for EpCAM, Alexa 594 for Plectin-1)-conjugated secondary antibody (CTS) for 30 min. Followed by rinsing cells, resuspended cells were analyzed on FACS Calibur flow cytometry system (BD Biosciences, San Jose, CA, USA). For immunofluorescent (IF) staining, pancreatic cancer cell lines were seeded on coated glasses, and they were stained with Alexa488-conjugated EpCAM, Plectin-1 (CST) and Alexa594-conjugated CD45 (eBioscience, San Diego, CA, USA) for 2 h at room temperature. After additional staining with Alexa488-conjugated anti-rabbit IgG (CST) for Plectin-1, all nuclei were counterstained with 4’6-diamidino-2-phenylindole (DAPI). Stained cells were observed under the Eclipse Ti2 inverted microscope (Nikon, Tokyo, Japan) with 10x and 20x objectives.



Microfabricated Filter-Based CTC Enrichment

CTCs were enriched from 10 ml whole blood samples using a microfabricated porous filter according to the manufacturer’s instruction (Cytogen Inc., Seoul, Korea) (17). The Buffy coat was separated by Ficoll-Hypaque density gradient centrifugation, and passed through the nickel electroformed membrane filter designed with the size of the square pores to 6.5×6.5 μm and gap size of 6 μm. The resulting CTCs were recovered and processed for IF staining.



CTC Immunostaining and Enumeration

For CTC enumeration, recovered cells were fixed with 4% formaldehyde for 10 min at room temperature and permeabilized for 15 min with 0.2% Triton X-100 in PBS. After blocking with 1% BSA in PBS for 30 min, they were incubated with primary antibodies against EpCAM, Plectin-1 (CST), and CD45 (eBioscience). This was followed by matched fluorochrome (Alexa 488 for EpCAM, Alexa 647 for Plectin-1, Alexa 594 for CD45)-conjugated secondary antibody incubation. Nuclei were counterstained with DAPI. CTCs were identified on the basis of cell size, morphology, and fluorescence staining based on EpCAM or Plectin-1 expression. Total cells were counted by DAPI staining, white blood cells (WBCs) were identified by CD45 staining. Captured cells were determined to be CTC if they were CD45 negative and EpCAM or Plectin-1 positive. Then number of CTCs/ml was determined by comprehensive image analysis. A count of one or more CTCs per ml of blood was defined as positive.



Single Cell Isolation and KRAS Mutation Analysis

After CTC enrichment from the blood of PDAC patients, CTCs were stained with Plectin-1 antibody and DAPI. Two Plectin-1+ CTCs were isolated in a tube using CellCelector (ALS Automated Lab Solutions GmbH, Jena, Germany), and whole genome amplification (WGA) was carried out by using REPLI-g single cell kit (Qiagen, Venlo, Netherlands). Droplet Digital polymerase chain reaction (ddPCR) was performed using 2X ddPCR Supermix (Bio-Rad, Hercules, CA, USA) for KRAS probes (KRAS wild-type (WT) 5’-HEX-AGTTGGAGCTGGTGGCGTA-BHQ1-3’; KRAS mutant G12D 5’-FAM-AGTTGGAGCTGATGGCGTAG-BHQ1-3’; KRAS mutant G12V 5’-FAM-AGTTGGAGCTGTTGGCGTAG-BHQ1-3’) by QX200 Droplet Digital PCR System (Bio-Rad). After Plectin-1+ cell isolation, remaining cells captured on the filter membrane were also processed to WGA and ddPCR for KRAS WT and G12D mutant. Data analyses were performed as recommended by the manufacturer using the QuantaSoft Software version 1.7.4. (Bio-Rad).



Statistical Analysis

Statistical significance of difference among continuous variables and categorical variables was examined using Student’s t-test (or Mann-Whitney’s test, as appropriate) and Chi-square test (or Fisher’s exact test, as appropriate), respectively. OS was calculated and plotted using Kaplan-Meier’s method and compared by log-rank test. We compared for the number of CTCs between-patients and within-patients for portal vein vs. peripheral vein, p-value<0.05 was considered statistically significant. Statistical analysis was performed using SPSS version 23.0 (SPSS Inc., Chicago, IL) and GraphPad Prism8.0 (GraphPad Software Inc., LA Jolla, CA).




Results


Evaluation of EpCAM and Plectin-1 Expression in PDAC Cells

To evaluate the feasibility of EpCAM and Plectin-1 antibodies in verifying CTCs of PDAC patients, the expressions of EpCAM and Plectin-1 were examined in human PDAC cell lines by flow cytometry. Most cells expressed EpCAMs in PDAC cells including PANC-1, CFPAC-1, AsPC-1, CAPAN-1, CAPAN-2, HPAFII, SW1990, KP-1NL, PaTu8902, PaTu8988, and MPanc-96 (Figures 1A, C), which was compatible with other cancer cell lines such as prostate cancer cells (PC3) and non-small cell lung cancer cells (H1650). In addition, IF staining showed that most CAPAN-1 cells intensely expressed EpCAM (Figure 1E). The expression of Plectin-1 was also abundant in PDAC cells such as PANC-1, COLO357, KP-1NL, PaTu8902, PaTu8988, MiaPaCa2, BxPC3, and SW1990 (Figures 1B, D). Otherwise, WBCs that could be contaminated during CTC preparation rarely expressed EpCAM or Plectin-1 on their surfaces (<1%). In addition, Plectin-1 was extensively expressed in MIA-PaCa2 cells (Figure 1F), but not in WBCs (Figure 1G). Therefore, it seems that EpCAM and Plectin-1 are suitable for identifying CTCs in PDACs.




Figure 1 | EpCAM and Plectin-1 expression in PDAC cells. To evaluate the anti-EpCAM and anti-Plectin-1 antibodies for detecting CTCs, the expression of EpCAM and Plectin-1 antigen was examined in PDAC cell lines by flow cytometry. (A) The surface expression of EpCAM in PDAC cell lines (PANC-1, CFPAC-1, AsPC-1, MPanc-96). (B) The expression of Plectin-1 in PDAC cell lines (PANC-1, COLO357, KP-1NL, SW1990). The expression of (C) EpCAM and (D) Plectin-1 in various PDAC cell lines were represented as percentages. WBCs were used as negative controls. To examine the expression of EpCAM and Plectin-1, (E) CAPAN-1 cells were stained with EpCAM (green) and CD45 (red), (F) MIA-PaCa2 cells were stained with Plectin-1 (green) and CD45 (red), and (G) WBCs were stained with CD45 (red) and Plectin-1 (green). All nucleated cells were stained with DAPI (blue).





Detection of KRAS Mutation in Plectin-1-Expressing CTCs

To prove circulating cells expressing Plectin-1 in the blood sample from PDAC patients were CTCs of PDAC, we performed singe cell isolation and ddPCR for KRAS mutations. After CTC enrichment with microfabricated porous filter, CTCs on the filter membrane were stained with Plectin-1 and DAPI (Figure 2A). Then, Plectin-1+ CTC was picked under fluorescent microscopy, and a small amount of DNA was amplified to process to the ddPCR for KRAS wild-type (WT) and KRAS mutant (G12D). As a result, the Plectin-1+ CTC had KRAS G12D mutation (Figure 2B), and KRAS G12D mutation was also detected in bulk captured cells on the membrane (Figure 2C). It indicates that circulating Plectin-1+ cells in the blood of PDAC patient are circulating tumor cells of PDAC.




Figure 2 | Plectin-1+ cell isolation and KRAS mutation analysis. To clarify Plectin-1-expressing cells in the blood, immunofluorescence staining was carried out to isolate Plectin-1-expressing cells, and ddPCR for KRAS wildtype (WT) and mutant (G12D) was performed. (A) A representative image of the circulating tumor cell (CTC) stained with Plectin-1 antibody (green) and 4’6-diamidino-2-phenylindole (DAPI) (blue). Arrow indicates the Plectin-1+ CTC. The detection of KRAS G12D mutation in (B) Plectin-1+ CTCs and (C) all capture cells on the microfabricated porous filter in the same patient.





Optimization and Validation of Plectin-1 Identification Antibody in Healthy Controls

We examined the circulating Plectin-1+ cells in healthy controls to validate the specificity of Plectin-1 antibody. Peripheral blood was collected from 18 healthy volunteers, CTCs were enriched and processed for immunostaining with anti-Plectin-1 and anti-CD45 antibodies. Five samples showed some of positive staining of Plectin-1 antibody and the number of Plectin-1+ CTC was only 0.3–0.4 per 1 ml blood sample of healthy controls (Mean ± SD, 0.09 ± 0.16 CTCs/ml; Median 0.00 CTCs/ml). The rest of 13 samples showed no positive staining of Plectin-1 antibody (Figure 3). We have defined one or more CTCs per 1 ml of blood is positive for CTC capturing and therefore, there was no positive CTCs with Plectin-1 antibody in healthy volunteers.




Figure 3 | Optimization and validation of Plectin-1 in healthy controls. To validate the specificity of Plectin-1 antigen in detecting circulating tumor cells (CTCs), the number of CTCs was counted in peripheral blood samples of eighteen healthy volunteers after immunostaining with anti-Plectin-1 and anti-CD45 antibody. Plectin-1+CD45-DAPI+ CTC counts per 1 ml blood were calculated individually.





Identification of CTCs in PDAC Patients

The identification of CTCs in PDACs was based on immunostaining with anti-EpCAM and anti-Plectin-1 antibodies. All nucleated cells were verified with DAPI staining, and WBCs were excluded with CD45 staining. We defined DAPI+CD45-EpCAM+ (Figure 4A) or DAPI+CD45-Plectin-1+ cells (Figure 4B) as PDAC CTCs. It indicated that CTCs are reliably identified in the blood at the early stage of PDACs.




Figure 4 | Immunofluorescence staining of captured circulating tumor cells (CTCs) from patients with resectable pancreatic ductal adenocarcinomas (PDACs). To identify CTCs, captured CTCs from PDAC patients were immunostained with anti-epithelial cell adhesion molecule (EpCAM) (green), anti-Plectin-1 (gold) and anti-CD45 (red) antibodies. Nuclei were counterstained with DAPI (blue). CTCs are (A) EpCAM+ or (B) Plectin-1+ among CD45-DAPI+ cells. Scale bar, 5 μm.





Baseline Characteristics and Clinical Course of Study Patients

Baseline characteristics of 32 study patients are summarized in Table 1. Twenty-one male and eleven female patients aged 44–81 years (median 62 years). Distribution of stage was as follows: stage IA/IB 1 (3.1%); stage IIA 9 (28.1%); stage IIB 17 (53.1%); stage III 5 (15.6%). Of all the patients, 22 (68.8%) received pancreaticoduodenectomy, nine (28.1%) received distal pancreatectomy, and one (3.1%) received total pancreatectomy. Twenty-seven patients (84.4%) received R0 resection, while five patients (15.6%) received R1 resection. Twenty-six patients (81.3%) received adjuvant treatment, and five patients (15.6%) received neoadjuvant treatment. Median (range) of total bilirubin, Carbohydrate Antigen (CA) 19-9, and Carcinoembryonic Antigen (CEA) were 1.0 mg/dl (0.2–19.2), 156.6 IU/ml (2.0–12,000), and 2.4 ng/ml (0.7–51.2), respectively.


Table 1 | Patient characteristics (n = 32).



The study patients were followed up until February of 2020 (5 years after the last study patient). The median follow-up period of 32 patients was 19 months (range: 4 – 70). The median progression free and overall survivals were 11 (range: 0 – 68) and 19 months (range: 4–70), respectively. Recurrence was found in 27 patients (84.4%), of which only two were locoregional and 25 involved systemic recurrence (six local and systemic, and 19 systemic). The most common site of distant metastasis was the liver (n=10) followed by peritoneal seeding (n=6) and lung (n=5). Twenty-seven patients were dead at last follow-ups. Among five survivors, four were free of disease and one was alive with lung metastasis.



Comparison of the Number of CTCs Detected in Portal Draws and Peripheral Blood

CTCs were enriched and enumerated from both portal draws and peripheral blood of 32 resectable PDAC patients. As a result, EpCAM+ CTCs were detected in 20 (62.5%) portal blood and 22 (68.8%) peripheral blood samples, ranged from 0 to 100 in portal blood and peripheral blood (Figure 5A). There was no significance in the number of EpCAM+ CTCs between portal and peripheral bloods (p=0.426) (Figure 5B). Plectin-1+ CTCs were identified in 14 (43.8%) portal and 16 (50.0%) peripheral blood samples. Captured CTCs with anti-Plectin-1 antibody ranged from 0 to 100 in portal vein and in peripheral vein (Figure 5C). There was also no significant difference in the number of CTCs detected with Plectin-1 antibody between peripheral vein and portal vein (p=0.607) (Figure 5D). In addition, there was no significant difference of CTC numbers between patients with R0 resection and patients with R1 resection (p = 0.387) (Supplementary Table 1).




Figure 5 | Number of circulating tumor cells (CTCs) detected from the study patients in both portal vein and peripheral blood draws. CTCs were isolated from portal vein (PV) and peripheral vein (Peri) of 32 PDAC patients. (A) EpCAM+ CTCs in PV and Peri blood were enumerated from each patient. (C) Plectin-1+ CTCs in PV and Peri blood were counted from each patient. (B) CTCs positive to epithelial cell adhesion molecule (EpCAM) or (D) CTCs positive to Plectin-1 were compared in PV and Peri blood samples.





CTC Enumeration for Staging

The number of captured CTCs using EpCAM and Plectin-1 was analyzed according to the 8th AJCC staging system. There was no significant difference in the number of CTCs detected across stages with EpCAM from peripheral vein, p=0.841; EpCAM from portal vein, p=0.729; Plectin-1 from peripheral vein, p=0.586; Plectin-1 from portal vein, p=0.480 (Figure 6). It seems that the number of CTCs is not a predictive marker for staging in resectable PDAC patients.




Figure 6 | Number of circulating tumor cells (CTCs) according to the American Joint Committee on Cancer (AJCC) staging. The number of CTCs identified with epithelial cell adhesion molecule (EpCAM) from (A) peripheral vein (Peri) and (B) portal vein (PV) was enumerated. CTCs detected from (C) Peri and (D) PV were counted after Plectin-1 immunostaining. Each count was evaluated according to the AJCC staging.





Survival Analysis According to the Number of CTCs

It was examined that the prognostic value of CTCs from portal vein and peripheral blood. We compared patients with one or more CTCs vs. less than one CTC. When we detected CTCs using EpCAM in peripheral blood, OS for patients with one or more CTCs and patients with CTC under one were 16.0 and 35.5 months, respectively (p=0.048). PDAC patients having EpCAM+ CTCs in peripheral circulation showed significantly worse prognosis (Figure 7A). For detection of EpCAM+ CTCs in portal vein, OS for patients with one or more CTCs and CTC under one were 17.0 and 40.0 months, respectively (p=0.176) (Figure 7B). In addition, OS for patients with more than one CTCs using Plectin-1 in peripheral blood and OS for patients less than one CTC were 20.0 and 17.5 months, respectively (p=0.155) (Figure 7C). For detection of CTCs in the portal blood using Plectin-1, OS for patients with more than one CTCs and less than one CTC were 20.0 and 18.0 months, respectively (p=0.191) (Figure 7D). For both portal and peripheral bloods, CTC enumeration based on Plectin-1 expression could not predict the survival of PDAC. However, peripheral EpCAM+ CTCs could be a prognostic marker for resectable PDACs.




Figure 7 | Overall survival correlated to number of circulating tumor cells (CTCs) detected using epithelial cell adhesion molecule (EpCAM) and Plectin-1 in peripheral blood and portal blood. CTC counts based on EpCAM and Plectin-1 expression were evaluated with Overall survival (OS) of 32 PDAC patients. Patients were divided into two groups depending on detectable EpCAM+ CTCs in (A) Peripheral vein and (B) Portal vein. Patients were divided into two groups depending on detectable Plectin-1+ CTCs in (C) Peripheral vein and (D) Portal vein. OS was analyzed with the number of CTCs using Kaplan-Meier estimator.






Discussion

In this study, CTCs were reliably captured by a microfabricated porous filter from resectable patients at the early stage of PDAC. We verified Plectin-1 as a practical PDAC CTC identifier. CTCs from peripheral circulation and portal drainage had no remarkable differences in the number, and only EpCAM+ CTCs in peripheral blood was a factor associated with prognosis whereas others were not.

PDAC is fatal because of its early metastasis (18, 19). Thus, early findings of subclinical metastasis are clinically significant in diagnosis. In this regard, CTCs are good candidates for detection of early metastasis. However, the association between prognosis and CTCs in resectable PDAC patients had not been studied elaborately. Moreover, there are no practical methods to identify PDAC-specific CTCs.

Mehmet et al. first developed a unique microfluidic platform (CTC-chip) capable of efficient and selective separation of viable CTCs from peripheral whole bloods. It was mediated by the interaction of target CTCs with EpCAM antibody-coated microspots under precisely controlled laminar flow conditions, without requisite pre-labeling or processing of samples (20). Although the method of using EpCAM as a capture antibody is now widely used, EpCAM-based enrichment systems are associated with the problem that EpCAM expression of CTCs might be down-regulated during the epithelial mesenchymal transition. CTC isolation dependent on epithelial markers such as EpCAM and cytokeratin might miss mesenchymal type CTCs. Label-independent enrichment methods including size-based selection, inertial focusing-based selection, dielectric field-based selection, and density-based approaches were also developed. Additionally, a combination of different enrichment strategies has been practically used (21, 22). We utilized a size-based microfabricated porous filter platform and label-dependent detection for CTCs. Moreover, several studies have tried to detect heterogenous CTCs by using additional markers, for example, mesenchymal markers including vimentin, N-cadherin, and twist1, and stemness markers such as CD133, CD44, and ALDH1 (23). There have been efforts to find a better marker for identifying CTCs specifically for PDAC. Recently, Plectin-1 was suggested as a biomarker for PDAC, and broadly expressed from pre-invasive lesions to metastatic PDACs (16). Also, it was verified that circulating cells expressing Plectin-1 in the blood of patients with PDACs had KRAS G12D mutation (Figure 2B). A very high rate of activating mutations in KRAS (>90%) is included in PDAC (24), and KRAS G12D is the most dominant one (25). In this sense, Plectin-1 is a fascinating target for CTC platform development. This study is the first report to examine the feasibility of Plectin-1 as a new detection marker for PDAC CTCs, and showed that Plectin-1 can be reliably used to detect CTCs in resectable PDAC patients. Plectin-1+ CTC counts were not significantly different from EpCAM+ CTC counts in both portal vein and peripheral vein (Figure 5). Further investigations are needed to clarify whether Plectin-1 was co-expressed in EpCAM+ CTCs and whether captured CTCs expressed one of two.

The number and detection rate of CTCs were higher in portal vein compared to peripheral blood in pancreatobiliary cancer and colorectal cancer (26, 27). However, the count and frequency of EpCAM+ or Plectin-1+ CTCs were not statically significant between portal and peripheral vein (Figure 5). Furthermore, CTC counts utilizing microfluidic NanoVelcro CTC chips were correlated with PDAC stage (28), which was contradictory to our result that numbers of EpCAM+ and Plectin-1+ CTCs were not dependent on the AJCC staging in resectable PDAC patients (Figure 6). CTC-positivity was not associated with tumor characteristics, lymph node metastasis, resectability, or advanced TNM stage (29), and the percentage of CTC detection was not related to the TNM stage or distant metastasis (30, 31). It should be considered that we utilized a size-based filter platform instead of an immunomagnetic platform, and the enrolled patients had resectable PDACs with prominently stage II but not advanced or metastatic PDAC.

The role of CTC is still controversial but many reports have shown promising results of CTCs as a tool for refining prognosis and identifying personalized treatment to patients in various gastrointestinal cancers including colorectal cancer and gastric cancer (32–34). Some studies have shown that CTCs can predict the survival rate, diagnosis, and stage of PDAC. CTC presence evaluated by using the CellSearch platform was an independent prognostic factor with respect to OS of advanced PDAC patients (35). Another study used size-based ScreenCell Cyto filtration device and hematoxylin-eosin-safran staining to detect CTCs, reported no differences in survival between patients with positive and negative results for CTC (36). Khoja et al. isolated CTCs by size and identified them solely by morphological characters such as nuclear to cytoplasmic ratio, diameter, hyperchromatic nuclei and cellular shape. They detected CTCs in 93% of pancreatic cancer patients, but did not find any significant difference in either regular survival or progression-free survival (37). The debatable conclusion seems to be associated with varied detection and identification methods.

To date, there are only few studies investigating the prognostic relevance of CTCs in both PV and peripheral blood in PDAC. There were some studies reporting that CTC from portal vein predicts liver metastasis in resectable PDAC patients (38, 39), but no reports have explicitly investigated the correlation between survival rate and CTCs in portal draws as well as peripheral blood of patients with resectable PDAC. We enrolled PDAC patients from 2013 to 2015 prospectively, and followed up till the February of 2020 to collect the complete survival data. In Figure 7, EpCAM+ CTC counts in peripheral blood was adversely associated with OS, and more than one EpCAM+ CTCs in portal vein was not significantly related to OS. The enumeration of Plectin-1+ CTCs in both peripheral blood and portal vein showed none of significant association with OS. In addition, overall recurrence did not differ between the patients without portal vein EpCAM+ CTCs and those with portal vein EpCAM+ CTCs (83.3% vs. 85.0%, p > 0.999). Also, we did not find statistically significant difference between the patients without portal vein EpCAM+ CTCs and those with portal vein EpCAM+ CTCs (Supplementary Table 2).

We need more investigation of EpCAM+ and Plectin-1+ CTCs with larger groups of PDAC patients. Further insights into the character and genetic signature of CTCs compared to the parent tumor in surgical patients may allow us to detect or predict recurrence patterns, location and time of relapse.

Here, we would like to address the practicability of Plectin-1 to detect CTCs and the prognostic value of CTCs positive for EpCAM and Plectin-1 from both peripheral and portal venous blood of resectable PDAC patients. In conclusion, Plectin-1 is reliable in identifying CTCs captured by microfabricated filter, and the enumeration of EpCAM+ CTCs in peripheral blood might be associated with poor prognosis in resectable PDAC patients.
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Background

Identification of a simplified prediction model for lymph node metastasis (LNM) for patients with early colorectal cancer (CRC) is urgently needed to determine treatment and follow-up strategies. Therefore, in this study, we aimed to develop an accurate predictive model for LNM in early CRC.



Methods

We analyzed data from the 2004-2016 Surveillance Epidemiology and End Results database to develop and validate prediction models for LNM. Seven models, namely, logistic regression, XGBoost, k-nearest neighbors, classification and regression trees model, support vector machines, neural network, and random forest (RF) models, were used.



Results

A total of 26,733 patients with a diagnosis of early CRC (T1) were analyzed. The models included 8 independent prognostic variables; age at diagnosis, sex, race, primary site, histologic type, tumor grade, and, tumor size. LNM was significantly more frequent in patients with larger tumors, women, younger patients, and patients with more poorly differentiated tumor. The RF model showed the best predictive performance in comparison to the other method, achieving an accuracy of 96.0%, a sensitivity of 99.7%, a specificity of 92.9%, and an area under the curve of 0.991. Tumor size is the most important features in predicting LNM in early CRC.



Conclusion

We established a simplified reproducible predictive model for LNM in early CRC that could be used to guide treatment decisions. These findings warrant further confirmation in large prospective clinical trials.
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Introduction

Colorectal cancer (CRC) is a major cause of morbidity and mortality worldwide, its importance is expected to continue increasing over time (1, 2). In recent years, increased awareness and the introduction of population-based surveillance and screening programs have led to achieving higher rates of precancerous dysplastic lesions or early CRC detection (3, 4).

Early CRC is a tumor that is confined to the mucosa and/or submucosa regardless of the presence of regional lymph node metastasis (LNM). In certain cases of early CRC, endoscopic resection is a less invasive and cost-effective treatment compared to surgery (5–7). However, the CRC patients with LNM or distant metastasis cannot be adequately cured by local endoscopic treatment alone, and therefore subsequently require surgical resection for achieving a curative treatment.

LNM is found in approximately 6–16% of the patients with submucosal invasive CRC (8–10), however, the number might be underestimated, as clinicians make important treatment decisions based on limited examinations, such as computed tomography (CT) and ultrasonography.

Thus, an accurate and fast assessment of locoregional and/or distant metastases in patients with early CRC is essential to determine whether these patients should undergo additional surgical resections or be needed surveillance regularly. Currently, no universally accepted indications and criteria exist for additional surgical resection after endoscopic resection, even though a fast and accurate assessment of the risk of locoregional LNM after local endoscopic treatment of patients with early CRC is necessary.

Therefore, the aim of present study was to develop a novel prediction model for LNM by using simple histopathological and clinical parameters with high reliability, that can be used to improve patient risk stratification in early CRC.



Materials and Methods


Data Source

This study used the Surveillance, Epidemiology, and End Results (SEER) Program database from the National Cancer Institute, which is publicly available U.S. cancer registries. The registry collects and publishes cancer incidence, mortality, and survival data from 17 population-based cancer registries, covering approximately 34.6% of the U.S. population (Iowa, Los Angeles, Connecticut, Utah, Greater California, Idaho, Georgia Center for Cancer Statistics, San Francisco-Oakland, San Jose-Monterey, Louisiana, Hawaii, Massachusetts, Alaska Native tumor registry, Kentucky, New Mexico, New York, Seattle-Puget Sound) (11). The database is roughly represent the U.S. population and includes information on over 9 million cancer cases with over 550,000 new cases added to the database annually. It offers a powerful resource for researchers focused on understanding the natural history of CRC and improving quality healthcare for the patients (11, 12). This retrospective cohort study was evaluated and approved by the Institutional Review Board of the Kyung Hee University Hospital at Gangdong (KHNMC IRB 2020-01-015).



Study Population

The SEER registry collects data including age at diagnosis, sex, race, primary site, histologic type, tumor grade, tumor size, and tumor depth. Using the SEER 1975–2016 database (released 4/15/2019), we analyzed data from all patients diagnosed with T1 CRC for the years 2004-2016. T1 CRC was defined as infiltration of the tumor into the submucosa. We extracted clinical demographic data, including age at diagnosis, sex, race and tumor information including location, size, grade, histologic type, and American Joint Committee on Cancer 7th TNM stages by using SEER disease codes. Tumor location was determined by using the following codes: C18.0 (cecum); C18.1 (appendix); C18.2 (ascending colon); C18.3 (hepatic flexure); C18.4 (transverse colon); C18.5 (splenic flexure); C18.6 (descending colon); C18.7 (sigmoid colon); C18.8 (overlapping lesion of colon); C18.9 (colon); rectosigmoid (C19.9); and rectum (C20.9). The morphology of cancer was categorized according to the ICD-0-3 histology and behavior codes: 8010/3, (carcinoma, NOS); 8020/3, (carcinoma, undifferentiated, NOS); 8140/3, (adenocarcinoma, NOS); 8144/3, (adenocarcinoma, intestinal type); 8210/3, (adenocarcinoma in adenomatous polyp); 8211/3, (tubular adenocarcinoma); 8255/3, (adenocarcinoma with mixed subtypes); 8261/3, (adenocarcinoma in villous adenoma); 8262/3, (villous adenocarcinoma); 8263/3, (adenocarcinoma in tubulovillous adenoma); 8440/3, (cystadenocarcinoma, NOS); 8470/3, (mucinous cystadenocarcinoma, NOS); 8480/3, (mucinous adenocarcinoma); 8481/3, (mucin-producing adenocarcinoma); 8490/3, (signet ring cell carcinoma); and8221/3, (adenocarcinoma in multiple adenomatous polyps). For tumor differentiation grading, we used a four tier classification including well differentiated, moderately differentiated, poorly differentiated, undifferentiated, which is proposed by WHO grading system (13). In order to exclude potentially confounding factor, the patients who received preoperative radiation treatment were excluded. The overall scheme of the workflow is illustrated in Figure 1.




Figure 1 | The Workflow of the development process.





Establishment of the Predictive Model

In this study, we used seven machine-learning (ML) models that are commonly used to predict LNM in patients with early CRC. For the linear model, the logistic regression model (LR) was selected (14). The neural network model (NN), which is one of the important classes of nonlinear prediction models and has been reported in a previous study was used (15). For the kernel-based model, we applied the support vector machine (SVM), which is adopted in many clinical applications (16). For the decision tree approach, the classification and regression trees model (CART), XGBoost (XGB) model and random forest (RF) model, which have also been used in clinical research were included (17–19). Finally, for the basic prediction technique, k-nearest neighbor algorithm (kNN) was selected (20).

We used random oversampling method to improve the classifier performance for the minority classes in our imbalanced classes (21). First, the patients were randomly assigned to a training set (90%) and a test set (10%), where the two class (LNM group vs. non-LNM group) proportions in each set were the same. In the training set, we performed k-fold cross-validation (k = 10), and grid search was used to find the best parameter combinations. For each set of parameters, we fitted the model in turn with 9/10 of data and used 1/10 of data for validation.



Assessment of Prediction Models

To ensure a fair comparison of the models, we used the confusion matrix, area under the curve (AUC), sensitivity (recall), specificity, accuracy, average precision (AP), false positive rate, and precision as performance indicators. We used the AU-ROC as the performance index and the AP value as the criterion for the precision-recall (PR) curve (22). The average value of the parameter was finally executed on the test set.



Statistical Analysis

All data were obtained using the SEER*Stat software (8.3.6 version; Surveillance Research Program, National Cancer Institute). All analyses were performed with Python (version 3.6.9) and R statistical software (version 3.6.0). Demographic differences between the two groups were tested using the Student’s t-test and Pearson chi‐square test. To better evaluate the performance of the models, we used a paired t test to compare the AU-ROC further in each resampling calculation. A two‐sided P ≤ 0.05 was considered statistically significant.




Results


Baseline Characteristics

A total of 347,956 patients with CRC between 2004 and 2016 were collected, of which about 292,201 patients were excluded from the study because they were diagnosed with T0 or advanced CRC with or without distant metastasis. After excluding 28,197 patients with insufficient data and 825 patients treated with preoperative radiation therapy, 26,733 patients with a diagnosis of early CRC (T1) were analyzed. The model included eight independent prognostic variables, including age at diagnosis, sex, race, primary site, histologic type, tumor grade, and, tumor size. The analyzed patients were divided into the LNM (2,543 patients, 9.5%) and non-LNM groups (24,190 patients, 90.5%). The younger people (< 60 years) tended to have more LNM at diagnosis compared with the older group (P < 0.001). Significantly higher LNM in women compared with men was observed in the patients with early CRC (P < 0.001). The proportion of LNM in the distal colon included the descending colon, sigmoid colon, and the rectosigmoid junction, was significantly higher than that in the colon proximal to the splenic flexure (P < 0.001). The overall racial and/or ethnic distribution was 69.7% non-Hispanic whites, 11.9% non-Hispanic blacks, 9.0% Hispanics, 8.9% non-Hispanic Asians or Pacific Islander, and 0.5% others (non-Hispanic American, Indian, Alaska natives). Among all patients evaluated, 20.8% (n=5,572) had well differentiated tumor; 71.2% (n=19,026), moderately differentiated; 7.1% (n=1,902), poorly differentiated; 0.9% (n=233), undifferentiated cancer. The mean tumor size was significantly larger in the early CRC patients with LNM than in those of without LNM (22.8mm vs. 20.6 mm) (P < 0.001). Table 1 shows the overall distribution of baseline characteristics of the study population.


Table 1 | Baseline characteristics.





Tuning of Parameters

We trained the SVM a combination of a C value of 1.0 and a kernel smoothing parameter σ of 0.001. For kNN, a relatively large number of k = 14 was optimal. XGB was performed using the parameters with a maximum depth of 6 and a minimum child weight of 1. For NN, the hyper-parameters were changed during training to obtain the optimal model based on the validation set. The final selected hyper-parameters were a learning rate of 0.001, epoch of 300, hidden layer of 3, dropout rate of 0.3, and batch size of 128. For RF, a relatively large number of randomly selected 61 subtrees provided the best performance.



Performance of Developed Models

The average ROC curves and PR curves during the training are shown in Figure 2. Most models had AUC values above 0.81, but the values of LR, XGB, and SVM were lower. The confusion matrix was also calculated for the seven models (Table 2). As shown in Table 2, LR, XGB, and SVM generated a large number of FNs, and kNN and CART models had a large number of FPs during the prediction process. The RF model produced the minimum number of FN (= 5) and FP (= 171). Table 3 shows the AUC, sensitivity, specificity, precision, negative predictive value (NPV), false discovery rate (FDR), accuracy, AP, F1, and Matthews correlation coefficient of each model. The linear model LR showed the worst performance; its accuracy rate was up to 0.60, whereas the accuracy of RF was up to 0.96.




Figure 2 | Evaluation of the predictive models. (A) Average ROC curves of seven models. (B) Average PR curves, indicating the tradeoff between precision and recall.




Table 2 | Confusion matrices of developed models.




Table 3 | Performance of developed models.



The accuracy of the other models was less than 0.90. RF achieved the highest AUC value of 0.991, and CART had an AU-ROC value of 0.944. LR had the lowest AUC value of 0.623. The RF model showed the best sensitivity and specificity, as well as the best precision, NPV, FDR, accuracy, AP score, F1 score and Matthews correlation coefficient value.



Feature Importance Comparisons between Algorithms

We quantified the variable importance using the coefficients of permutation importance for LNM in each model (Figure 3). For most of the models, the variables including tumor grade, depth of tumor, and age had important influences on the predictability for LNM in early CRC. Based on our quantification, tumor size showed the highest frequency for the top predictors in four of the six models.




Figure 3 | Factor importance of the developed models. The (A–F) Bar graphs describe the proportion of importance of the different predictors in the model.






Discussion

In this study, we established a novel predictive model by combining eight clinicopathologic parameters to predict LNM in early CRC using seven ML models. To the best of our knowledge, this is the first large-scale study to develop a predictive model for LNM by combining easily available simple clinical and pathological data in patients with early CRC. Clinicians are often confronted with the difficulty of selecting candidates who will benefit from surgery after local endoscopic resection.

Currently, in clinical practice, risk stratification in these patients is usually performed by histopathologists carefully analyzing the specimen to determine the risk of LNM, caused by the limited capacity of CT to accurately identify LNM (23).

In previous studies, the pathological factors that showed the strongest independent predictive value for LNM in early CRC are tumor type, poor histological differentiation, and the depth of submucosal invasion (24–27). However, the high interobserver variability in the pathological assessment limits their clinical usefulness and should therefore be interpreted with caution as a univariate marker when deciding whether to proceed with surgery (28, 29). Therefore, the multivariable risk model combining the histopathological data with clinical data can reduce the inaccuracies associated with relying on individual subjective markers and to better define the optimal treatment strategy for early CRC.

With the recent rapid development of computer-aided technology, the application of ML model in cancer diagnosis has an important role; it is being widely used in the medical field with growing trend toward predictive medicine (30–32). We hereby developed an ML model by using the simple clinicopathological parameters in large data, which provided high predictive ability of LNM for patients with early CRC.

To date, a few ML models for prediction of metastasis in patients with early CRC have been developed and evaluated for prognosis and prediction in patients with early CRC (33–36). Ichimasa et al. developed the SVM model with 45 clinicopathologic factors for prediction of LNM in patients with early CRC. They reported that artificial intelligence significantly reduces unnecessary extra surgery after endoscopic resection of T1 CRC without LNM positive in comparison to the current guidelines (33). Another Japanese study showed a deep learning model for predicting LNM from pathology images with cytokeratin immunohistochemistry in early CRC (34). However, these studies were retrospective in nature with single center or small numbers of patients. Due to the low rate of metastasis in early CRC, only a limited number of events exist, leading to limited data. Furthermore, inadequate data could not provide sufficient satisfactory performance under ML algorithms and may have led to lower predictive performance ranging from 0.821 to 0.913, which is less than the result from our RF model. A recent Chinese study also presented a predicting model for LNM that incorporates both the radiomics signature, which combine multiple individual CT imaging features, and several clinical factors using the multivariable logistic regression analysis (35). Although this might be an interesting attempt, the model validity is not guaranteed considering the heterogeneity in the quality of CT image between facilities and its accuracy of approximately 78%, which is lower than the performance of the predictive model we constructed. Lastly, Kudo et al. also employed deep-learning-based modeling to predict LNM in T1 CRC (36). However, they only used NN model for nonlinear dynamic system with smaller sample size than our study and assessed LNM using only CT imaging in the cases treated by endoscopic resection, because pathologic confirmation was not available.

Meanwhile, the reason why the RF model outperforms the other ML algorithms is not easily explained. It might be attributed to that the RF models generally demonstrate the most substantial improvement over linear methods and, might be outperform kernel-based model and neural network model in many categorical variables and some outliers from the nature of large retrospective cohort data. However, to build robust prognostic models for LNM in early CRC, other variables, such as gene expression and histologic image data beyond clinical-pathological variables, should be needed.

In our study, we investigated the variable importance of the predictive models developed, as it could be useful for decision-making by clinicians. Our findings indicated that tumor size was the most important factor for predicting the presence of LNM in early CRC. The prognostic value of tumor size in CRC has long been studied, but no consensus has been reached. Zhang et al. and Kornprat et al. demonstrated a significant association between tumor size and metastasis in CRC (37, 38), whereas Miller et al. indicated no prognostic significance of tumor size in CRC (39). Furthermore, its potential prognostic role in patients with early CRC has not been well investigated. This is the first largest study to identify the prognostic value of tumor size for early CRC and provide statistical evidence for further prospective study. Despite the aforementioned, the current study has several limitations. First, since the SEER database is a nationwide program, several diagnostic criteria, such as histological grades and verification of tumor locations might be subjective, which could cause potential systematic bias. Second, detailed histopathological data, such as lymphovascular invasion, tumor budding, and precise depth of tumor invasion that have been associated with metastasis are insufficient. These data require further assessment to improve the performance of our ML algorithms. Third, our study comprised predominately of white patients; thus, the findings may not be generalized to other racial populations. Finally, the data have a class imbalance problem between the patients with and those without LNM, which means that the rate of LNM is low in early CRC. Therefore, during the tuning process, the parameters had to be further optimizing to avoid overfitting. To further improve the accuracy of the established model, it is necessary to collect more clinical data and further optimizing the parameters are necessary in subsequent studies.

In conclusion, we established and compared seven models to predict metastasis in early CRC by using easily available clinical and histopathological features in real practice. The RF model, a simplified reproducible predictive model, showed the highest predictive power compared with the other models. Tumor size the most important predictor of LNM in early CRC. Therefore, the patients with tumor larger than 3 cm, who were identified as high-risk through the model, may requires careful attention to selection and additional surgical treatment in early CRC. However, because of the limitations inherent in studies based on observational data, these findings should be confirmed in prospective clinical trials.
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Background

We previously reported that loss of KRAS mutations (“regressive” mutational trajectories) from primary tumors to metastases associated with the oligo-metastatic status in colorectal cancer (CRC). The present study was undertaken in order to analyze the mutational trajectories of KRAS in a well-characterized cohort of CRC patients who developed poly- or oligo-metastatic disease.



Material and Methods

Patients were treated and followed-up according to European Society of Medical Oncology guidelines. Primary CRC FFPE tissue and metastatic circulating-free DNA were extracted using the QIAamp DNA specific kits (Qiagen, Hilden, Germany). Samples were sequenced with the Oncomine Solid Tumour DNA kit (Thermo Fisher Scientific, Waltham, MA, USA). Plasma collection for liquid biopsy was done from 1 to 14 days before starting first-line chemotherapy. Analysis of the prognostic power of KRAS evolutionary trajectories was done with uni- and multivariate analyses.



Results

One-hundred-fourteen patients were enrolled. Sixty-three patients presented with mutated KRAS (mutKRAS) and 51 with wild-type KRAS (wtKRAS). KRAS mutational concordance was high (70.1%).Two divergent subsets were identified: mutKRAS in primary tumors and wtKRAS in metastatic ones (regressive: mutKRAS → wtKRAS in 8.8% of patients), and vice versa (progressive: wtKRAS → mutKRAS in 21.1% of patients). An association between KRAS regressive trajectory and the oligo-metastatic status (P <0.0001) was found. At multivariate analysis, regressive and progressive mutational trajectories emerged as independent prognostic factors for survival, with Hazard Ratios of 0.22 (CI 95%: 0.08–0.61; median survival: not reached) and 2.70 (CI 95%: 1.11–6.56, median survival: 12.1 months), respectively.



Conclusions

Our data provide evidence that the evolutionary trajectories of KRAS can have a strong clinical prognostic role and that they can be involved in discriminating between poly-metastatic aggressive vs oligo-metastatic indolent CRC.





Keywords: KRAS, metastatic colorectal cancer, DNA, liquid biopsy, prognosis



Introduction

Colorectal cancer (CRC) is the third cause of cancer-related death worldwide (1). About 30% of patients present at diagnosis with metastatic disease, and half of them will develop metastases after surgical resection of the primary tumor (2). The survival of metastatic colorectal cancer (mCRC) patients significantly improved in the last 20 years with the introduction of target-oriented drugs [anti-EGFR (Epidermal Growth Factor Receptor) and anti-angiogenic agents] associated with chemotherapy (fluoropirimidines, oxaliplatin and irinotecan); however, it still very rarely encompasses 30 months (3). The selection of patients on a genetic basis allowed the selection of those more prone to respond to specific treatments. In fact, it is now clear that mCRC patients bearing specific KRAS (Kirsten RAt Sarcoma viral oncogene homolog) mutations do not benefit from anti-EGFR treatment because mutated and constitutively hyper-activated KRAS determine a ligand-independent activation of EGFR (4). We previously reported that loss of KRAS mutations (“regressive” mutational trajectories) from primary tumors to metastases on FFPE (Formalin-Fixed Paraffin Embedded) resected tissues was associated with long-term survivals and the oligo-metastatic status in mCRC (5, 6). However, the evaluation of circulating tumor DNA (ctDNA) sequences, also called “liquid biopsy”, has provided a great opportunity to study the mutational evolution of cancers with a non-invasive, real-time and repeatable approach. On these bases, Misale et al. (7) demonstrated that the occurrence of KRAS point mutations preceded the resistance to anti-EGFR monoclonal antibodies in mCRC patients who experienced an initial response. Furthermore, Siravegna et al. (8) showed that in mCRC patients, during anti-EGFR treatment withdrawals, KRAS mutated mCRC cells regain drug-sensitivity due to decay in frequency of KRAS mutations which, in some cases, become undetectable. Altogether, these data indicate that mCRC genetics is dynamic and that the evaluation of the tumor mutational status in a single moment could not be representative of the cancer mutational evolution.

The present study was undertaken in order to analyze the mutational trajectories of KRAS in a well-characterized cohort of mCRC patients and to correlate those trajectories with the prognosis and the extent of the disease (oligo- versus poly-metastatic status).



Material and Methods


Patients’ Selection and Management

This was a retrospective, non-interventional and biomarkers study officially approved by the Scientific Directorate on November 11, 2020. The source of data was the electronic database reporting clinical records of CRC patients who underwent to radical excision of primary tumor from 2015 to 2018 and characterization of KRAS mutational status. Thereafter, they developed metastatic and unresectable disease and were enrolled into the study upon signature of an informed consent to perform a liquid biopsy for KRAS reassessment just before starting the first-line chemotherapy. The treatments were administered at the SSD (Struttura Semplice Dipartimentale) Innovative Therapies for Abdominal Metastases of the Istituto Nazionale Tumori di Napoli, IRCCS “G. Pascale. Oligo-metastatic patients were intended as those having one to three lesions per organ with a maximum tumor diameter smaller than 70 mm and no lesions encompassing 25 mm diameter. To avoid clear negative prognostic influences, some clinical criteria for patients’ inclusion were established a priori and consisted on: Performance Status ECOG (Eastern Cooperative Oncology Group) 0 or 1, age <80 years and life expectancy of at least three months. According to these criteria, 114 patients were selected: 63 had KRAS mutations (mutated KRAS: mutKRAS), 51 were KRAS wild-type (wtKRAS) (see DNA sequencing). Treatments were chosen according to ESMO (European Society of Medical Oncology) guidelines (9). All patients signed a written informed consent before treatment administration and molecular assessments. The primary outcome of this study was the analysis of the prognostic power of different KRAS evolutionary trajectories between the mutational status in primary tumor and that in liquid biopsy at metastases occurrence in both wild-type (wtKRAS → wtKRAS and wtKRAS → mutKRAS) and mutated (mutKRAS → mutKRAS and mutKRAS → wtKRAS) CRCs. Patients harboring double mutations of KRAS or NRAS or BRAF (v-raf murine sarcoma viral oncogene homolog B) mutations were not included in this study.



Patients Follow-Up

Total body Computed Tomography (tbCT) scan and CEA (CarcinoEmbryonic Antigen) monitoring were not centralized and were done every three months. The response to chemotherapy was evaluated by RECIST (Response Evaluation Criteria In Solid Tumours v1.1) (10). Complete response (CR) was defined as complete disappearance of all detectable evidence of disease on tbCT. Partial response (PR) was defined as at least a 30% decrease in the sum of diameters of target lesions. Stable disease (SD) was defined as everything between 30% decrease and 20% growth of tumour size. Progressive disease (PD) was defined as at least a 20% increase in the sum of diameters of target lesions. Disease Control (DC) was the sum of CR + PR + SD.



Plasma Collection

Six mL of whole blood was collected through sting of a peripheral vein, using Vacutainer® with EDTA as anticoagulant (K2EDTA, purple cap, Becton Dickinson). Plasma was separated by two sequential centrifugation steps (the first at room temperature for 10 min at 1,500×g and the second at 2,000×g for the same time and temperature). Plasma was stored at −80°C until analysis (see beyond).



Plasma Circulating-Free and Formalin-Fixed Paraffin-Embedded (FFPE) Tissue DNA Extraction

Circulating-free (cf)-DNA was extracted from 1-ml samples of plasma with a commercial kit (QIAamp Circulating Nucleic Acid Kit; QIAGEN GmbH, Hilden, Germany) according to the manufacturer instructions. Cf-DNA samples were then stored at −20°C. FFPE tissue DNA was extracted from three 10 µm FFPE sections using the QIAamp DNA FFPE Tissue kit (Qiagen, Hilden, Germany) and the QIAcube apparatus (Qiagen). The DNA quantity was evaluated with the dsDNA HS assay kit using the Qubit 2.0 Fluorometer (Invitrogen, Monza, Italy).



DNA Sequencing

Tumour samples were sequenced with the Oncomine Solid Tumour DNA kit (Thermo Fisher Scientific, Waltham, MA, USA) covering hotspot variants and actionable mutations of 22 genes involved in colon cancer. However, our analysis focused on KRAS-related genetic results. Ten nanograms of genomic DNA (gDNA) were used to prepare libraries according to the manufacturer’s instructions.

The amplified libraries were sequenced on the Ion Torrent PGM semiconductor (https://www.thermofisher.com/it/en/home/life-science/sequencing/next-generation-sequencing/ion-torrent-next-generation-sequencingworkflow.html) and the data were analyzed using the torrent suite software v5.0 (Thermo Fisher Scientific) and the obtained variants confirmed by the integrative genome viewer (IGV) from the Broad Institute. The limit of mutations detection (LOD) of tissue NGS approach is 2% allelic frequency. Reference sequence for KRAS was NM_004958.4. Mutations were also checked according to ClinVar identifier numbers (https://www.ncbi.nlm.nih.gov/clinvar/intro/).



Statistical Analyses, Study Design, and Data Presentation

Associations between KRAS mutations and clinical and pathologic variables were evaluated by χ2 test. P <0.05 was considered statistically significant. The primary outcome measure was the Overall Survival (OS), measured from the start of the first-line chemotherapy until death from any cause. The Kaplan–Meier product limit method was applied to graph OS. The study was exploratory considering the scarcity of data about the prognostic power of different mutational evolutions of KRAS oncogene in primary vs metastatic lesions and, thus, it does not have a pre-specified study design. All patients registered in an observational database (STORIA database) (11) between 2015 and 2018 and who accepted to perform liquid biopsy before starting first-line chemotherapy were enrolled. We chose do not prolong the enrolment period to avoid any prognostic interferences related to therapeutic and methodologic changes occurring in clinical practice. With an estimated survival difference between patients with KRAS mutational regression (defined as an expected rare group, mutKRAS → wtKRAS) vs patients with stably mutated KRAS (mutKRAS → mutKRAS) higher than 50% at 12 months, an estimated ratio mutKRAS → wtKRAS:mutKRAS → mutKRAS of about 1:10, a sample size of at least 60 patients was required to generate a significant hypothesis (P <0.005) on survival time differences at Log-Rank Test.

Univariate analysis was performed with the Log-Rank test. Multivariate analysis was performed through the Cox proportional-hazards regression in order to analyze the effect of several risk factors (co-variates) on OS. The HR is the estimate of the end-point probability and it can be interpreted as the instantaneous relative risk of an event (death), at any time, for an individual with the risk factor present compared with an individual with the risk factor absent, given both individuals are the same on all other covariates. Covariates were selected after consensus discussion between authors and were dichotomized: age <65 vs age ≥65, male vs female, left sided vs right sided, one involved organ vs two or more, response to first-line chemotherapy (Disease Control vs No Disease Control), KRAS mutational evolution in mutated KRAS (mutKRAS → mutKRAS vs mutKRAS → wtKRAS) and in wild-type KRAS (wtKRAS → wtKRAS vs wtKRAS → mutKRAS). 95% confidence intervals (CI) of HR are also reported. Statistical analysis was performed using the MedCalc® 9.3.7.0 and Excel software.




Results


Clinico-Pathological and Treatment Characteristics According to the Initial Mutational Status of KRAS

One-hundred-fourteen patients who received surgical removal and KRAS oncogene evaluation of a primary CRC between 2015 and 2018 accepted to reassess KRAS mutational status through liquid biopsy before starting the first-line chemotherapy for the occurrence of distant and non-resectable metastases. However, first-line and subsequent chemotherapies were established according to the KRAS assessed on the primary FFPE tumoral tissue as established by National Regulatory Authorities (a detailed description is reported in Table S1). Table 1 shows the clinic-pathologic characteristics of patients according to the KRAS mutational status in primary tumors. Overall, 63 patients presented with mutKRAS and 51 with wtKRAS. The three most frequent mutations were p.G12D (19 patients), p.G13D (nine patients) and p.G12V (seven patients). There were no statistically significant associations at χ2 test between the mutational status of KRAS on primary tumors and age (<65 vs ≥65 years), gender (male vs female), grading (G1/G2 vs G3), side of primary tumor (left vs right), pT (pT1/pT2 vs pT3 vs pT4), and lymphnodes involvement (pN: 0 vs 1–3 vs >3). According to Oncology Societies’ guidelines and National Pharmaceutical Authorities’ regulations, patients bearing mutKRAS in primary tumors did not receive anti-EGFR-based treatments (Table 2). In this patients’ setting, the use of chemotherapy (CT) and bevacizumab was predominant (56/63 patients, 88.8%); conversely, in wtKRAS patients the 76.4% of them was treated with CT plus an anti-EGFR agent (39/51 patients). Interestingly, wtKRAS patients received more CT lines (43.3% vs 20.6% in mutKRAS patients) and had a longer cumulative median time-on-therapy (20.5 vs 16.9 months in mutKRAS patients). This was indirectly related to the detrimental prognostic effect on survival of mutKRAS (11).


Table 1 | Clinico-pathological characteristics according to KRAS status at diagnosis.




Table 2 | Treatment characteristics according to KRAS status at diagnosis.





Genetic Evolution of KRAS

KRAS mutational concordance (mutKRAS or wtKRAS in both primary and liquid biopsy at metastases occurrence: mutKRAS → mutKRAS and wtKRAS → wtKRAS) was high (70.1%). However, two divergent subsets were identified: 1. mutKRAS in primary tumors and wtKRAS in metastatic ones (mutKRAS → wtKRAS in 8.8% of patients), and vice versa (wtKRAS → mutKRAS in 21.1% of patients) (Table 3). These subsets are particularly interesting because they represent a dynamic aspect of cancer heterogeneity. Table 3 shows some clinical characteristics that could have influenced the genetic evolution of KRAS. There were statistically significant associations: 1. adjuvant chemotherapy based on capecitabine and oxaliplatin more frequently preceded the evolution towards mutKRAS from wtKRAS (wtKRAS → mutKRAS) (P = 0.001), 2. There was a strong association between KRAS regressive trajectory (mutKRAS → wtKRAS) and the oligometastatic status (P <0.0001) (see Material and Methods for the definition of oligo-metastatic disease), 3. Regression of mutKRAS (mutKRAS → wtKRAS) before starting first-line chemotherapy was associated with response to CT alone or CT plus bevacizumab (P = 0.026) (Table 3).


Table 3 | Tumor burden, adjuvant chemotherapy and response to first-line CT according to KRAS evolution.





Prognostic Significance of KRAS Mutations Evolution

Given the opportunity to distinguish four KRAS evolutionary subsets, we studied the prognostic impact of these subsets on survival, the most reliable and synthetic outcome. Time-to-progression was not evaluated considering the potential prognostic biases related to different first-line chemotherapies and/or different therapeutic sequences. Table 4 and Figure 1 show respectively, univariate analysis of overall survival (OS) and Kaplan Meyer curves depicting the survival of patients according to different evolutionary subsets. After a median follow-up for the whole series of 25.0 months, median OS (mOS) of KRAS genetically concordant patients was 9.6 for mutKRAS → mut KRAS and 27.5 months for wtKRAS → wtKRAS. Median OS (mOS) for mutKRAS → wtKRAS (“regressive trajectory”) was not reached (NR), while median mOS in patients developing KRAS mutations in metastatic tumors from wtKRAS in primary lesions (wtKRAS → mutKRAS) was 12.1 months (P = 0.0001 at Long Rank test).


Table 4 | Univariate analysis of KRAS mutations’ evolution prognostic power.






Figure 1 | Kaplan-Meier survival curves according to KRAS mutational trajectories.



A multivariate analysis was performed including as dichotomized co-variates, age (<65 vs ≥65 years), gender (male vs female), side (left vs right), extent of metastatic involvement (one vs multiple sites), response to first-line CT [CR/PR/SD (DC, Disease Control) vs PD (no DC)], genetic concordance in mutKRAS vs regressive trajectory (mutKRAS → wtKRAS), and genetic concordance in wtKRAS vs progressive trajectory (wtKRAS → mutKRAS). Interestingly, the following conclusions from the statistical analysis can be derived: i. metastatic involvement (one vs multiple sites; mOS: 30.6 vs 11.0 months; HR: 4.16, CI 1.25–13.7), ii. response to first-line CT (DC vs no DC; mOS: 28.3 vs 9.6.0 months; HR: 2.11, CI 1.78–4.26), and KRAS evolutionary iii. regressive (mutKRAS → mutKRAS vs mutKRAS → wtKRAS; mOS: 9.6 months vs NR; HR: 0.22, CI 0.08–0.61) and iv. progressive trajectories (wtKRAS → wtKRAS vs wtKRAS → mutKRAS; mOS: 27.5 vs 12.1 months; HR: 2.70, CI 1.11–6.56) emerged as independent prognostic factors for OS (Table 5).


Table 5 | Multivariate analysis of RAS mutations’ evolution prognostic power.






Discussion

In this work, we found that the genetic dynamics of mCRC is clinically relevant since patients bearing divergent mutational evolution have a prognosis consistent with the results of liquid biopsy: in fact, patients bearing mutKRAS at liquid biopsy from a wtKRAS in primary tumor have both poorer survival and responsiveness to chemotherapy similar to KRAS mutated CRCs. This subset could represent a particularly aggressive phenotype on an evolutionary point of view (“progressive” genetic trajectory). By contrast, in 8.8% of cases we observed a “regressive” mutational trajectory that was associated to the best prognosis and high responsiveness to chemotherapy independently from the lack of anti-EGFR treatment administration. The last data are particularly surprising and could indicate that additional unexplored anti-tumoral mechanisms could work to downsize the neoplastic population. Multivariate analysis showed that both mutational trajectories had an independent and significant prognostic power. As in our previous studies (5, 6), we cannot definitively demonstrate if this effect depends on a negative immunologic selection (12) or on a spontaneous genetic devolution. Our translational studies are in progress to identify and isolate, from oligo-metastatic CRC patients, eventual T-cells responsible of mutKRAS clones’ elimination.

Surprisingly, we found that “progressive” genetic trajectories (wtKRAS → mutKRAS) were much more frequent in patients treated with adjuvant chemotherapy (Table 3). These findings were consistent with two previous studies performed in well-defined models of oligo-metastatic CRC (5, 6). We hypothesized that chemotherapy would induce a genetic remodelling. The existence of this selection mechanisms was supported by our findings on much more divergent mutational signatures and events between primary and matched metastases when the resection of metachronous metastases was preceded by adjuvant chemotherapy (mutational sharing: >90% in non-chemotherapy-pre-treated lesions vs <15% in chemotherapy-pre-treated lesions). In other words, RAS wild-type CRC patients progressing after oxaliplatin/capecitabine-based adjuvant chemotherapy developed more RAS mutations and resistance to anti-EGFR treatments than metastatic patients who did not receive adjuvant treatment. Therefore, chemotherapy could induce both genetic remodelling and evolutionary pushing. The neoplastic progeny of chemotherapy pre-treated CRC patients could have much more extensive intra-tumour mutation heterogeneity including some clones evolved towards mutKRAS. In our opinion, a similar effectwas observed in a very recent study by Wu et al. (13) reporting a trial on the use of osimertinib in completely resected EGFR mutated non-small cell lung cancers (NSCLC). Osimertinib adjuvant administration was less effective on disease-free survival when preceded by chemotherapy. Importantly, we are describing our scientific observations and not deploring adjuvant chemotherapy that is a standard of care in high-risk resected CRC and NSCLC. A useful suggestion rising from our work would be to reassess the mutational status of KRAS, particularly in patients underwent to adjuvant chemotherapies, in order to predict the major risk to develop a chemotherapy-induced genetic remodelling requiring both more aggressive treatment strategies and more careful follow-up.

Some limitations of the present study deserve to be discussed. The sample size is limited to 114 patients. In fact, about half of patients did not accept to reassess KRAS with liquid biopsy in order to modulate the planningof the therapeutic approach that remained based on the first FFPE tissue RAS evaluation. Furthermore, only 10 patients showed a regressive trajectory of KRAS (mutKRAS → wtKRAS) and this was related to the lower incidence of this effect if compared to the progressive trajectory (wtKRAS → mutKRAS) which represents an advantageous gain for cancer cells. First-line treatments were physiologically heterogeneous according to clinical and genetic assessments; however, the mono-institutional and exploratory nature of this study, along with the uniformity of technical approaches, makes our results precious and informative. Moreover, we did not evaluate KRAS status at different time-points because of budget limitations. This is a limit and a missed opportunity to observe the complete KRAS cancer cells “plasticity” during the time. Finally, we did not investigate if wtKRAS patients on liquid biopsy were again responsive to anti-EGFR treatments. The latter is a crucial question, which deserves to be explored in large prospective trials. At this stage, we can observe that our patients bearing a regressive trajectory (mutKRAS → wtKRAS) were responsive to treatments and had a good OS regardless of whether they did not receive anti-EGFR agents in first or second lines of treatments.

This work may have a strong practice-changing power in our context since results of liquid biopsy are considered not standard and the National Sanitary System does not reimburse the relative costs. Our results strongly suggest that a single KRAS mutational status determination at the diagnosis is nor correct neither useful because cancer clonal heterogeneity can determine a change of the mutational status over the space (in different sites of disease localization) and time, as already suggested by other researchers (4, 7, 8). In our opinion, our work could contribute to provide a biological basis to approach KRAS testing with a more dynamic attitude (liquid biopsy) giving both new prognostic and therapeutic chances. The identification of regressive genetic trajectories (mutKRAS → wtKRAS) in specific mCRC patients could open unexpected therapeutic scenarios. In fact, in this subset, treatment with anti-EGFR-based drugs (cetuximab or panitumumab) could regain relevance and it deserves to be further explored in clinical trials. Furthermore, our data provides an additional direct evidence that studies of the evolutionary trajectories of KRAS can have a strong clinical and prognostic impact also in discriminating between poly-metastatic aggressive vs oligo-metastatic indolent CRC subsets.
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Background

Emerging evidence shows that serum tumor biomarkers (TBs) and log odds of positive lymph node scheme (LODDS) are closely associated with the prognosis of colorectal cancer (CRC) patients. The aim of our study is to validate the predictive value of TBs and LODDS clinically and to develop a robust prognostic model to predict the overall survival (OS) of patients with CRC.



Methods

CRC patients who underwent radical resection and with no preoperative chemotherapy were enrolled in the study. The eligible population were randomized into training (70%) and test (30%) cohorts for the comprehensive evaluation of the prognostic model. Clinical implications of serum biomarkers and LODDS were identified by univariate and multivariate Cox proportion regression analysis. The predictive ability and discriminative performance were evaluated by Kaplan–Meier (K–M) curves and receiver operating characteristic (ROC) curves. Clinical applicability of the prognostic model was assessed by decision curve analysis (DCA), and the corresponding nomogram was constructed based on the above factors.



Results

A total of 1,202 eligible CRC patients were incorporated into our study. Multivariable COX analysis demonstrated that CA199 (HR = 1.304), CA125 (HR = 1.429), CEA (HR = 1.307), and LODDS (HR = 1.488) were independent risk factors for OS (all P < 0.0001). K–M curves showed that the high-risk group possessed a shorter OS than the low-risk counterparts. The area under curves (AUCs) of the model for 1-, 3- and 5-year OS were 86.04, 78.70, and 76.66% respectively for the train cohort (80.35, 77.59, and 74.26% for test cohort). Logistic DCA and survival DCA confirmed that the prognostic model displayed more clinical benefits than the conventional AJCC 8th TNM stage and CEA model. The nomograms were built accordingly, and the calibration plot for the probability of survival at 3- or 5-years after surgery showed an optimal agreement between prediction and actual observation.



Conclusions

Preoperative serum TBs and LODDS have significant clinical implications for CRC patients. A novel prognostic model incorporating common TBs (CA199, CA125, and CEA) and LODDS displayed better predictive performance than both single factor and the TNM classification. A novel nomogram incorporating TBs and LODDS could individually predict OS in patients with CRC.





Keywords: colorectal cancer, CA199, CA125, CEA, log odds of positive lymph node scheme, prognostic model, nomogram



Introduction

Colorectal cancer (CRC) is one of the most common malignancies globally and causes 900,000 deaths annually (1). Although the slow progression of CRC and increasing use of screening have led to favorable clinical outcomes when patients are diagnosed at an early stage (2), about 40% of the patients still die within five years after diagnosis (3). The newly accurate prognostic assessment of CRC patients is essential for adopting personalized therapeutics and improving patients’ life-quality.

Tumor biomarkers (TBs) are associated with prognosis of patients (4) and may serve as complements of TNM staging (5). Carcinoembryonic antigen (CEA) is the most critical serum tumor marker during the assessment of both prognosis and therapeutic effect of CRC (6–8). Recent researchers have found that CEA and carbohydrate antigen199 (CA199) were independent predictors of cancer recurrence and prognostic factors of overall survival (OS). Combined detection of them could assist evaluating the prognosis of patients with stage II–III CRC (9, 10). Similarly, patients with upregulated serum carbohydrate antigen125 (CA125) tend to have poor survival status (11). Nevertheless, these serum biomarkers exclusively reflex the substance released by tumor cells and cannot comprehensively represent the microenvironment of primary tumor or post-surgical residue foci.

Despite the strong dependency of CRC patients’ prognosis on conventional TNM (tumor–node–metastasis) staging system (12), the TNM stage could not behave favorably in predicting the outcomes of patients, especially those in the same stage (13). Accurate personalized prognostic assessments for CRC patients are an essential step for surgeons to better determine therapeutic strategies. Log odds of positive lymph node scheme (LODDS) is an innovative N staging system and has been recently introduced as a new prognostic index in CRCs (14–18), which could powerfully stratify patients into different risk groups (17) even when dissected lymph nodes were insufficient. Besides, LODDS is determined to have a better predictive priority than other N staging systems, such as lymph node ratio (LNR) and AJCC/UICC N staging (14, 15). Therefore, LODDS could be reckoned as an additional indicator for supplementing pN scheme. Given that serum TBs are reflection of the circulatory substance released by tumor cells and LODDS is representation of the local lymph metastasis capacity, it is reasonable and feasible to combine these factors to enhance the predictive ability for the outcomes of CRC patients

In the present study, the overriding aim is to establish a handy and personalized predictive model based on the TBs and LODDS, which could meet surgeons’ demand to predict prognosis of CRC patients. A novel prognostic model was constructed by multivariable Cox regression analysis and optimized by a “step-and-forward” algorithm. The area under the receiver operating characteristic curve (AUC, ROC) analysis demonstrated both highly discriminative ability and outstanding specificity. According to logistic DCA and survival DCA, we concluded that the prognostic model displayed more net clinical benefits than the conventional AJCC 8th TNM stage and CEA model. Ultimately, we presented a novel nomogram that incorporated the serum CA125, CA199, CEA, and LODDS, which could be conveniently applied to facilitate the preoperative individualized OS prediction in patients with CRC.



Methods


CRC Patients and Study Design

A retrospective study was investigated based on a primary cohort of CRC patients who underwent radical resection between February 2014 and December 2016 in the Air Force Military Medical University first affiliation Xijing digestive hospital (Shaanxi, China). The inclusion criteria were as follows: 1) CRC was the only primary carcinoma. 2) CRC patients had complete following-up and multiple baseline clinical information. 3) Patients underwent radical resection. 4) Serum CEA, CA19-9, CA125, and other TBs were detected before surgery. 5) Patients had available post-surgical information including positive lymph nodes (LNs), dissected LNs, and 7th or 8th editions of the AJCC/UICC TNM stage. Patients were excluded if radiotherapy or chemotherapy is received before surgery, both of which could influence the level of TBs and the outcomes of patients.

The study was censored on September 20, 2020 and was approved by the institutional ethics committee of Xijing Hospital. Informed consent for patients was obtained before surgery. Harvested LNs are the retrieved LNs for pathological examination after surgeon and positive LNs (pLNs) are defined as the metastatic lymph node counts determined by postoperative pathology. To calculate the LODDS value, negative LNs (nLNs) representing non-metastatic lymph nodes should be derived by subtracting pLNs from the harvested LNs. Afterwards, LODDS was determined as the following formula: LODDS = In ([pLNs + 0.5]/[nLNs + 0.5]) (5, 15).

Peripheral venous blood was obtained every morning at six from CRC patients who received no treatment. The serum levels of CEA, CA125, and CA19-9 were determined by a Cobas 8000 Analyzer (Roche Diagnostics, Mannheim, Germany). Other clinical parameters such as age, gender, height, weight, nationality, marriage state, Body Mass Index (BMI), Blood type, and FVC (Forced Vital Capacity) were also collected from electronic medical records in the Xijing digestive hospital database.



Follow-Up

CRC patients were contacted once every three months in the first two years after surgery and then every six months after that. A detailed history and a complete physical examination were carried out. The primary endpoint of our study is OS, which was calculated from the time of diagnosis to the date of death, whatever the cause is.



Statistical Analysis

All statistical analysis was conducted in R software (version:3.63, https://www.r-project.org/). The numeric data were expressed as the mean ± SE, and Student’s t test or One-way analysis of variance (ANOVA) was used to compare the difference. Qualitative data between two groups were compared using the X2 test or Fisher’s exact test. The eligible patients were separated into train cohort (70%) and test cohort (30%) by random algorithm by R software. Univariable and multivariable COX proportional hazards regression analyses were performed to screen and identify the key clinical factors in the risk model, which was used to predict outcomes of CRC patients. The final risk model with the smallest AIC was determined by a backward and stepdown process. The Kaplan–Meier curves (corrected by log-rank test) and ROC curves were utilized to assess the performance of the risk model.

Via exploring the package of ‘rms’, a nomogram was established according to the results of multivariate analysis. The nomogram was measured by concordance index (C-index). The larger the C-index was, the more accurate the prediction of the prognostic risk model was. Calibration curves (3- and 5-year prediction) were plotted to validate the nomogram’s predictive value. Related packages used in the study of R software was shown as follows: ‘rms’, ‘survival’, ‘survminer’, ‘timeROC’, ‘rmda’, ‘MASS’, ‘dplyr’, ‘tableone’. P <0.05 was considered as significantly important.




Results


Clinical Characteristics of CRC Patients

From 2014 to 2016, the number of collected CRC patients who underwent radical resection was 1,486. Those patients were informed to participate in the retrospective study. Eight patients had no survival time, while 92 cases missed the following-up information due to alternation of cell phone number. Meanwhile, 184 patients had incomplete clinical information, including none CEA (94 cases), CA199 (85 cases), and CA125 (106 cases). Finally, 1,202 eligible patients were identified in this study. According to the indicated ratio of 7:3, patients were divided into train and test cohorts randomly. Afterward, we constructed a robust prognostic model in the train cohort by multivariate Cox analysis. Predictive performance of the prognostic model was validated in the train and test cohorts by K–M and ROC curves. To further confirm the clinical value of this model, DCA analysis was adopted and nomogram was built based on the whole cohort. Subgroup analysis was performed to validate the predictive efficiency of the model in different subgroups (Figure 1).




Figure 1 | Selection criteria and workflow of the study.



852 CRC patients were included in the train cohort, while 350 patients were recruited to the test cohort of our study. The primary serum TBs contain CEA, CA199, and CA125. To better fit the prognostic model and avoid the zero value, we transformed these TBs by log2 (values + 1). The LODDS of every patient was calculated as mentioned above. The average survival time of the train and test cohorts was 4.01 and 4.12 years, respectively. There were no significant differences about other baseline characteristics between the two cohorts (all P > 0.05; Table 1). The detailed clinical features of train and test cohorts were shown in Table 1.


Table 1 | Basic clinical features in train and test cohorts.





Prognostic Impact of Routine Clinical Investigations

The median follow-up time of the train cohort was 4.47 years, and the survival rate of 1-, 3-and 5-year was 91.8, 77.3, and 67.8%, respectively. The median follow-up time of the test cohort was 4.36 years, and the survival rate of 1-, 3-and 5-year was 91.7, 76.3, and 63.4%, respectively. The results of the univariate Cox analysis in the train cohort were listed in Table 2. The outcomes indicated that pLNs (HR =1.536, P < 0.0001) and LODDS were risky factors (HR = 1.488, P < 0.0001) while nLNs (HR = 0.919, P < 0.0001) and total harvested LNs (HR = 0.953, P= 0.0001) were protective factors in predicting OS of CRC patients. When it comes to the serum TBs, all these three common markers [CA199 (HR = 1.304), CA125 (HR = 1.429), CEA (HR = 1.307)] contribute to the unfavorable outcomes of CRC patients (all P < 0.0001). Results of TNM staging system were consistent [T stage (HR=2.956), N stage (HR=3.638), M stage (HR=5.079), all P < 0.0001] with the previous literature (12).


Table 2 | Univariable Cox regression analysis for CRC train cohort.



Due to the predictive priority of LODDS than other lymph node index (such as pLNs, nLNs, and LNR) (15–17), we incorporated the LODDS in the prognostic model. Multivariable Cox analysis also demonstrated that CA199, CA125, CEA, and LODDS were independent risk factors for OS (Table 3). Therefore, the four independent factors were used to construct a prognostic model based on a step-and-forward algorithm with the least AIC.


Table 3 | Multivariable Cox regression analysis for CRC training cohort.





Construction of Prognostic Model of CRC

By multivariable Cox analysis and least AIC value (3319.37), the prognostic model based on the train cohort was easily calculated as follows: RiskScore = 0.1129 * CA199 + 0.1246 * CEA + 0.3207 * CA125 + 0.3365 * LODDS.

As shown in Table 3, the hazard ratio (HR) of CA125 and LODDS were significantly larger than other factors, which indicated that they contributed overwhelmingly in the predicting model.



Assessment of the Prognostic Model and DCA Analysis

To validate the predictive value of the prognostic model, we stratified the train cohort and test cohort into two groups according to the cut-off value determined by R survminer package. The optimal cut-off threshold for train and test cohort were 1.100 and 1.070, respectively. Kaplan–Meier (K–M) curves displayed that low-risk patients in both groups had a significantly longer OS than those with high-risk (P < 0.001, Figures 2A, B).




Figure 2 | Kaplan–Meier curves for five-year OS between high- and low-risk CRC patients. (A) Survival curves in the train cohort and the cut-off value is 1.1001 (B) Survival curves in test cohort and the cut-off value 1.070. OS, overall survival; CRC, colorectal cancer.



ROC curve was conducted to predict short- and long-term prognosis of this risk model. As is vividly demonstrated in Figure 3A, the AUCs of the risk model for the train cohort of 1-, 3- and 5-year were 85.0, 78.5, and 76.8%. Likewise, the AUCs for the test cohort were 80.6, 77.3, and 77.0%, respectively (Figure 3B). More importantly, the AUC of the predictive model was significantly higher than the TNM stage and the alone indicator (Figure S1), which suggested that the predictive model showed better discriminative ability and model-fitting performance than the conventional TNM staging.




Figure 3 | Evaluation of the predictive model and DCA analysis. ROC curves of the predictive model in the train cohort (A) and test cohort (B). (C) Logistic DCA analysis for two models in the whole cohort. Red line (CEA model) represents the traditional model only based on CEA value, and blue line (complex model) means the prognostic model in our study. (D) Survival DCA analysis for two models. Red dotted line represents the prognostic model in the study and grey line means the CEA model. Whole cohort is the combination of the train cohort and test cohort. ROC, receiver operating characteristic; DCA, decision curve analysis; CEA, carcinoembryonic antigen.



Moreover, DCA analysis was performed to verify clinical implications and guidance of the risk model. Two methods of DCA were designed: logistic DCA and survival DCA. Both confirmed that the risk model (also called complex model) displayed more clinical benefits than either CEA model (Figures 3C, D) or TNM stage model (Figure S2).

To validate whether the risk model could be an independent prognostic factor, we adopted univariate and multivariate COX analyses (Table 4). We found that the model was an independent risky factor of the TNM stage (HR = 1.045, P < 0.0001).


Table 4 | Univariate and multivariate COX analysis for clinical factors.



Taken together, these results suggested that the risk model (including CEA, CA125, CA199, and LODDS) in this study displayed a better predictive performance and had a higher sensitivity and specificity for predicting outcomes of CRC patients.



Nomogram for CRC Patients and Clinical Use

The prognostic nomogram that integrated significant independent factors (CEA, CA199, CA125, and LODDS) for OS in the whole cohort (including train and test cohorts) is shown in Figure 4A. The concordance index (C index) for the nomogram was 0.7431. The calibration plot for the probability of survival at 3- or 5-year after surgery demonstrated an optimal consensus between the prediction via nomogram and actual observation (Figures 4B, C).




Figure 4 | Construction of nomogram and calibration diagram. (A) Nomogram incorporating CEA, CA199, CA125, and LODDS for predicting the OS of CRC patients. (B, C) Three-year calibration and five-year calibration diagram for assessment of the nomogram. In the nomogram, total points were obtained by summing up individual points from the respective variables, and higher points indicate poorer survival. In the calibration diagram, the nearer distance of red or blue dots to the diagonal line, the more accurate is the prediction of the nomogram. CEA, carcinoembryonic antigen; CA199, carbohydrate antigen199; CA125, carbohydrate antigen125; LODDS, log odds of positive lymph nodes scheme; OS, overall survival; CRC, colorectal cancer.





Subgroup Analysis in Rectal and Colon Cancer Patients

To further explore the discriminative performance and predictive of the prognostic model, we divided patients into colon and rectal cancer groups according to the tumor site. The number of colon cancer patients and rectal cancer patients was 408 and 532 in the study. Based on the indicated optimal cut-off value, patients were stratified into high- or low-risk groups. K–M curves revealed that low-risk group had a longer OS than the high-risk group (P < 0.0001), wherever the tumor is (rectal or colon cancer; Figures S3A, B). Simultaneously, ROC curves showed outstanding accuracy and sensitivity in rectal and colon groups. The AUC values of the colon cancer group (Figure S3C) were 90.36, 82.84, and 78.4% in predicting 1-, 3-, and 5-year OS, respectively. Likewise, the AUC values of the rectal cancer group were 83.13, 76.67, and 77.07% in our study (Figure S3D).




Discussion

Despite noteworthy advances in chemotherapy and targeted therapy, the 5-year OS and life-quality of CRC patients are far from satisfactory, especially patients in stage IV. To enhance patients’ life-quality, it is necessary to accurately estimate their prognosis and adopt personalized therapeutics. An increasing number of literatures had confirmed the crucial roles of TBs, pLNs, and dissected LNs in the management of advanced diseases (19) and in the prognosis of CRC patients (4, 6, 9–11). Meanwhile, a novel LN-related index LODDS has gained more and more attention due to its robustness and accuracy. Here, we estimated the association of preoperative serum TBs, LODDS, and 5-year OS of CRC patients. We further developed an innovative risk model based on CA125, CA199, CEA, and LODDS. ROC curves demonstrated favorably accurate concordance of the model, and DCA analysis validated more net benefits of the prognostic model than CEA model and even conventional TNM staging. Ultimately, a novel nomogram was constructed based on these independent clinical factors and had a great potential to be widely applied in clinical practice.

Serum CEA and CA199 were universally acknowledged as classical tumor markers in CRC patients. A multitude of studies have demonstrated that preoperative serum CEA was an independent prognostic factor which plays a vital role in predicting outcomes of cancer patients (20).

Postoperative level of serum CEA is the most sensitive detector for liver metastases. Upregulated postoperative level of serum CEA was intimately associated with local recurrence of tumor and necessitated immediate evaluation for metastatic disease (21). CA199 is another vital biological marker for CRC (19, 22). Increment of serum CA199 indicates significantly high frequency of cancer metastasis and considerably low survival rate of patients, which makes it a poor prognostic factor for CRC patients. CA125 is extensively used in tumor detection (23) and associated with outcomes of CRC patients (11). A recent research suggested the combination of CXCL7, CEA, CA125, and CA199 may facilitate diagnosis of CRC with high sensitivity and specificity (23). However, few researches focused on the prognostic value of the above combined panel in CRC patients. Unlike the previous report, we for the first time developed a new TBs panel according to their continuous value rather than the binary results of “negative” or “positive”.

Emerging evidence indicated that pLNs have a strong association with poor OS and can serve as a robust risk factor for advanced CRC, which may determine subsequent adjuvant therapies and surveillance strategies (24, 25). Additionally, in order to achieve accurate N staging of CRC, the widely accepted minimum of recommendations was 12 (26–29). Nevertheless, nearly half of patients had an inadequate examination of lymph nodes partly due to tumor size, depth of invasion and complexity of tumor microenvironments (30). LODDS is a novel staging system that describes the LN status and has great potential to further improve. accuracy of LN staging for predicting prognosis. Moreover, increasing evidence indicates similar conclusions that LODDS is more accurate than LNR in assessing survival time of colon cancer patients (16, 31). Consistent with previous reports, we also found that LODDS played a critical role in progression and development of CRC patients. Besides, AUCs of LODDS alone in 1-, 3- and 5-year were 0.7242, 0.694, and 0.6969, which displayed that LODDS had robust predictive ability of CRC and could act as an excellent indicator for CRC patients. In addition, the coefficient of LODDS was the biggest weight (0.3365) in the model, which demonstrated its irreplaceable contribution in predicting OS of patients.

According to the results of univariate Cox regression analysis, it was manifested that harvested LNs had protective effect on the prognosis of CRC, which was consistent with previous studies (29, 32, 33). FVC is a common indicator of respiratory function and our results revealed its protective role in predicting OS of CRC patients. There were few investigations concerning the role of preoperative spirometry in postoperative complications and outcomes of CRC patients. Researchers have concluded that FVC/predicted VC may be a predictor of postoperative complications in CRC surgery, especially pneumonia (34).

With rapid advancement of genetic testing and bioinformatic technologies, abundant researchers have focused on developing the onco-RNA signatures and constructing the corresponding nomograms by a series of bioinformatic methods, to accurately predict the 1-, 3- and 5-year OS of CRC patients. Z. Zhou et al. indicated that an autophagy-related gene signature could effectively divide CRC patients into low- and high- risk groups and predict their postoperative survival (35). Likewise, a recent research has suggested that a CXCR5-based nomogram may also assist surgeons in devising personalized treatments (36). However, these literatures  commonly centered on the RNA expression in the cancerous tissues of CRC patients and had not been validated by prospective clinical studies. Besides, these identified signatures might exacerbate the financial burden of patients and remain far from application in clinical practice (13). In recent clinical investigations, quite a few researchers started to focus on predicting OS of cancer patients based on handy clinical features. Daniel Boakye et al. constructed a clinical nomogram incorporating comorbidities and functional status, which could substantially enhance prediction of CRC prognosis (37). Likewise, a novel nomogram incorporating preoperative inflammatory and nutritional markers, built by Zhang Nannan et al. (5), could individually predict both OS and disease-free survival (DFS) of patients with CRC. Here, the aim of our study was to construct a convenient and clinically available prognostic model to better predict outcomes of CRC patients.

General characteristics and innovation points of our research are illustrated as follows. Firstly, the study was strictly conducted based on the real-world population, conclusions of which were consistent with some investigations from the publicly available database (16, 17, 38). Secondly, the four independent factors incorporated in our predictive model are easily available in clinical practice, and the model could accurately predict the postsurgical OS of CRC patients. Thirdly, the combination of serum TBs and LODDS was first adopted to construct a novel nomogram with stable clinical utilities. Nonetheless, there exist several limitations in our study. In light that this is a retrospective study based on single-center researches, there will inevitably be some selection bias, and the prognostic model should be validated by other hospitals. Moreover, our clinical research combined some common and non-innovative TBs with LODDS. But these common TBs could be more easily applied into clinical practice, compared with those complex and expensive gene sequencing. Hopefully, above-mentioned shortcomings could be solved in multicenter studies with larger population in the future.



Conclusions

In conclusion, we confirmed the clinical implications of CA199, CA125, CEA, and LODDS in predicting OS of CRC patients. A new prognostic model incorporating these factors was identified by multivariate Cox analysis. ROC curves demonstrated the relatively high sensitivity and specificity of the model. A novel nomogram was further constructed which possessed great potential to be applied in clinical practice.
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Supplementary Figure 1 | ROC curves of included variables and TNM staging system. ROC curves for (A) CEA, (B) CA199, (C) CA125, (D) LODDS and (E) TNM stage. CEA, Carcinoembryonic antigen; CA199, carbohydrate antigen199, CA125, carbohydrate antigen125; LODDS, log odds of positive lymph nodes scheme; TNM stage: AJCC/UICC 8th edition TNM staging system.

Supplementary Figure 2 | DCA curves between the prognostic model and TNM staging system. (A) Logistic DCA curve and (B) survival DCA analysis between the prognostic model and TNM stage. DCA, decision curve analysis; TNM stage, AJCC/UICC 8th edition TNM staging system.

Supplementary Figure 3 | Predictive value of the model in colon and rectal cancer. Kaplan–Meier curves for the model in colon cancer (A) and rectal cancer (B). ROC curves for predicting 1-, 3-, and 5-year OS of patients in colon cancer (C) and rectal cancer (D). ROC, receiver operating characteristic; OS, overall survival.
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Colorectal cancer (CRC) is a leading cause of cancer-related deaths. Because of the lack of reliable prognostic and predictive biomarkers for CRC, most patients are often diagnosed at a late stage. The tryptophan–kynurenine pathway plays a crucial role in promoting cancer progression. Kynurenine is considered an oncometabolite in colon cancer, and its downstream metabolites are also associated with CRC. Kynurenine 3-monooxygenase (KMO), a pivotal enzyme that catalyzes kynurenine metabolism, is essential for several cellular processes. In the current study, we explored the role of KMO in CRC. Immunohistochemical results showed that KMO was upregulated in CRC tissues relative to paired healthy tissue and polyps. Moreover, CRC patients with higher KMO expression were associated with higher metastasis and poorer survival rates. Knockdown of KMO decreased the expression of cancer stem cell markers, as well as the sphere-forming, migration, and invasion abilities of CRC cells. Additionally, blockade of the enzymatic activity of KMO using an inhibitor suppressed sphere formation and cell motility in CRC cells. These findings suggest the clinical relevance of KMO in CRC tumorigenesis and aggressiveness.
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INTRODUCTION

Colorectal cancer (CRC) ranks as the third-highest cause of cancer-related deaths and has increasing incidence in Taiwan (1). Different molecular subtypes of CRC exhibit distinct genetic signatures and clinical outcomes. Mutations, including RAS, BRAF, PIK3CA, APC, TP53 mutations, and loss of PTEN expression, are usually present in metastatic CRC, and some of these genes have been suggested as promising predictive markers, and some act as predictive markers (2, 3). Tumor metastasis, relapse, and drug resistance lead to poor prognosis in CRC, despite advances in CRC treatments, such as radiotherapy, surgery, and chemotherapy (4, 5). Considering the high morbidity and modest effectiveness of CRC treatment, identifying reliable biomarkers of prognosis and therapeutic targets for patients with CRC is of paramount importance.

Almost 95% of dietary tryptophan, an essential amino acid, is metabolized along the kynurenine pathway. The tryptophan–kynurenine pathway is a crucial mechanism in the control of epithelial–mesenchymal transition (EMT) and helps cancers escape immune surveillance (6–8). Tryptophan-2,3-dioxygenase (TDO) and indoleamine-2,3-dioxygenases (IDOs), the enzymes responsible for the first and rate-limiting steps of tryptophan catabolism to kynurenine, are crucial in limiting adaptive immune responses and are expressed in many malignant and inflammatory diseases (9). In the kynurenine pathway, kynurenine 3-monooxygenase (KMO), a flavoprotein hydroxylase located on the outer membrane of mitochondria, catalyzes the conversion of kynurenine to 3-hydroxykynurenine (3-HK) and is broadly expressed in various tissues and cell types (10). The metabolites of kynurenine play a crucial role in infection, inflammation, and maintenance of the immunosuppressive microenvironment in many types of cancers. Kynurenine metabolites promote CRC cell proliferation and inhibit cell apoptosis by activating the PI3K–Akt pathway (11). A higher 3-HK to 8-hydroxykynurenic acid ratio is associated with increased CRC risk (12). KMO serves as a therapeutic target in multiple-organ failure, systemic inflammatory response, Huntington's disease, and immune adaptive response (13, 14). Recently, upregulation of KMO in hepatocellular carcinoma and triple-negative breast cancer tissues has been reported (15, 16). These studies suggest that KMO participates in cancer progression, whereas the role of KMO in CRC tumorigenesis and aggressiveness has not yet been demonstrated. In this study, we characterized KMO as an oncogene and link it to poor outcomes in CRC.



MATERIALS AND METHODS


Patient Specimens

A total of 242 medical samples from patients with CRC were obtained from the in-house Biobank of Taipei Veterans General Hospital (VGHTPE). This study was approved by the Institutional Review Board of Taipei Veterans General Hospital (IRB-TPEVGH) and conducted in compliance with the Helsinki Declaration. IRB-TPEVGH waived the requirement for informed consent. The clinicopathological stage was assessed based on the American Joint Committee on Cancer staging system, 7th edition. The clinical course was determined by searching a computer database containing detailed information. The experiments were performed in accordance with the approved guidelines and regulations.



Immunohistochemical Staining and Histochemical Score Determination

The paraffin-embedded CRC tissue sections were deparaffinized with xylene for 5 min, followed by two changes of xylene; the slides were then rehydrated. Peroxidase activity was blocked using 3% H2O2 for 10 min. The slides were incubated with blocking solution (2% FBS and 1% bovine serum albumin) for 1 h at room temperature. Primary antibodies against KMO (Abcam, Cambridge, MA, USA) were used at 1:100 dilution for overnight incubation at 4°C. The slides were counterstained with hematoxylin stain solution followed by detection with an EnVision Detection Systems Peroxidase/DAB, Rabbit/Mouse kit (Agilent, Santa Clara, CA, USA) according to the manufacturer's instructions. MSI status was identified by mismatch repair protein expressions. Antibodies against MLH1 (clone M1), PMS2 (clone EPR3947), MSH2 (clone G219–1129), and MSH6 (clone 44) were used for immunohistochemical staining with a BenchMark ULTRA system (Ventana, Indianapolis, IN, USA) according to the manufacturers' recommendations. The protein levels were determined with a semiquantitative method represented as H-scores. The assessment of the H-scores was performed by a single medical oncologist (Dr. HW Teng) who was blinded to clinical information. The H-score (0–300) was determined using semiquantitative assessment and was calculated by multiplying the percentage of positively stained cells (0–100) by the staining intensity (0 to 3+, Supplementary Figure 1) (17).



The Cancer Genome Atlas Database

The expression data of the KMO transcript, RNA-Seq by Expectation–Maximization (RSEM), was downloaded from the Broad GDAC Firehose data portal (https://gdac.broadinstitute.org/). KMO alterations and clinical data from patients with CRC were downloaded from the cbioportal (18, 19).



Cell Culture

SW480, Caco-2, HT-29, HCT-116 HCT-15, and Lovo cell lines were obtained from the American Type Culture Collection (Manassas, VA). SW480, Caco-2, and Lovo cells were maintained in Dulbecco's Modified Eagle Medium (Gibco); HT-29, HCT116, and HCT15 cells were maintained in the RPMI 1640 medium. All culture media were supplemented with 10% FBS, 0.1-mM nonessential amino acids, 2-mM L-glutamine, and 100 U/mL penicillin–streptomycin. Cells were maintained in a 5% CO2 atmosphere at 37°C. The KMO inhibitor, UPF 648, was purchased from Axon Medchem (Reston, VA, USA) and dissolved in dimethyl sulfoxide (DMSO).



Lentiviral Production and Infection

To knock down endogenous KMO, plasmids containing siRNA against KMO (siKMO) and vector were obtained from the National RNAi Core Facility Platform (Academia Sinica, Taiwan). The target sequence of KMO (5′-CCACAGGCTGTTGAAATGTAA-3′) located within the KMO CDS region was constructed into the vector. To make lentivirus, briefly, 293T cells were seeded and co-transfected with pCMVdR8.91, pMD.G, and siKMO, or control (siCtrl) plasmids using Lipofectamine 3000 (Thermo Fisher Scientific, Waltham, MA, USA) following the manufacturer's instructions. After 24–48 h of transfection, viral supernatants were harvested and stored at −80°C. Cells were infected in medium containing 8 μg/mL polybrene with lentivirus expressing siKMO or siCtrl for 24 h.



Western Blot Analysis

Cells were trypsinized and harvested for further protein extraction; cell lysates were separated using SDS-PAGE electrophoresis as described previously (20). Antibodies against KMO (Abcam, Cambridge, MA, USA), Nanog, CD44, and β-actin (Cell Signaling, Danvers, MA, USA) were used. Protein levels were quantified using ImageJ software.



Migration and Invasion Assays

As described previously (21), the migration and invasion assays were performed in 24-well-plates. SW480 (1 × 105), Caco-2 (1.5 × 105), or HT-29 cells (2 × 105) in 200 μL of serum-free medium were seeded onto apical transwells with 8-μm pores (Greiner Bio One, Kremsmünster, Austria) or Matrigel matrix-coated transwell for migration and invasion assays, respectively. Complete medium (900 μL) was added to the lower chamber and incubated for 20 h. After incubation, the migrated or invaded cells were fixed with 100% methanol for 10 min and stained with 0.05% crystal violet for 1 h.



Sphere Assay

Cells (5 × 102) were seeded onto ultra-low attachment 96-well-plates (Corning, New York, NY, USA) and suspended in DMEM-F12 medium containing B-27 supplement, N2 supplement, recombinant human EGF, and recombinant human FGFβ (Gibco). After 7 days, tumorspheres were counted under a microscope.



Cell Viability Assay

CRC cells (3 × 103) were cultured in a 96-well-plate for 24 h and further treated with UPF 648 at concentrations indicated for 72 h. Cell viability was determined by colorimetric assay using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Ten microliters of MTT solution (0.5 mg/mL, Sigma-Aldrich, St. Louis, MO, USA) was added to the medium and incubated at 37°C for 3 h. The violet precipitates were dissolved in 100 μL of dimethyl sulfoxide (DMSO), and the absorbance was measured at 570 nm using a UQuant spectrophotometer (BioTek Instruments, Winooski, VT, USA).



OCR and ECAR Analyses

Cells (3 104) were seeded into 24-well-plates for oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) determination using a Seahorse Extracellular Flux XF-24 analyzer (Seahorse Bioscience, North Billerica, MA, USA) according to the manufacturer's instructions. Prior to the assay, the sensor cartridge was hydrated at 37°C in a non-CO2 incubator overnight. The culture medium was replaced with DMEM (pH 7.4) without sodium bicarbonate. Cells were incubated at 37°C in a non-CO2 incubator for 1 h. OCR and ECAR were determined before and after the injection of oligomycin (2 μg/mL), FCCP (5 μM), and antimycin A (5 μM). The OCR and ECAR values were analyzed using an XF-24 analyzer and normalized to cell number.



Statistical Analysis

All calculations were performed using SPSS for Windows software, version 22 (SPSS, Chicago, IL, USA). A receiver operating characteristic curve (ROC) analysis was used to select the optimal cutoff values of KMO expression, including proteins (KMO H-score, Supplementary Figures 2A,B) and transcripts (KMO RSEM Supplementary Figures 2C,D), for defining low vs. high expression of KMO. The KMO expression level as test variable and patient's survival status as state variable were used to calculate coordinates of the ROC curve, sensitivity, and 1-specificity using SPSS software. The Youden index (22), the maximum value of sensitivity+specificity-1, was selected the optimal cutoff values. For survival analysis, overall survival (OS) and disease-free survival (DFS) curves of patients with CRC were plotted using the Kaplan–Meier method and compared using the log-rank test. The association between KMO expression and clinicopathological parameters was analyzed using contingency tables and the chi-square test. Statistical comparisons were performed using non-parametric tests, and statistical significance was defined as a P < 0.05.




RESULTS


KMO Is Upregulated in CRC Tumor Tissues and Correlates With Poor Outcome

To investigate the role of KMO in CRC tumorigenesis, we first examined the expression of KMO in tumors, paired polyps, and paired normal tissues by immunohistochemical staining (Figure 1A). The results showed that KMO expression in tumor tissues was significantly higher than that in normal tissues (Figure 1B). We further analyzed the association between clinicopathological characteristics and KMO expression in CRC patients from the VGHTPE cohort. KMO expression correlated with tumor metastasis but not age, sex, tumor location, pathology, AJCC stage, grade, or lymphovascular invasion (Table 1). Moreover, CRC patients with high KMO protein levels in the VGHTPE cohort had shorter survival (Figure 2A). To further validate the clinical relevance of KMO, we examined data from the TCGA database and found that CRC patients with higher KMO transcript levels were associated with worse DFS (Figures 2B,C). Higher KMO transcripts showed a decreasing trend in 5-year DFS (Supplementary Figure 3A). In addition, KMO gene alterations, including copy number variation, mutation, and mRNA dysregulation, correlated with poor OS (Supplementary Figure 3B). These results suggest that KMO might serve as a potential biomarker of CRC.


[image: Figure 1]
FIGURE 1. KMO are upregulated in CRC tumor tissues. (A) Representative images for KMO expressions in CRC tumor, paired polyps, and paired normal counterparts' specimens were detected by immunohistochemistry. Scar bar, 100 μm. (B) Scatter dot plots for H-score of KMO staining (N = 21). Student's t-test, ***P < 0.001.



Table 1. Relationship of KMO expression with CRC clinicopathological parameters.
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FIGURE 2. High KMO expression is associated with poor overall survival. (A) Overall survival of CRC patients from VGHTPE was plotted against time in month for the protein levels of KMO. (B,C) The level 3 data of mRNA RSEM from patients with CRC were selected from the TCGA and Broad GDAC Firehose data portal. Overall (B) and disease-free survival (C) curves were plotted for CRC patients with high or low transcript expressions of KMO.




Knockdown KMO Represses Sphere Formation, Migration, and Invasion Abilities of CRC Cells

We found that KMO was expressed in human CRC cell lines including SW480, Caco-2, HT-29, HCT-116, HCT-15, and Lovo cells (Figure 3A). To elucidate the function of KMO in CRC carcinogenesis, CRC cells were transfected with plasmids containing siRNA against KMO or control vector. Immunoblotting data showed that the expression of stemness markers, including CD44 and Nanog, was decreased in KMO-knockdown cells (Figure 3B). Sphere formation was significantly suppressed by KMO knockdown (Figure 3C). In addition, cell migration and invasion were also repressed in KMO-knockdown cells relative to control cells (Figures 3D,E). These data suggest that KMO promotes cancer progression in human CRC cells.


[image: Figure 3]
FIGURE 3. Knockdown of KMO suppresses stemness properties and motility of CRC cells. (A) Whole-cell extracts of SW480, Caco-2, HT-29, HCT-116, HCT-15, and Lovo cells were analyzed by western blot analysis using anti-KMO and anti-β-actin antibodies. (B–E) Whole-cell extracts of SW480, Caco-2, and HT-29 cells transduced with virus containing KMO siRNA (siKMO) or control (siCtrl) were harvested for western blot analysis using anti-KMO, anti-CD44, anti-Nanog, and anti-β-actin antibodies (B), sphere (C), transwell migration (D), and invasion assays (E). Means ± SD of three independent experiments performed in triplicate are shown [100 magnification times for (D,E)]. Student's t-test, *P < 0.05; **P < 0.01; ***P < 0.001.




KMO Inhibition Suppresses Cell Motility and Sphere Formation in CRC Cells

KMO is an outer mitochondrial membrane enzyme that controls kynurenine catabolism. KMO inhibitors, which suppress KMO activity (16), were used to address the role of KMO activity in CRC progression. Inhibition of KMO with UPF 648 did not affect the OCR or basal ECAR of CRC cells (Supplementary Figure 4). UPF 648 exerted differential effects on the viability of CRC cells (Figure 4A). Nevertheless, the number of spheres, cell migration, and invasion were diminished by UPF 648 treatment in SW480, HT-29, and Caco-2 cells (Figures 4B–D). Likewise, sphere number and cell motility were reduced by the other well-explored KMO inhibitor, Ro 61–8048 (Supplementary Figures 5A–C). Taken together, these findings suggest the clinical significance and oncogenic role of KMO in CRC.


[image: Figure 4]
FIGURE 4. KMO inhibitor reduces the abilities of sphere formation, migration, and invasion in CRC cells. (A) SW480, Caco-2, HT-29, and HCT-15 cells were treated with indicated doses of UPF 648 for 72 h and examined by MTT assay. (B–D) SW480, Caco-2, and HT-29 cells treated with UPF 648 (1 μM) or DMSO were seeded for sphere (B), transwell migration (C), and invasion assays (D). Means ± SD of three independent experiments performed in triplicate are shown [100 magnification times for (C,D)]. Student's t-test, *P < 0.05; **P < 0.01; ***P < 0.001.





DISCUSSION

CRC still has a poor prognosis due to the high frequency of metastasis, recurrence, and drug resistance. As a result, identifying the prognostic factors and developing novel therapeutic strategies for CRC treatment is important. Inflammation is one of the hallmarks of cancer, and pro-inflammatory conditions enhance CRC progression and metastasis (23). KMO is upregulated by pro-inflammatory cytokines (24, 25). In the current study, we observed dysregulation of KMO in CRC. KMO expression was higher in CRC tumor tissues than in healthy tissues and polyps (Figure 1). In addition, high levels of KMO in patients with CRC correlated with worse survival rates (Figure 2).

Cancer stem cells (CSCs) are defined as tumor-initiating cells with the ability to self-renew and differentiate. Increasing evidence suggests that CSCs participate in tumor growth, metastasis, and recurrence (26). Targeting CSC is considered an effective anti-tumor strategy, including in CRC (27). CD44 is a surface marker of colorectal CSCs (28). CD44 knockdown suppresses clonal formation and tumorigenesis of CRC in vivo (29). The transcription factor Nanog regulates pluripotent genes and EMT (30, 31). It has been reported that high expression of Nanog is associated with poor prognosis and lymph node metastasis in CRC (32). Data revealed that knockdown of KMO decreased the number of CRC spheres with a reduction in CSC markers, including Nanog and CD44. Migration and invasion abilities were also reduced by KMO knockdown (Figure 3). Although our finding suggests a possible link of KMO to cancer stemness, consolidative supporting evidence is required. Further research is needed to validate the role of KMO in CRC stemness and to elucidate the underlying mechanisms of KMO in the regulation of expressions of CSC markers in CRC.

Miscellaneous KMO inhibitors have been developed and investigated for neurodegenerative disorders (33), for instance, a KMO tight-binding inhibitor, UPF 648, which is able to cross the blood–brain barrier in targeted therapies against neurodegenerative diseases (34). UPF648 treatment significantly reduces 3-HK levels in the brain and exerts neuroprotection (35). Ro 61–8048 and mNBA, both KMO inhibitors, exert neuroprotective effects by reducing 3-HK and quinolinic acid levels (36). Our results manifested that inhibition of KMO activity represses cell migration, invasion, and tumor sphere formation (Figure 4, Supplementary Figure 4). Notably, we observed that KMO inhibition showed different effects on cell viability and sphere formation. Previous studies indicate that inhibition of druggable genes shows diverse phenotypic outcomes between 2D monolayer culture and 3D sphere formation assays. The microenvironment affects phenotypic responses, suggesting that multiplexed assays render comprehensive information on anticancer target screening (37). Our results highlight the feasibility of KMO inhibitors in CRC treatment.

Recently, immunomodulation has increasingly played a key role in treating metastatic CRC. The tumor microenvironment comprises host stromal cells, tumor cells, and immune cells, including macrophages and leukocytes. Growing evidence suggests that the tumor microenvironment plays a crucial role in tumor progression and may serve as a therapeutic target (38). Targeting amino acid-metabolizing enzymes, which are involved in the regulation of immunosuppression, is a potential strategy for cancer treatment. It is well-known that L-tryptophan metabolism via the kynurenine pathway is involved in immune regulation. In the kynurenine pathway, IDO is the main rate-limiting enzyme and KMO is the downstream enzyme of IDO. In addition, IDO1 enhances T regulatory cell differentiation and further leads to immunosuppressive myeloid-derived suppressor cell recruitment (39, 40). IDO may serve as a predictive marker of distant metastasis in the early stages of CRC (41). High expression of IDO promotes tryptophan catabolite production, leading to immune escape and defeat of T cell invasion and contributing to CRC progression (42). On the other hand, previous studies indicated that IDO inhibitor 1-L-MT suppressed colitis-associated CRC through cell cycle arrest in an adaptive immunity modulation-independent manner (43). KMO is broadly expressed in various cell types, including immune cells such as macrophages, monocytes, and microglia (44). Nevertheless, the biological function of KMO, the downstream enzyme of IDO, on immunomodulation in CRC is still unclear. The interaction between KMO, IDO, and immunomodulation remains an unmet need.

Our study has some limitations; first, the interpretation of immunohistochemical staining and H-score determination may have interpersonal variations and future machine learning-based digital pathology should help to reduce the errors and variations. Secondly, despite that the current study showed that KMO inhibition by inhibitors possessed some anticancer effects on CRC cells, our study did not examine the effects of KMO inhibition on 3-HK production and the subsequent possible biological impact on CRC cells. The mechanisms of the anticancer effects of KMO inhibition in CRC cells require further investigation.

In summary, our results demonstrated that KMO is upregulated in CRC tissues and linked to worse survival. Inhibition of KMO reduces CRC progression in vitro. Our study suggests that KMO may act as an oncogene and reveals the therapeutic potential of targeting KMO enzymatic activity in CRC.
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Alpha-fetoprotein (AFP)-producing adenocarcinoma from the gastrointestinal tract (APA-GI) is a rare type of highly malignant tumor with a poor prognosis. It may originate from any site along the GI tract with similar clinicopathological characteristics. As limited research had ever described the characteristics of APA-GI, the present article intends to systemically investigate the clinicopathological characteristics of APA-GI from a single center's retrospective study to deepen the understanding of the disease. A total of 177 patients pathologically diagnosed with APA-GI between 2010 and 2017 at the Second Affiliated Hospital of Zhejiang University, School of Medicine, were included. Also, clinical data of 419 gastric cancers and 609 colorectal cancers from The Cancer Genome Atlas database were also extracted. Clinical information of patients from Second Affiliated Hospital of Zhejiang University, School of Medicine, was collected, and a median follow-up of 14.5 months was performed to investigate clinical characteristics of APA-GI. For the pathological characteristics of APA-GI, hematoxylin–eosin sections were reviewed, and immunohistochemistry of AFP was performed. The results showed that the primary tumor could develop through the whole GI tract, including the esophagus (0.6%), stomach (83.1%), duodenum (1.1%), ileum (0.6%), appendix (0.6%), colon (5.1%), and rectum (7.9%). Hepatoid adenocarcinoma is the main pathological feature of APA-GI. AFP expression level in tumor tissue was not strictly associated with serum AFP or hepatoid differentiation. The prognosis of APA-GI was worse than that of common adenocarcinoma of the GI tract and liver metastasis, and high AFP levels suggest poor prognosis in patients with APA-GI. Therefore, the present study was the first research to systemically explore the clinicopathological characteristics of APA-GI. APA-GI occurs through the whole GI tract with a significantly worse prognosis than common adenocarcinoma of GI. APA-GI should be regarded as one kind of disease for its similar clinicopathological characteristics within patients.

Keywords: AFP-producing, gastrointestinal, adenocarcinoma, clinical characteristic, pathological characteristic


INTRODUCTION

Alpha-fetoprotein (AFP) is a glycoprotein produced by the fetal liver, yolk sac, and fetal gastrointestinal cells. Its content in adult serum is extremely low, and its abnormal increase is mainly found in hepatocellular carcinoma and yolk sac-derived tumors (1). However, abnormally elevated serum AFP is also reported in some kinds of adenocarcinoma, which are called AFP-producing adenocarcinoma (APA) (2). APA is a rare type of highly malignant tumor with a fairly poor prognosis (3, 4). It can originate from a variety of organs and mainly occurs in the digestive tract. The majority of APAs are developed in the stomach, accounting for 1.3–15% of all gastric cancers (GC) and <1% of all colorectal cancers (CRCs) (5, 6). However, much less is known about the clinicopathological characteristics of APA.

The serum AFP in APA patients is increased (>20ng/ml) and markers representing embryonic stem cells and hepatocellular carcinoma in tumor tissues, such as AFP protein, glypican-3, Sal-like protein-4, and/or hepatocyte antigen-1, are positive (7, 8). APA originated from the gastrointestinal tract (APA-GI) was reported to have some common clinical characteristics, such as early multi-organ metastasis, multidrug resistance, rapidly worsen after diagnosis, and much inferior prognosis than common adenocarcinoma of the gastrointestinal tract (CA-GI) (5, 6, 9–11). Although the previous studies of APA-GI usually only included APA-GC or APA-CRC (3, 12), we found APA-GI could also originate from the whole GI tract, including the esophagus, small intestinal, and appendix.

Therefore, we believe that APA-GI is a separate class of disease that showed similar clinicopathological characteristics within different origins. As the research on APA-GI is limited, how to accurately differentiate it from CA-GI and get accurate treatment to improve the prognosis is still in challenge (2, 13). The present article intends to systemically investigate the clinical and pathological characteristics of APA-GI from a single center's retrospective study to deepen the understanding of the disease.



PATIENTS AND METHODS


Patients From the Second Affiliated Hospital of Zhejiang University, School of Medicine

Patients pathologically diagnosed with APA-GI between 2010 and 2017 at the Second Affiliated Hospital of Zhejiang University, School of Medicine (SAHZU) were included in the study. Also, the exclusion criteria were the following: (1) pregnancy status; (2) synchronously diagnosed with acute or chronic hepatitis, liver cirrhosis, hepatocellular carcinoma, teratoma, and germinoma, or (3) cancer history other than GI adenocarcinoma. APA-GI was defined as follows: (1) pathologically confirmed primary gastrointestinal adenocarcinoma and (2) serum AFP>20 ng/ml during the whole course. Two pathologists reviewed all hematoxylin–eosin (HE) sections to exclude the yolk sac tumor-like area or neuroendocrine component.



Patients From the Cancer Genome Atlas

A total of 419 GC patients and 609 CRC patients from The Cancer Genome Atlas (TCGA) database (URL: http://cancergenome.nih.gov) were included. All these patients have pathologically confirmed adenocarcinoma.



Data Collection and Follow-Up

For patients from SAHZU, clinical characteristics were all collected from the hospital information system, which included age, sex, primary tumor location, tumor size, pathological type, differentiated level, tumor–node–metastasis (TNM) staging, metastasis status, operation method, operation time, post operation pathology, serum AFP level, and treatment strategy. The last follow-up date was January 1, 2019. The major approach for follow-up was telephone calls or outpatient visits.

For patients from TCGA, we extracted patients' sex, pathology, TNM staging, survival time, survival status, and via R.



Immunohistochemistry

Immunohistochemistry (IHC) staining was performed according to the standard protocol. Freshly cut 4-μm paraffin-embedded sections were incubated overnight at 62°C and then de-paraffinized by xylene and dehydrated with ethanol. Antigen retrieval was performed using a pressure cooker in citrate antigen retrieval solution (pH 8.0) for 15 min, then incubated with 3% peroxide for 10 min and blocked by nonspecific staining blocking reagent (Dako, Glostrup, Denmark). Staining was performed with AFP polyclonal antibody (ab169552, Abcam). Briefly, 150 μl of rabbit polyclonal anti-AFP antibody at 100× dilution was incubated for 120 min, washed, subsequently incubated with horseradish peroxidase and anti-rabbit antibody-conjugated polymer for 30 min, washed, and finally incubated with 3,3'diaminobenzidine substrate for signal development. Sections were at last counterstained with hematoxylin.

Two pathologists independently reviewed the IHC sections. The staining intensity was scored as 0 (negative), 1 (weak), 2 (moderate), or 3 (strong), whereas the staining extent was scored as 0 (<5 %), 1 (5–25 %), 2 (26–50 %), 3 (51–75 %), and 4 (>75 %) according to the positive staining area proportion. Scores for staining intensity and extent were then multiplied to generate the immunoreactivity score (IRS) for each case. Therefore, IRSs 0–1, 2–3, 4–8, and 9–12 were referred to negative, week positive, moderately positive, and strongly positive, respectively. IRS <4 was termed as AFP low expression, whereas IRS ≥ 4 was termed as AFP high expression.



Statistical Analysis

The chi-squared test and Fisher's exact analysis were performed to compare the clinical and pathological characteristics between groups. Non-Gaussian-distributed data were presented as medians and interquartile ranges and evaluated by the Kruskal–Wallis test. Survival data were presented by Kaplan–Meier survival curves and compared using the log-rank test. With the Cox proportional hazards model, univariate and multivariate survival analyses were conducted to identify independently significant variables. Multivariate analyses were all based on factors <0.5, which were tested by univariate analyses. A P-value of 0.05 or less indicated statistical significance. Statistical and graphical analyses were performed with SPSS 23.0 and GraphPad Prism 7 software.




RESULTS


Clinical Characteristics of Alpha-Fetoprotein-Producing Adenocarcinoma From the Gastrointestinal Tract

A total of 177 APA-GI patients were finally included. The median age was 63 years old (interquartile range, 53.5–71.0 years old), and males accounted for 69.5%. The primary tumor could develop through the whole gastrointestinal tract, including the esophagus (0.6%), stomach (83.1%), duodenum (1.1%), ileum (0.6%), appendix (0.6%), colon (5.1%), and rectum (7.9%). Meanwhile, it could also synchronously develop in two organs, such as the stomach and rectum (0.6%) and colon and rectum (0.6%). The pathological type of APA-GI included adenocarcinoma with high-, media-, and low-differentiated, signet-ring cell carcinoma and mucinous adenocarcinoma. Among 71 non-metastasis patients, 18.3% received operation, whereas 77.5% received a combination of treatments based on surgery. Within all APA-GI patients, 58.2% of patients present metastasis at the initial diagnosis, whereas 145 (81.9%) of patients finally developed metastasis. The liver was the most common site of APA-GI metastasis with a rate of 53.1%. Among gastric and colorectal APAs, 71 (40.1%) and 11 (47.8%) of patients were initially diagnosed with liver metastasis, respectively (Table 1).


Table 1. Baseline Characteristics of APA-GI.
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Increased serum AFP characterizes APA-GI. We found the AFP-high group (AFP-H group, AFP ≥ 200 ng/ml) had more stage IV (P = 0.009) and liver metastases (P < 0.001) when compared with the AFP-low group (AFP-L group, AFP <200 ng/ml). Additionally, the AFP-H group was characterized by larger tumor size (P = 0.047), a higher proportion of adenocarcinoma (P = 0.022), and hepatoid adenocarcinoma (HA) (P = 0.006) (Table 2).


Table 2. Comparison of clinical baseline characteristics of APA-GI patients with different serum AFP levels.
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Hepatoid Adenocarcinoma Is the Main Pathological Feature of Alpha-Fetoprotein-Producing Adenocarcinoma From the Gastrointestinal Tract

Two pathologists reviewed the 100 HE sections available. Thirty-four sections were reported (32 surgical samples and 2 endoscopic samples) containing HA regions. However, only three of these were first diagnosed as HA. Similar to primary hepatocellular carcinoma, HA consists of hepatoid cells with abundant blood sinuses. Cancer cells from HA often present with round nuclei, hyper-chromatin, prominent nucleoli, and clear cytoplasm. HA is also usually nested or banded and can be easily confused with normal adenocarcinoma (Figure 1).


[image: Figure 1]
FIGURE 1. Characteristics of AFP-GI under a light microscope. (a) Classic primary hepatic carcinoma (100×); (b) Classic hepatoid adenocarcinoma (100×); (c) 1. Zone of adenocarcinoma with moderately differentiation; 2. Zone of adenocarcinoma with hepatoid differentiation (40×); (d) Zone of adenocarcinoma with hepatoid differentiation is composed of cells with round nuclei, coarse chromatin, obvious nucleoli, and clear cytoplasm (400×).


We further compared the clinical characteristics between HA and non-HA within APA-GI patients. Seventy-three patients who received the operation were included. Compared with the non-HA group (41 cases), the HA group (32 cases) had more male patients (P = 0.002) and a higher proportion of low-differentiation (P = 0.007) (Table 3). However, the 5-year survival was insignificant between these two groups (non-HA and HA groups: 46.9 vs. 18.5%, respectively, P = 0.0953, Supplementary Figure 1).


Table 3. Comparison of clinical baseline characteristics between APA-GI patients with HA and non-HA.
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Alpha-Fetoprotein-Producing Was Not Strictly Expressed in Alpha-Fetoprotein-Producing Adenocarcinoma From the Gastrointestinal Tract Patients' Tumor Tissue

IHC was performed in 99 tumor specimens to explore the AFP expression in APA-GI patients. IRS was then evaluated by two pathologists independently (Supplementary Figure 2). There were 15 AFP high expression patients, and the other 84 patients were classified as AFP low expression. AFP was positive in 36.4% of APA-GI patients, and it was also positive in 43.3% of patients with elevated serum AFP before surgery. Interestingly, AFP was only partly expressed in HA with a positive rate of 73.5%. Among the 36 patients with positive IHC AFP, 5.6% had normal levels of AFP before surgery. Therefore, the AFP expression level in tumor tissue was not strictly associated with serum AFP or hepatoid differentiation. Additionally, for 73 patients who received the operation, 35 patients had neither positive AFP IHC nor HA (AFP-/HA-), whereas the others performed at least one characteristic. However, the 5-year survival between these two groups was similar (44.54 vs. 24.26%, P = 0.342, Supplementary Figure 3).



Prognosis of Alpha-Fetoprotein-Producing Adenocarcinoma From the Gastrointestinal Tract Was Worse Than That of Common Adenocarcinoma of the Gastrointestinal Tract

To investigate the prognosis of APA-GI, a median follow-up of 14.5 months was performed. There were only 31 (17.5%) who survived, whereas 129 (72.9%) died and 17 (9.6%) lost follow-up among the patients included. The 1-, 3-, and 5-year overall survival rates were 50.6, 28.5, and 17.7%, respectively.

To further compare the prognosis between APA-GI and CA, we extracted the follow-up information of CA-GC and CA-CRC from TCGA. For this reason, only 154 APA-GC and APA-CRC patients of 177 APA-GI patients from our center were analyzed. There was no significant difference in the 5-year survival between stages I–III APA-GC and CA-GC (28.8 vs. 41.9%, respectively, P = 0.357). However, the prognosis of APA-GC in stage IV was significantly worse than that of CA-GC (4.4 vs. 32.1%, P < 0.001). The 5-year survival of patients with APA-CRC was similar to CA-CRC (5-year survival: stages I–III APA-CRC and CA-CRC, 71.32 vs. 70%, respectively, P = 0.132; stage IV APA-CRC and CA-CRC, 13.89 vs. 26.73%, respectively, P = 0.091). After combining CRC and GC, survival analysis of APA-GI from our center showed significantly worse 5-year survival than that of CA-GI from TCGA (stages I–III, 32.8 vs. 59.4%, respectively, P < 0.001; stage IV, 6.3 vs. 30.1%, respectively, P < 0.001; stages I–IV, 17.7 vs. 55.9%, respectively, P < 0.001) (Figure 2).
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FIGURE 2. Kaplan–Meier curve between APA-GI and CA-GI. (A–C) Survival differences between APA-GC and CA-GC; (D–F) survival differences between APA-CRC and CA-CRC; (G–I) survival differences between APA-GI and CA-GI; Column 1 shows survival comparison between stages I–III patients. Column 2 shows survival comparison between stage IV patients. Column 3 shows survival comparison between stages I–IV patients. APA-GI patients were composed of 154 APA-GC and APA-CRC from the SAHZU database, whereas CA-GI patients were all extracted from TCGA database. Notably, two APA-GC patients were unable to perform accurate staging due to the lack of medical imaging data. Therefore, they can only be classified as stages I–IV.




Liver Metastasis and High Alpha-Fetoprotein-Producing Levels Suggest Poor Prognosis in Patients With Alpha-Fetoprotein-Producing Adenocarcinoma From the Gastrointestinal Tract

Liver metastasis was found to be an independent risk factor for total survival in APA-GI patients after multivariate Cox regression analysis (hazard ratio 3.59, 95% confidence interval 1.28–10.02, P = 0.015) (Table 4). To investigate the impact of liver metastasis-free survival, we further conducted Cox multivariate regression analysis on the data, including the level of AFP. We found that AFP ≥ 200 ng/ml was an independent risk factor for the liver metastasis of APA-GI (hazard ratio 4.55, 95% confidence interval 1.39–14.87, P = 0.012) (Table 5).


Table 4. Regression analysis for prognostic risk factors of APA-GI.
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Table 5. Regression analysis for prognostic risk factors of APA-GI liver metastasis.
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Kaplan–Meier curve that showed the prognosis of the AFP-H group was significantly worse than that of the AFP-L group. The 5-year survival of AFP ≥ 200 ng/ml was 7.5%, whereas it increased to 26.0% in the APA-GI patients with AFP <200 ng/ml (P = 0.002). The proportion of stage IV patients in the AFP-H and AFP-L groups were 71 and 50%, respectively. The prognosis of stages I–III patients with an AFP ≥ 200 ng/ml was worse than that of AFP <200 ng/ml (5-year survival: 11.3 vs. 44.4%, respectively, P = 0.030), whereas there was no statistical difference in the prognosis of stage IV patients (5-year survival: 3.5 vs. 5.6%, respectively, P = 0.421) (Figure 3).
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FIGURE 3. Kaplan–Meier curve of APA-GI compared by AFP level. Comparison of survival between APA-GI patients with AFP ≥ 200 ng/ml and AFP <200 ng/ml: (A) compare between stages I–III patients; (B) compare between stage IV patients; (C) compare between stages I–IV patients. Notably, two patients were unable to perform accurate staging due to the lack of medical imaging data. Therefore, they can only be classified as stages I–IV. IRS 0–1, 2–3, 4–8, and 9–12 was referred to negative, week positive, moderate positive and strong positive, respectively.





DISCUSSION

APA is a rare kind of malignant tumor, which could originate from various organs, such as the lung, ovary, kidney, esophagus, stomach, small intestine, colorectal, and appendix (3, 10, 14–18). The present study focused on the clinicopathological features of APA-GI via a retrospective analysis. Data from SAHZU showed APA-GI was more likely to occur in middle-aged and older adults, and it could originate from the whole GI tract, especially in the stomach. The rate of tumor metastasis is high, and most patients were initially diagnosed with liver metastasis. The positive rate of AFP in APA-GI tumor tissue was 36.4%, and it was partly expressed in hepatoid differentiated tissue. The prognosis of APA-GI was significantly worse than CA-GI, and patients with AFP ≥ 200 ng/ml were even worse in APA-GI. Liver metastasis was an independent risk factor for the overall survival of APA-GI, and patients with AFP ≥ 200 ng/ml were more like to develop liver metastasis. Ren et al. had also previously investigated the clinicopathological features and prognosis of APA-CRC, especially the tumor location and survival, which was with our research. Additionally, they divided APA-CRC patients into three histologic types: the common adenocarcinoma type, mucinous adenocarcinoma type, and hepatoid type (3). However, the present research still had some progress. We provided a sufficient sample size with 177 APA-GIs to reach statistically significant conclusions. We included not only APA-CRC but also other GI sites' APA to obtain a full landscape of APA-GI. In addition, we also described several risk factors of liver metastasis and prognosis.

Most APA-GIs were low differentiation. The tumor cells were distributed in clusters or bands, and the stroma was rich in blood sinuses. HA was the main pathological feature of APA-GI. However, among 100 patients included, only three were reported HA in the original pathological diagnosis, whereas there were actually 34 HA patients after reviewing all HE sections. The main reasons for missed diagnosis of APA-GI may be as follows. First, HA is often intermixed within CA components, making the former difficult to recognize, and it leads to the missed diagnosis of APA-GI. Secondly, HA is not necessary to report in routine pathological diagnosis, making pathologists pay insufficient attention. Although HA is the major pathologic type of APA-GI, only 30% of HA cases have been reported within APA-GI in our center. Therefore, the serum AFP index is still essential for the diagnosis of APA-GI. The current diagnostic criteria for HA proposed by the World Health Organization relies on pathological morphology without the need for IHC evidence (World Health Organization Classification of Tumours, 5th Edition, Volume 1. Digestive System Tumours. Lyon: IARC Press, 2019) (19). Therefore, the present study asked two pathologists to independently review HE sections to confirm hepatoid differentiation without additional Hepa-1 and glypican-3 IHC. Additionally, the survival was similar between APA-GI with and without hepatoid differentiation, but both were worse than that of CA-GI. Therefore, using only hepatoid differentiation in the diagnosis of APA-GI will lead to missed diagnosis and inadequate understanding of prognosis. In previous studies, elevated serum AFP levels, positive AFP IHC, or HA detection was used as diagnostic criteria for APA-GI, but there is no standard criteria or consensus until now (6, 20–22). In our study, neither HA nor positive AFP IHC was the sufficient condition of APA-GI diagnosis, as only 52% of patients existed either HA or positive AFP IHC. For these patients, their prognoses were similar to that of APA-GI patients with only elevated serum AFP. Therefore, we suggested APA-GI should be regarded as one kind of disease, and its diagnosis depends on both serum AFP level and pathology. Also, pathologists should pay more attention to hepatoid differentiation, and there should be more molecular pathology research to construct the diagnostic criteria of APA-GI.

High metastasis rate and liver metastasis are the main characteristics of APA-GI at initial diagnosis. Many studies have found that 12–25% of patients with digestive tract adenocarcinoma have metastases after initial diagnosis (23, 24). Nearly 40–50% of patients have metastases during the whole course of the disease (24, 25). Among them, 4–14% gastric adenocarcinomas and 25% colorectal adenocarcinomas were initially diagnosed with liver metastasis, and approximately 50% of the patients with digestive adenocarcinoma eventually developed liver metastasis (26, 27). Our study found that in APA-GI, up to 58.2% of patients metastasized after the initial diagnosis, and the final metastasis rate reached 81.9%. Among APA-GI, patients with liver metastasis at initial diagnosis were significantly more than those with CA-GI. Additionally, we performed a subgroup analysis by serum AFP with a bound of 200 ng/ml. Consistent with previous studies, the AFP-H group was characterized by a higher rate of stage IV and liver metastasis, a larger tumor size, and a higher proportion of HA (5, 28, 29).

The prognosis of APA-GI was significantly worse than that of CA-GI. However, we did not observe a difference between stages I–III gastric and CRC patients, which may be related to 95.5% of stages I–III patients who underwent surgery. Early diagnosis of APA-GI and radical surgery may be an important treatment to improve prognosis. When APA-GI progressed to stage IV, the 5-year survival was only 6.3%. We hypothesized that stage IV APA-GI patients were less sensitive to 5-Fu-based chemotherapy, similar to the 8.15% response rate of primary liver cancer to chemotherapy (30). Because of selection bias and recall bias in retrospective studies, the results of multivariate analyses varied among previous reports. Shoji and Feng et al. found that liver metastasis was the only independent prognostic factor for APA-GI (6, 31), whereas in other studies, TNM staging, serum AFP level, patient age, peritoneal seeding, lymph node metastasis, vascular invasion, Lauren classification, and AFP IHC results all became independent prognostic factors for APA-GI (29, 32). Our study showed that patients with high AFP levels had a poor prognosis, whereas Cox regression analysis showed that liver metastasis was the only independent risk factor for APA-GI. We speculated that it might be due to the strong influence of liver metastasis on prognosis, thus masking the influence of high AFP level on prognosis. There were still several limitations in the present research. AFP has been reported not only in APA but also in yolk-sac tumors or some neuroendocrine tumors (1, 33, 34). We asked two pathologists to recheck all HE sections and did not found any yolk sac tumor-like area or neuroendocrine component. However, for the other 77 patients without HE sections, we were unable to clarify whether AFP was produced only by APA. Whether APA-GI is homogenous or heterogenous could not be concluded yet. Wang et al. had investigated the molecular features of HA of the stomach but showed limited homogenous (13). Besides, HA is theoretically not exactly the same as APA-GI. In future studies, we need more data from multiple centers to further study the clinicopathological characteristics of APA-GI, and basic research should be encouraged to investigate the pathogenesis of APA-GI.



CONCLUSION

The present study was the first research to systemically explored clinicopathological characteristics of APA-GI. APA-GI occurs through the whole GI tract with a significantly worse prognosis than CA-GI. APA-GI should be regarded as one kind of disease for its similar clinicopathological characteristics within patients.
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Background

Pancreatic cancer (PC) has a dismal prognosis due to its insidious early symptoms and poor early detection rate. Exosomes can be released by various cell types and tend to be a potential novel biomarker for PC detection. In this study, we explored the proteomic profiles of plasma exosomes collected from patients with PC at different stages and other pancreatic diseases.



Methods

Plasma samples were collected from six groups of patients, including PC at stage I/II, PC at stage III/IV, well-differentiated pancreatic neuroendocrine tumor (P-NET), pancreatic cystic lesions (PCLs), chronic pancreatitis (CP), and healthy controls (HCs). Plasma-derived exosomes were isolated by ultracentrifugation and identified routinely. Isobaric tags for relative and absolute quantification (iTRAQ) based proteomic analysis along with bioinformatic analysis were performed to elucidate the biological functions of proteins. The expression of exosomal ALIX was further confirmed by enzyme-linked immunosorbent assay in a larger cohort of patients. Furthermore, receiver operating characteristic curve analysis was applied to evaluate the potential of ALIX as a novel diagnostic biomarker.



Results

The proteomic profile revealed a total of 623 proteins expressed among the six groups, and 16 proteins with differential degrees of abundance were found in PC vs. other pancreatic diseases (including P-NET, PCLs, and CP). Based on the results of proteomic and bioinformatic analyses, exosomal ALIX was subsequently selected as a novel biomarker for PC detection and validated in another clinical cohort. We noticed that ALIX expression was elevated in PC patients compared with patients with other pancreatic diseases or HC, and it was also closely associated with TNM stage and distant metastasis. Interestingly, the combination of exosomal ALIX and serum CA199 has greater values in differentiating both early vs. late PC (AUC value 0.872) and PC vs. other pancreatic diseases (AUC value 0.910) than either ALIX or CA199 alone.



Conclusion

In summary, our study demonstrated that based on proteomic profiling, proteins isolated from the plasma-derived exosomes may function as ideal non-invasive biomarkers for the clinical diagnosis of PC. Importantly, exosomal ALIX combined with CA199 has great potentials in detection of PC, especially in distinguishing PC patients at early stages from advanced stages.
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Introduction

As a kind of highly heterogenous malignancy, pancreatic cancer (PC) still faces great challenges in the early diagnosis and treatment options. The most recent data estimated by the American Cancer Society show that the incidence rates and death rates continue to increase for the cancer of pancreas (1). Due to the insidious early symptoms and rapid progression, more than 80% of PC patients are diagnosed at an advanced stage when the disease has been disseminated (1, 2). Nowadays, PC is commonly diagnosed by the combination of classical serum biomarkers (e.g. carbohydrate antigen 19-9, CA199), imaging examinations, and endoscopic biopsy. However, all these techniques are either invasive or unspecific. Yachida et al. (3) suggested that PC would take several years to develop from initial mutations to metastatic cancer, highlighting the significance of finding effective methods for early stage detection. Hence, it is very critical for us to develop new sensitive and non-invasive tools for PC diagnosis, and thus increase the early detection rate and overall survival rate for PC patients.

Recently liquid biopsy has been identified as a safer, faster, and non-invasive test compared with tissue biopsy (4, 5). Among various types of liquid biopsies, exosomes are one type of extracellular vesicles of 30–150 nm in diameter, originate from multi-vesicular endosomes, and are initially thought to be cellular debris (6, 7). Now exosomes are recognized and identified to be encompassed by a lipid bilayer membrane, containing specific proteins, nucleic acids, and lipids. They are secreted by diverse cell types and can be detected in most body fluids, so they can reflect the cell type of origin, mediate intercellular communication, and even shape the microenvironment of tumors (6–8). On account of this, exosome biomolecules have great potentials as non-invasive biomarkers for the diagnosis of PC at early stages, or therapeutic targets for the treatment of PC (9–11).

In the present study, we explored the proteomic profiles of exosomes in plasma samples collected from patients with PC (stage I/II and stage III/IV) and other pancreatic diseases, including chronic pancreatitis (CP), pancreatic cystic lesions (PCLs), and well-differentiated pancreatic neuroendocrine tumors (P-NETs). We aim to elucidate some specific exosomal proteins useful in the detection of PC.



Materials and Methods


Patients and Plasma Samples

This study included a total of 134 samples collected from patients with pancreatic diseases or healthy controls (HCs) who were admitted to the Nanjing Drum Tower Hospital Affiliated to Nanjing University Medical School and the First Affiliated Hospital of Soochow University between July 2018 and December 2019. Patients considered eligible for this study were those with suspected pancreatic masses and with operation indications. Endoscopic ultrasound-guided fine-needle aspiration (EUS-FNA) and/or surgical resections were performed for initial diagnosis. Plasma samples were all collected prior to EUS-FNA operations or surgical resections. All of them had not received any antitumor therapy before. Classification of PC was determined according to the 8th edition of the American Joint Committee on Cancer (AJCC) Classification. In the discovery stage, plasma samples were selected from 30 subjects with PC (stage I/II and stage III/IV), well-differentiated P-NETs, PCLs, CP and HC (five cases in each group) from Nanjing Drum Tower Hospital. We pooled the samples from the same group into one representative sample with the purpose of increasing the efficiency of analysis and reducing the individual variations. In the validation cohort, in order to determine the diagnostic performance of candidate protein biomarkers, we enrolled another 104 subjects (18 patients with PC at stage I/II, 44 with PC at stage III/IV, 11 with PCLs, eight with well-differentiated P-NET, 13 with CP, and 10 with HC, respectively) from two hospitals. Plasma samples were prepared from EDTA-treated peripheral blood, centrifuged at 2,000×g and 10,000×g for 10 min (4°C) to remove dead cells and cell debris and stored at −80°C until subsequent analysis. The study was approved by the Ethics Committee of the Nanjing Drum Tower Hospital and the First Affiliated Hospital of Soochow University, and informed consent was obtained from all patients before the examinations.



Exosomes Isolation

Exosomes were isolated by ultracentrifugation in accordance with the guidelines proposed by the International Society for Extracellular Vesicles (ISEV) (12). To isolate exosomes, the plasma was thawed on ice and centrifuged at 10,000×g for 30 min and then filtered through a 0.22-um filter (MilliPore, USA). The supernatant was then ultracentrifuged at 110,000×g for 70 min. The pallet was washed in phosphate-buffered saline (PBS) and centrifuged again at 110,000×g for 70 min. The PBS was removed completely, and subsequently 60 μl ice-cold PBS was used to resuspend the exosomal pellet. All centrifugation steps were performed at 4°C.



Exosome Identification

General characterizations of exosomes were performed to demonstrate the purity of our exosome preparation. For images of exosomes at high resolution, about 5 μl of prepared exosomal suspension (the purified concentrated exosomes were mixed with an equal volume of 2% paraformaldehyde) was applied to the formvar-carbon coated grids, and the membranes were placed in a dry environment for 20 min. Then the grids were transferred to a 50 μl drop of 1% glutaraldehyde for 5 min and washed eight times with distilled waters. Samples were contrasted and embedded on ice with uranyl-oxalate for 5 min and methyl cellulose-uranyl acetate for 10 min, respectively. The excess fluid was blotted gently, and the grids were air dried for 10 min. The images were captured under the transmission electron microscopy (TEM, HT7800, Hitachi, Japan). Besides, the size distribution of exosomes was analyzed by high resolution flow cytometry using a Flow NanoAnalyzer Instrument (N30E, NanoFCM, China). The exosomal protein markers were validated by western blot analysis. We used the BCA protein assay kit (Thermo Fisher Scientific, USA) to quantify total protein concentration of exosomes according to the manufacturer’s protocol. The protein samples were denatured at 95°C for 10 min. Approximately 30 μg of protein was separated by 10% SDS-PAGE, subjected to the electrophoresis, and transferred to PVDF membranes. The membranes were then blocked with 5% skim milk for 2 h, incubated with anti-CD63 (Abcam, UK), anti-Tsg101 (Santa Cruz, TX), and anti-β-actin (Abcam, UK) overnight. Then protein bands were washed with tris-buffered saline with tween 20 (TBST) buffer three times and probed with secondary antibodies for 120 min.



Exosomal Protein Lysis

Frozen exosomes were suspended on ice and 8 M urea was added. Then the samples were sonicated in ice for 2 min and incubated in ice for 30 min. We homogenized samples for 10 s every 5 min. The samples were clarified by centrifugation at 12,000×g at 4°C for 20 min. Protein was quantified with BCA protein assay kit (Thermo Fisher Scientific, USA). Approximately 30 μg of total protein was separated by 10% SDS-PAGE gel. Then separation gel was stained by CBB according to Candiano’s protocol. The stained gel was scanned by Image Scanner (GE Healthcare, USA) at the resolution of 300 dpi.



Protein Digestion

A 200 ug portion of protein from each sample was reduced and alkylated in 50 mM tris-(2-carboxyethyl) phosphine (TCEP) at 56°C for 1 h and 200 mM methyl methanethiosulfonate (MMTS) at room temperature for 1 h. The chilled acetone was then added in the protein mixtures for precipitation overnight. The solutions were centrifuged at 30,000×g for 30 min at 4°C and dissolved in 0.5 M tetraethyl-ammonium bromide (TEAB) and sonicated in ice. Subsequently, trypsin was added to the samples at a 1:20 (w/w) ratio, and the solutions were incubated for digestion at 37°C for 16 h. Finally, the collections of digested peptides were centrifuged at 12,000 rpm for 20 min.



iTRAQ-Labeling Proteomic Analysis

For iTRAQ-labeling, the lyophilized samples were resuspended in 100 μl TEAB (200 mM) and then labeled by 8-plex iTRAQ reagent (SCIEX, USA) according to the instructions in the kit (PC at stage III/IV with 113 and 114 tags, PC at stage I/II with 115 tag, P-NET with 116 tag, HC with 117 tag, PCLs with 118 tag, CP with 119 tag). The labeled peptides were finally dried for further analysis.



Peptide Fractionation

The high pH reversed-phase liquid chromatography with a C-18 column was used to fractionate the labeled peptides. Briefly, mobile phases B (98% acetonitrile in 5 mM Ammonium formate) was used for gradient elution. The solvent gradient was set as follows: 0–25% B, 5–35 min; 25–45% B, 35–45 min. The peptides were separated at a fluent flow rate of 300 nl/min and finally lyophilized for mass spectrometry.



Liquid Chromatography Coupled to Tandem Mass Spectrometry

LC-MS/MS analysis was performed on a Nanoeasy system (Thermo Fisher Scientific, USA) with a 25 cm-long column (75 μm × 25 cm, 2 μm, 100 Å, C18 packing material, Thermo Fisher Scientific, USA) connected to a Q Exactive hybrid quadrupole-Orbitrap mass spectrometer (Thermo Fisher Scientific, USA). The fractions were dissolved in loading buffer (2% acetonitrile with 0.1% FA) before analysis. Mobile phase B consisted of 98% acetonitrile and 0.1% formic acid. The elution gradient was set from 5 to 40%. Full MS scans were acquired in the mass range of 300–1200 m/z with a mass resolution of 70,000, and the AGC target value was set at 1e6. The ten most intense peaks in MS were fragmented with higher-energy collisional dissociation (HCD) with collision energy of 35. MS/MS spectra were obtained with a resolution of 17,500 with an AGC target of 1e5 and a max injection time of 22 ms. The Fusion dynamic exclusion was set for 60 s and run under positive mode.



Database Search

The Proteome Discovery software (v.2.3) was used for protein identification and quantitation. All the raw data were searched against the Swiss-Prot human database (20,238 entries), with MS tolerance set at 20 ppm and MS/MS tolerance set at 0.1 Da. A global false discovery rate (FDR) was set to 0.01, and protein groups considered for quantification required at least two peptides.



Bioinformatic Analysis

We obtained the information of identified proteins from the UniProt protein sequence database. Both Gene Ontology (GO) analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis were conducted for the function and pathway analysis of proteins by DAVID (https://david.ncifcrf.gov/) online tool. The STRING database was introduced for protein–protein interaction (PPI) network analysis (http://string-db.org).



ELISA Procedures

The absolute expression levels of exosomal ALIX were tested using a commercial enzyme-linked immunosorbent assay (ELISA) kit (SenBeiJia Biotechnology Co., Ltd., China) based on the recommended manufacturer’s protocol. Firstly, the solubilized exosome samples were diluted five times with sample diluent, then 50 μl of the sample or standards was added to the appropriate wells in order. After the whole reaction, the optical density of each well was determined immediately using a microplate reader set to 450 nm. The concentration of exosomal ALIX was calculated in comparison with a protein standard curve.



Statistical Analysis

All data were analyzed using the GraphPad Prism 6.0 statistical software (La Jolla, CA, USA) and SPSS 20.0 software (Chicago, IL, USA). The Mann–Whitney U test or Student’s t test was conducted to investigate the protein expression difference in all subjects. The expression levels of the selected biomarker candidate obtained by ELISA assays were compared using one-way ANOVA. The diagnostic value was evaluated by receiver operating characteristic (ROC) curve analysis. Differences were considered significant when P <0.05.




Results


Isolation and Characterization of Plasma-Derived Exosomes

The study workflow was shown in Figure 1. Firstly, the plasma-derived exosomes were isolated separately by ultracentrifugation. As shown in Figure 2, the structure of exosomes revealed as a cup-shaped, membrane-enclosed vesicles, with a 30–150 nm size range characterized by TEM and flow cytometry (Figures 2A, B). The expression of exosomal biomarkers (CD63, Tsg101) was determined by western blotting using samples from six different groups of patients, which was shown in Figure 2C. And no significant difference in CD63 or Tsg101 intensity was observed among all groups of patients. Besides, exosomal biomarkers CD9, CD63, CD81, and Tsg101 were also all observed in the list of proteins identified through proteomic profiling (Table S1). In summary, these results absolutely confirmed the purity of plasma-derived exosomes used in this study.




Figure 1 | Schematic workflow of the study.






Figure 2 | Verification of plasma-derived exosomes from pancreatic cancer patients. (A) Transmission electron micrograph of isolated exosomes. Scale bar = 100 nm. (B) Size distribution measurements of isolated exosomes by flow cytometry. (C) Western blot analysis of exosome-enriched proteins (Tsg101 and CD63) and a control marker (β-actin) in isolated exosomal proteins from six different groups of patients and the total protein from PANC-1 cells. (P1–6 represented patients from PC at stage I/II, PC at stage III/IV, well-differentiated P-NET, PCLs, CP, and HC, respectively).





Proteomic Profiles of Plasma Exosomes

In the discovery stage, exosomal proteins were derived from all six groups and detected for iTRAQ-LC-MS/MS proteomic profiling analysis. A total of 623 proteins were identified (Table S1), and 366 of them overlapped with the exosome database that was compiled in Vesiclepedia (Figure 3A). Moreover, based on the criteria for differentially expressed proteins (fold change >1.20 or fold change <0.83 with a relative quantification P value <0.05), 52 up-, 43 down- and six up-, 14 down-regulated proteins in exosomes were discovered from PC stage I/II and stage III/IV patients compared with healthy groups. Besides, 73, 105, and 248 proteins were found to be differentially expressed in exosomes from P-NET, PCLs, and CP groups versus HC group (Figure 3B). In addition, 22 proteins showed significant differential expression between stage I/II and stage III/IV PC patients. Apart from this, exosomes from P-NET, PCLs, and CP groups had differential expression of 33, 57, and 332 proteins in comparison with PC, respectively (Figure 3C). When we compared the identified proteins between PC and other pancreatic diseases groups, we noticed an overlap of 16 proteins, which were presented in Table 1.




Figure 3 | Differential proteomic analysis of plasma-derived exosomes from patients with PC, other pancreatic diseases and healthy individuals. (A) The Venn diagram depicted the overlap of proteins identified in present study with those published in the Vesiclepedia database. (B) The overlap between differentially expressed proteins in exosomes from PC, P-NET, PCLs, and CP groups versus HC group. (C) The overlap of identified proteins differentially expressed between PC and other pancreatic diseases.




Table 1 | An overlap of 16 differentially expressed proteins between the exosomes of PC and other pancreatic diseases.





Identification of Differentially Expressed Proteins in Plasma-Derived Exosomes

Bioinformatic analysis was performed to reveal the functional characterization of the differentially expressed proteins. GO annotations indicated that protein binding, cell part, and cellular process were the most enriched terms in the molecular function (MF), cellular component (CC), and biological process (BP) (Figure 4A). KEGG pathway analysis showed that many reported signaling pathways associated with tumorigenesis and metastasis in PC, including transcriptional mis-regulation in cancer, endocytosis, and NF-kappa B signaling pathway were all included in the top 20 enriched pathways (Figure 4B). Moreover, an intensity heatmap was also utilized to depict the proteins that were significantly differentially expressed among the six groups and identified in the Uniprot and Vesiclepedia database (150 proteins in total) (Figure 4C).




Figure 4 | Biological function and quantitative evaluation of plasma-derived exosomal proteins. (A) Gene ontology (GO) classification of whole identified exosomal proteins. The enriched terms in the biological process, cellular component, and molecular functions were listed. (B) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of whole identified exosomal proteins. The top 20 enriched pathways in exosomes were listed. (C) Hierarchical clustering heat maps of 150 important proteins, which were identified by t-test. The expression of each protein was illustrated in red and green to indicate high and low expression, respectively.



Among all differentially expressed proteins, there were a total of 16 proteins that overlapped between PC and other pancreatic diseases groups. Four proteins were significantly higher in PC compared with other pancreatic diseases, including PDCD6IP (also known as ALIX), GPRC5B, SDCBP, and IST1 (Figure 5A). To reveal the relationships of the 16 proteins, we reconstructed the interaction networks using the STRING protein–protein interaction (PPI) database. The STRING PPI analysis yielded a highly clustered network containing 14 nodes with 16 edges (clustering coefficient: 0.738, enrichment p-value < 0.001). As shown in Figure 5B, among the four upregulated proteins in PC group, three were interacted with each other (ALIX, SDCBP and IST1), and the fold change of ALIX expression in PC vs. other pancreatic diseases was higher compared with both SDCBP and IST1 (Table 1). Based on the above results, we subsequently selected exosomal ALIX as the candidate biomarker for further analysis.




Figure 5 | Hierarchical clustering analysis and protein–protein interaction network (PPI) analysis of the 16 overlapped exosomal proteins. (A) Heatmap of the 16 proteins differentially expressed between the exosomes of PC and other pancreatic diseases. (B) The STRING PPI network of 16 differentially expressed proteins. It yielded a highly clustered network containing 14 nodes with 16 edges (clustering coefficient: 0.738, enrichment p-value < 0.001).





Validation of Exosomal ALIX as a Novel Biomarker for Pancreatic Cancer

Late diagnosis and lack of effective treatments are the main reasons for poor prognosis of PC. Hence, we focused on investigating the diagnostic utility of exosomal ALIX as a novel biomarker for PC with plasma samples from patients with PC, other pancreatic diseases, and healthy controls. The expression level of exosomal ALIX was evaluated by ELISA, and ROC curve analysis was performed to assess the diagnostic value of ALIX. A total of 104 individuals were enrolled in this clinical cohort, including 62 patients with PC (stage I/II, n = 18; stage III/IV, n = 44), 11 patients with PCLs, eight patients with well-differentiated P-NET, 13 patients with CP, and 10 healthy subjects. At the same time, the general clinicopathological features were observed and summarized. We noticed that the exosomal ALIX expression was significantly higher in advanced PC than early PC (Figure 6A). Moreover, ALIX expression was significantly elevated in all PC patients compared with patients with other pancreatic diseases in total or HC (Figure 6B). Interestingly, we also found that the expression of exosomal ALIX in PC patients was higher compared with other pancreatic diseases, including PCLs (P = 0.0037), CP (P = 0.0043) and P-NET (P = 0.1132) separately, though there was no statistically significant difference between PC and P-NET (Figure 6C). Next, we analyzed the correlations between clinical characteristics and exosomal ALIX expression level in PC patients by univariate analysis, and the results showed that ALIX expression was significantly associated with TNM stage (I/II vs. III/IV) and distant metastasis (P < 0.05) (Table 2). Then, we explored the value of exosomal ALIX alone or in combination with serum CA199 in differential diagnosis of pancreatic diseases (Table 3). For one thing, ALIX presented an acceptable diagnostic efficacy with an AUC value of 0.730 between PC and other pancreatic diseases, which was a liter lower than CA199 (0.891). For another, when differentiating PC patients at stage I/II from stage III/IV, ALIX had a slightly higher AUC value (0.768) than CA199 (0.756). We further combined exosomal ALIX with CA199 to estimate their diagnostic performance in differentiating PC vs. other pancreatic diseases, as well as early vs. late PC. Consequently, the combination of these two markers for the diagnosis of PC versus other pancreatic diseases yielded a promising AUC of 0.910, with a sensitivity of 90.6% and specificity of 83.9% at the cut-off point (Table 3, Figure 6E). They also improved the diagnostic efficacy between patients at stage I/II and stage III/IV with the AUC value of 0.872, which was significantly higher than CA199 alone (Table 3, Figure 6D). Therefore, we suggested that exosomal ALIX had the capability to detect PC, and the combination of ALIX and CA199 can further improve the diagnostic value, especially in distinguishing early and late PC.




Figure 6 | Validation of exosomal ALIX as a novel biomarker for pancreatic cancer diagnosis and classification. (A) Scatter dot plots of protein concentrations of exosomal ALIX in patients with PC at different stages analyzed by ELISA. (B) Scatter dot plots of protein concentrations of exosomal ALIX in patients with PC, other pancreatic diseases, and healthy controls. (C) Scatter dot plots of protein concentrations of exosomal ALIX in patients with PC compared with all other types of pancreatic diseases. (D) ROC curve analysis of exosomal ALIX and serum CA199 for discrimination between PC patients at stage I/II and stage III/IV. (E) ROC curve analysis of exosomal ALIX and serum CA199 in differentiating PC vs. other pancreatic diseases. **P < 0.01; ***P < 0.001.




Table 2 | Relationship between exosomal ALIX expression and clinicopathological parameters in PC groups.




Table 3 | Diagnostic performance of exosomal ALIX and serum CA199 in distinguishing PC vs. patients with other pancreatic diseases and PC patients at different stages.






Discussion

Due to the lack of an effective diagnostic method, the majority of PC patients are still diagnosed at an advanced stage and succumb to death within 12 months of diagnosis (1, 2, 13). Thus, it is urgent for us to seek more valuable biomarkers for early detection of PC. The present study investigated the differentially expressed exosomal proteins extracted from the plasma of patients with PC, other pancreatic diseases, and HC. The approach of iTRAQ-based proteomic analysis was used in the study, and a total of 623 proteins were identified. Bioinformatic analysis also indicated that the differentially expressed proteins were mainly located in the extracellular region and membrane parts and presented with a variety of extracellular functions in the processes of tumor progression and metastasis. Among the 16 differentially expressed proteins overlapped between PC and other pancreatic diseases, we selected exosomal ALIX as the candidate biomarker for further investigation. We found that ALIX protein expression, especially combined with serum CA199, had great potentials in differentiating PC patients at stage I/II from stage III/IV, as well as distinguishing PC from other pancreatic diseases.

Nowadays, PC still remains one of the deadliest cancer types worldwide, and the prominent problem is that no reliable markers are recommended for routine screening because of insufficient sensitivity and specificity. Therefore, exploring a precise and non-invasive biomarker is very critical for the early detection of PC. In recent years, extracellular vesicles (EVs), a heterogeneous group of cell-derived membranous structures, have gotten more and more attention (6–8). Exosomes belong to the group of EVs and can mediate as a functional mediator (12, 14). Up to now, numerous studies have reported that exosomes are qualified as tumor specific biomarkers (9–11, 15–18). For one thing, as a bridge of communication, exosomes can assist the information exchange among cells in the form of lipids, nucleic acid species, and proteins, so the cargo of exosomes can reflect the real origin of them. For another, the lipid bilayer membrane can prevent exosomes from being degraded and keep information stable. More importantly, exosomes are released by various types of cells and can be simply isolated from different kinds of body fluids, such as blood, urine, saliva, and breast milk. Additionally, Jody et al. (19) compared the identified plasma-derived EVs against those found in unfractionated peripheral plasma and found that 41% proteins had not been previously identified in the latter group, indicating that some useful proteomic signatures may be missed by conventional profiling of total plasma. Based on the special characteristics of exosomes mentioned above, we presume that the plasma-derived exosomes can be an important noninvasive biomarker for early detection of PC.

As we all know, a great number of studies have been performed over the years on the diagnostic value of exosomes as a non-invasive biomarker for PC. Melo et al. (9) identified that GPC1+ circulating exosomes (crExos) could serve as a potential diagnostic and screening tool to detect early stages of PC to facilitate possible curative surgical therapy. Though several follow-up studies queried the effect of GPC1+crExos in the diagnosis of PC (16, 20, 21), the diagnostic value of exosomes still cannot be denied. In 2018, utilizing in vitro cellular assays, Jin et al. (22) found that exosomal ZIP4 can significantly promote PC growth, thus confirming the efficacy of ZIP4 as a novel diagnostic biomarker for PC. However, no clinical data have been published to verify the diagnostic value of exosomal ZIP4. Yu et al. (11) provided the first genome-wide analysis of extracellular vesicle long RNAs (exLRs) in plasma from PC patients, demonstrating the feasibility of identifying cancer biomarkers based on exLR profiling. These studies can fully confirm the value of exosomes as an ideal non-invasive biomarker for tumor detection. Unfortunately, no exosomal protein markers have been widely accepted for early detection of PC. Increasing researches have utilized proteomic analysis to discover new biomarkers recently, and iTRAQ is one of the most widely used techniques in the field of quantitative proteomics (23–26), which possesses the advantages of high throughout, high stability, and maximum protein coverage. Koichiro et al. (27) conducted a proteomic analysis using iTRAQ to explore proteins associated with lymph node metastasis in patients with colorectal cancer and identified 60 differentially expressed proteins. An et al. (28) performed the proteomic analysis in the serum-derived exosomal proteins and detected approximately 800 exosomal proteins in each incurably PC patients. In this work, we systemically studied the plasma-derived exosomal proteins and their biological functions in patients with pancreatic diseases and healthy individuals. Exosomes were purified by ultracentrifugation, and iTRAQ labeling couple LC-MS technique was used to evaluate the qualities of exosomal proteins. Out of the total 623 identified proteins, 366 proteins overlapped in the Vesiclepedia protein list. Different from previous studies, broader and larger groups of patients were enrolled in present study, including PC, well-differentiated P-NET, PCLs, CP, and healthy controls. These results are more authentic, providing a basic foundation for our further studies. 16 proteins with differential degrees of abundance were found in exosomes of PC versus other pancreatic diseases. Some of them were upregulated in patients with other pancreatic diseases, such as HBB, HBA1, and KRT16 proteins, while some were upregulated only in PC groups (i.e. ALIX, GPRC5B, SDCBP, and IST1), highlighting their potential diagnostic value. Moreover, 22 proteins were significantly differentially expressed between PC patients with stage I/II and stage III/IV. GO annotations indicated that protein binding in MF, cell part in CC and cellular process in BP were the most enriched terms. KEGG pathway analysis showed that many reported signaling pathways associated with tumorigenesis and metastasis in PC were all included in the top 20 enriched pathways.

Generally, exosomes are secreted upon fusion of endosomal multivesicular bodies (MVBs) with the plasma membrane, and the endosomal sorting complex required for transport (ESCRT) associated protein ALIX (also referred to as PDCD6IP, protein accession: Q8WUM4) plays an important role in the mechanisms involved in their biogenesis (29). Previous studies have identified that ALIX is a cytoplasmic protein, involved in endocytosis, membrane repair and the pathway of selected sorting by ESCRT-complexes (30, 31). Moreover, several researches have described that ALIX participates in programmed cell death, and its overexpression may block apoptosis (30, 32). As a general marker of exosomes, ALIX has scarcely been reported as a tumor marker, and the relationship between exosomes and protein degree of abundance has not been validated. Diederick et al. (33) compared exosomes from non-cancerous prostate cell lines to exosomes from prostate cancer (PCa) cell lines and finally identified ALIX as being enriched in PCa exosomes. What’s more, Monypenny et al. (34) confirmed that the ESCRT-related protein ALIX could regulate tumor-mediated immunosuppression by controlling EGFR activity and PD-L1 presentation. In our study, according to the proteomic results, we noticed that exosomal ALIX was significantly highly expressed in PC patients, especially in those at the advanced stage. Bioinformatic analysis also revealed that ALIX was related to protein binding, apoptotic process, and the pathway of endocytosis, indicating ALIX as a potentially diagnostic marker for PC. Hence, we performed ELISA experiments and demonstrated that ALIX expression was obviously higher in PC than in patients with other pancreatic diseases or healthy controls and was closely associated with TNM stage and distant metastasis. Besides, ALIX expression was significantly enhanced in late PC compared with early PC. Interestingly, combination of exosomal ALIX and serum CA199 has greater values in distinguishing both early vs. late PC and PC vs. patients with other pancreatic diseases than either ALIX or CA199 alone.

Certain limitations should be considered in the current study. Firstly, the sample size for candidate biomarker validation was not big enough, so we need to conduct a larger and multicenter trial to elucidate the diagnostic value of exosomal ALIX in the next phase. Secondly, we only selected an upregulated protein as the novel biomarker, ignoring the diagnostic value of proteins downregulated in PC groups. What’s more, although previous studies have confirmed that exosomes can be purified well enough by ultracentrifugation, we still cannot rule out the possibility that some information of proteins was lost in the process of exosome isolation.



Conclusion

In conclusion, we provided a systematic approach for screening exosome-derived biomarkers for PC detection. Our study revealed that based on the proteomic profiling, plasma-derived exosomal proteins may function as ideal non-invasive biomarkers for early detection of PC. Importantly, exosomal ALIX combined with CA199 has great potentials in detection of PC, especially in distinguishing PC patients at early stages from advanced stages. And the function and molecular mechanisms of exosomal ALIX in PC progression need to be further investigated.
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Purpose

Colon cancer (CC) is a serious disease burden. The prognosis of patients with CC is different, so looking for effective biomarkers to predict prognosis is vitally important. Ferroptosis is a promising therapeutic and diagnosis strategy in CC. However, the role of ferroptosis in prognosis of CC has not been studied. The aim of the study is to build a prognosis model related ferroptosis, and provide clues for further therapy of CC.



Methods

The RNA-seq data were from TCGA (training group) and GEO (testing group). The R language and Perl language were used to process and analyze data. LASSO regression analysis was used to build the prognosis model. ssGSEA was used to compare the immune status between two groups. Immunohistochemistry was used to detect expression of AKR1C1 and CARS1 in colon cancer tissues and adjacent tissues.



Results

The prognosis model consisted of five ferroptosis related genes (AKR1C1, ALOX12, FDFT1, ATP5MC3, and CARS1). The area under curve (AUC) at 1-, 2-, and 3-year were 0.668, 0.678, and 0.686, respectively. The high- and low-risk patients had significant survival probability and could be clearly distinguished by the PCA and t-SNE analysis. The multivariate cox regression analysis also showed the riskscore is an independent prognosis factor. Importantly, we found that the immune status between high- and low-risk patients were different obviously, such as CD8+T cells. And STING, a new promising immune target, was also correlated to our signature genes statistically significantly.



Conclusion

Our ferroptosis prognosis signature could predict survival of CC patients to a certain degree. And the crosstalk between ferroptosis and immune, especially STING need further studies.
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Introduction

According to the latest cancer epidemiology, the global incidence of colorectal cancer ranked the third (10.2%), and mortality of which ranked the second (9.2%) in both sexes combined (1, 2), leading to a huge health and economic burden. The diagnosis and treatment of colon cancer (CC) has made a progress in the advance of clinical treatments, such as immunotherapy and targeted therapy (3, 4). However, current clinical management is still far from achieving satisfying outcomes. And the prognosis of patients with CC diversifies individually. Although there are some prognostic factors, such as stage and carcinoembryonic antigen (CEA), they can’t predict patients’ prognosis accurately. We still need to search for more accurate biomarkers to predict prognosis of patients with CC, guiding clinical management as well as sparking great potential for discovering novel therapeutic targets. Therefore, there is an urgent need to find new biomarkers for CC patients.

Ferroptosis is a new recognized way of non-apoptosis regulated cell death, characterized by the iron-dependent accumulation of lipid hydroperoxides, holding great promise for fighting against cancers (5). We have already reviewed the role of ferroptosis in digestive system neoplasms in the previous paper (5), which highlighted the essential role of ferroptosis played in hepatocellular carcinoma and other digestive system neoplasms such as gastric cancer, pancreatic cancer, and CC.

A few of studies devoting to investigating the role of ferroptosis in CC proved the central role of ferroptosis in the therapy and prevention for CC. For example, triterpene saponin ardisiacrispin B and epunctanone exerted cytotoxic effects partly via ferroptosis in resistant HCT116 p53−/− colon adenocarcinoma cells (6, 7). By inducing ferroptosis and apoptosis, electroporation increased the sensitivity of CC cells to camptothecin analog SN38 (8). Omega-3 polyunsaturated fatty acids (n-3 PUFA) and highly fermentable fiber may induce ferroptosis to reduce the risk of colorectal cancer (9). Betula etnensis Raf. (Birch Etna) promoted ferroptosis mediated by heme oxygenase-1(HO-1) hyper-expression in CC (10). Bromelain exerted cytotoxic effects in Kras-mutant colorectal cancer cells via downregulating acyl-CoA synthetase long-chain family member 4 (ACSL4) to induce ferroptosis (11). It can be seen that induction of ferroptosis is a promising strategy in diagnosis, treatment, and prevention of CC. However, the prognosis role of ferroptosis in CC has not been assessed.

Ferroptosis is recognized as a form of immunogenic cell death (ICD), in other words, innate and adaptive immune response could be triggered by such dying cells (12). Recently, a research showed that CD8+ T cells regulated tumor ferroptosis during cancer immunotherapy. This is the first time that researchers have confirmed the direct crosstalk between immune system and ferroptosis (13). Immunotherapy and induction of ferroptosis are both considered to be of great significance in clinical management of colon cancer, studying the crosstalk between immunotherapy and ferroptosis thereby can be quite meaningful for developing novel treatment and overcoming resistance to immunotherapy. Stimulator of interferon genes (STING) is a new immune target in cancer therapy (14). A study showed that GPX4, a key regulatory molecule in ferroptosis, facilitated STING activation by maintaining redox homeostasis of lipids, indicating that ferroptosis was related to STING pathway. However, the direct crosstalk between STING and ferroptosis has not been studied yet.

Our study aimed to investigate the role of ferroptosis in the prognosis of CC and look for valuable targets related to ferroptosis for further experimental and clinical research, to better ameliorate clinical management of colon cancer. We also tried to provide clues for the relationship between ferroptosis and immune system, especially STING.



Materials and Methods


Colon Adenocarcinoma Datasets and Ferroptosis Related Genes

The RNA-seq transcriptome data and clinical data of patients with colon adenocarcinoma (COAD) were downloaded from the Cancer Genome Atlas (TCGA) database (https://portal.gdc.cancer.gov/) and Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo). We downloaded RNA-seq data of COAD cohort from TCGA as Fragments Per Kilobase of transcript per Million mapped reads (FPKM) as the training group. The RNA-seq data of GSE39582 from GEO was used as the testing group. The ferroptosis related genes were referred from previous studies (15), and the authors collected them from previous important and authoritative literatures related to ferroptosis (16–19).



Construction of Ferroptosis Related Prognosis Model in CC

We used R language to analyze data in the present study (https://www.R-project.org/). The differentially expressed genes (DEG) related ferroptosis between normal tissues and tumor tissues were filtered by “limma” package using wilcox Test [false discovery rate (FDR) <0.05] in the TCGA cohort. Then we used the “survival” package to conduct univariate cox regression analysis (p <0.05) to filter survival-related ferroptosis genes. The intersecting genes between DEG and survival-related ferroptosis genes were used in further analysis. The Least absolute shrinkage and selection operator (LASSO) cox regression analysis (20) was used to build the ferroptosis related prognosis model in CC using “glmnet” and “survival” packages. On the basis of the results of LASSO regression analysis, riskscore of each patient was calculated by the expression levels of genes and the corresponding coefficient in prognosis model using the following formula: Riskscore = Expgene 1* Coefgene 1 +……Expgene n* Coefgene n, with Coef indicating the coefficient and Exp indicating the expression level of genes. Then all patients were divided into high-risk groups (whose riskscores are above median values) and low-risk groups (whose riskscores were below median values) based on the riskscore.



The Verification of Ferroptosis Related Prognosis Model in CC

Receiver operating characteristic (ROC) was used to evaluate the accuracy of our model using the “survival,” “survminer,” and “timeROC” packages. The Kaplan-Meier curve was used to compare the survival probability difference between high-risk groups and low-risk groups using the log-rank test with “survival” and “survminer” packages. Principal component analysis (PCA) and t-distributed stochastic neighbor embedding (t-SNE) analysis were used to visualize the data in two dimensions with the “Rtsne” and “ggplot2” packages. The univariate and multivariate Cox regression analysis were used to determine the independent prognosis factors using the “survival” packages. A nomogram was used to predict survival probability of CC patients with the R package “rms.”



The Function Analysis of Ferroptosis Related Prognosis Model in CC

Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) were conducted to discover the potential function of genes between high- and low-risk groups. Single-sample gene set enrichment analysis (ssGSEA) was used to evaluate the infiltration levels of immune cell types and immune function between the high- and low-risk groups in the R packages of “gsva” (21). The correlation between ferroptosis genes and STING related genes in CC was evaluated using Pearson’s correlation coefficient.



Protein-Protein Interactions (PPI) Network and Correlation Plot

The possible predicted pathways between ferroptosis related molecules and STING related molecules were indicated by the correlation plot and PPI network from the perspective of RNA and protein levels, respectively. We built the PPI network by online STRING database (https://string-db.org/). When inputing multiple proteins by names in the search bar, then PPI network was built automatically. We built the correlation plot through “igraph” and “reshape2” packages.



The Human Protein Atlas (HPA)

The human protein atlas (HPA) (22, 23) is a free database which consists of multiple protein expression images in normal tissues and cancer tissues. The immunohistochemistry images of the corresponding genes in the prognosis model were searched in the HPA database to verified the bioinformatics analysis results in our study.



Immunohistochemistry

To verify the results of this study, we collected 54 paired tumor tissues and adjacent tissues from our hospital to carry out immunohistochemistry. Immunohistochemistry was performed as described previously (24, 25) using anti-AKR1C1(ab192785, Abcam) and anti-CARS1(ab126714, Abcam) antibodies. In brief, colon cancer tissues and adjacent tissues sections were deparaffinized in xylene and rehydrated with ethanol. Heat mediated antigen retrieval was performed in 10 mM citrate buffer at pH 6.0. After blocking with normal goat serum, slides were incubated with primary antibodies against AKR1C1 and CARS1 overnight (4°C). Tissue sections were then stained with biotinylated secondary antibody (Vector lab) for 1 h at room temperature, followed by the Vectastain Elite ABC reagent (Vector lab) for 30 min. The peroxidase reaction was developed with diaminobenzidine (DAB kit; Vector lab) and the slides were counterstained with hematoxylin (Sigma).

The positive expression of AKR1C1 and CARS1 were mainly located in the cytoplasm. Positive cells accounted for a percentage score standard: 0 = no positive cells; 1 = 1–25% positive cells; 2 = 26–50% positive cells; 3 = 51–75% positive cells; 4 = more than 75% positive cells.




Results


Establishment of Ferroptosis Related Prognosis Signature in Colon Cancer

The RNA-seq data and clinical data in patients with CC were from two public databases, TCGA and GEO. The ferroptosis related differentially expressed genes between normal population (n = 41) and colon cancer population (n = 473) from TCGA were showed in Figure 1A. The prognosis related genes via univariate Cox analysis were presented in Figure 1B, which implicated AKR1C1, ALOX12, CARS1, and HSPB1 were risk genes for the prognosis of colon cancer patients. However, ATP5MC3 and FDFT1 were protective genes for colon cancer patients. The intersecting genes between differentially expressed ferroptosis related genes and survival related genes were AKR1C1, ALOX12, CARS1, FDFT1, and ATP5MC3 (Figure 1C). Next, we built a ferroptosis related gene signature using the above five genes with the method of LASSO regression analysis (Figures 1D, E). The riskscore was calculated for each CC patients as the following formula:




Figure 1 | Development of ferroptosis related gene signature in colon cancer. (A) The heatmap showed the differentially expressed genes (DEG) related ferroptosis between normal population and colon cancer population from TCGA (P <0.05). (B) The forest map showed six prognosis related genes in colon cancer by univariate cox regression analysis (P <0.05). (C) The Venn diagram showed the intersecting genes between DEG and survival related genes. (D) Partial likelihood deviance against log (λ) is plotted. The first vertical dashed line representatives the λ value with minimum error. (E) The LASSO coefficient profiles of ferroptosis-related gene in colon cancer.



0.281948648331575 *the expression levels of AKR1C1 + 0.655775537737114 *the expression levels of ALOX12 + 0.845349664371856 *the expression levels of CARS1 + (−0.327305379054264) *the expression level of FDFT1 +(−0.0769643246539205)*the expression levels of ATP5MC3. To sum up, we have built a ferroptosis related prognosis model to predict prognosis of colon cancer patients, which needed further verification.



Verification of Accuracy of Five Ferroptosis Related Gene Signature in Colon Cancer

To verify the accuracy of our model, Kaplan-Meier survival curves, ROC curves, PCA, and t-SNE were plotted in TCGA cohort and GEO cohort respectively. All patients were divided into high-risk groups and low-risk groups based on the respective median values from TCGA (Figure 2A) and GEO database (Figure 2B). Figures 2C, D showed the survival time trends of all the patients with the increasing of riskscore. The red dots represent the dead patients, and the blue dots represent the patients still be alive. We found that the higher the riskscore was, the more dead people were, proving that our model could predict prognosis of CC patients to a certain degree. In addition, we used a chi-square test to compare the number of dead and surviving patients between the high- and low-risk groups in two cohorts. The results indicated that there were more dead patients in the high-risk groups (P <0.01) (Supplementary Figure 1). The Kaplan-Meier survival curves showed that the high-risk groups were less likely to survive than the low-risk group in TCGA cohort (p <0.001) and GEO cohort (P <0.05) (Figures 2E, F).




Figure 2 | Verification of accuracy of ferroptosis related gene signature in colon cancer. (A) The patients from TCGA cohort are divided into high-risk group and low-risk group based on the riskscore median values. (B) The patients from GEO cohort are divided into high-risk group and low-risk group based on its own riskscore median values. (C) The distribution of survival time in the high-risk group and low-risk group in the TCGA cohort. (D) The distribution of survival time in the high-risk group and low-risk group in the GEO cohort. (E) Kaplan-Meier curves showed the survival differences between high-risk group and low-risk group using the log-rank test in the TCGA cohort. (F) Kaplan-Meier curves showed the survival differences between high-risk group and low-risk group using the log-rank test in the GEO cohort.



ROC curves showed the AUC scores in the 1, 2, and 3 years were 0.668, 0.678, and 0.686, respectively in TCGA cohort (Figure 3A). In the GEO cohort, AUC scores in the 1, 2, and 3 years were 0.546, 0.558, and 0.578, respectively (Figure 3B). PCA and t-SNE analysis were also applied to test the accuracy of our prognosis model. The PCA plot and t-SNE plot indicated that patients in the high-risk and low-risk group were in two directions in the TCGA and GEO cohort (Figures 3C–F). Overall, our five ferroptosis related genes signature can distinguish the prognosis of colon cancer patients to some extent.




Figure 3 | Verification of accuracy of ferroptosis related gene signature in colon cancer. (A) The AUC score at 1, 2, 3 years in the TCGA cohort. (B) The AUC score at 1, 2, 3 years in the GEO cohort. (C) The PCA plot in the TCGA cohort. (D) The PCA plot in the GEO cohort. (E) The t-SNE plot in the TCGA cohort. (F) The t-SNE plot in the GEO cohort.



What’s more, to further confirm the accuracy of the model, we did Kaplan-Meier survival analysis, univariate Cox regression analysis, and LASSO regression analysis towards three typical DEGs (CD44, GCLC, and MT1G). The results implicated that CD44, GCLC, and MT1G were not correlated to prognosis of patients (P>0.05). The Partial likelihood deviance and LASSO coefficient profiles showed CD44, GCLC, and MT1G were not suitable as the model genes (Supplementary Figure 2).



Riskscore and Other Clinical Pathology Characters Synergistically Predicted the Survival Probability of Colon Cancer Patients

Univariate and multivariate Cox regression analysis were applied to test whether riskscore is an independent prognostic factor for overall survival (OS). Age, stage, and riskscore were statistically significant associated with the prognosis of colon cancer in TCGA cohort through univariate cox regression analyses, especially riskscore (HR = 2.858, 95% CI = 1.883–4.337, P<0.001) (Figure 4A). Figure 4B showed that age, stage, and riskscore were independent prognostic factor using multivariate cox regression analyses for OS in the TCGA cohort (HR = 2.102, 95% CI = 1.377–3.208, P<0.001). The univariate and multivariate cox regression analyses of GEO cohort were presented in Supplementary Figure 3 (P<0.05). We know that single character is not good enough to predict the prognosis of CC patients, so we try to use the multi-characters to better predict their prognosis. Nomogram is a powerful tool to predict prognosis, which may be helpful for the doctors and patients. The system includes four indexes: age, gender, stage, and riskscore. For a specific colon cancer patient, his/her age, gender, stage, and riskscore have different scores, then the sum of four points is used to predict the 1-, 3-, and 5-year survival probability (Figure 4C). In short, riskscore was an independent prognostic factor and synergistically predicted the survival probability of CC patients.




Figure 4 | Riskscore and other clinical pathology characters synergistically predicted the survival probability of colon cancer patients. (A) Univariate cox regression analysis of age, gender, stage, and riskscore in the TCGA cohort. Riskscore is significantly associated with the survival of colon cancer patients. (B) Multivariate cox regression analysis of age, stage, and riskscore in the TCGA cohort. Riskscore is an independent prognostic factor for the survival of colon cancer patients. (C) Nomogram for the prediction of 1-, 3-, and 5-year survival probability in patients with colon cancer.





The Immune Status Difference Between High-Risk and Low-Risk Colon Cancer Patients

According to the riskscore for each patient, we preformed GO and KEGG enrichment analysis between high-risk and low-risk groups. The GO result showed the differences between two groups mainly focus on fatty acid transport, positive regulation of leukocyte chemotaxis, protein maturation, mast cell granule and immunoglobulin complex (Figure 5A), which gave us a hint that the differences between two groups were related to immune response, so we further carried out the ssGSEA to compare immune cells and immune function differences between two groups. KEGG results were showed in Supplementary Figure 4. Figure 5B showed immature dendritic cells (iDCs) were distinct between high- and low-risk groups (P <0.01). In addition, CD8+T cells, DCs, mast cells, Th1 cells, and Th2 cells were different in two groups (P <0.05). Immune related functions such as APC co stimulation, APC co inhibition, CCR, checkpoint, T cell co stimulation, T cell co inhibition, and so on, were also different in two groups (Figure 5C). In summary, the immune status in high-risk and low-risk groups were totally different, which can be further elucidated to boost tumor immunotherapy in colon cancer. We used the Pearson’s correlation coefficient to grasp the relationship between STING and ferroptosis as showed in Figure 5D. The predicted pathways between STING related genes and our model genes based on the TCGA data were showed in Figure 5E. Figure 5F presented the possible protein-protein interactions between STING and ferroptosis at the protein level.




Figure 5 | The immune status difference between high risk and low risk in colon cancer patients. (A) The GO enrichment analysis between high-risk and low-risk groups in colon cancer. (B) The immune cell between high-risk and low-risk groups in colon cancer; *P <0.05; **P <0.01; ***P <0.001. (C) The immune related function between high-risk and low-risk groups in colon cancer; *P <0.05; **P <0.01; ***P <0.001. (D) The correlation between STING related genes and ferroptosis related genes in CC using the Pearson coefficient; *P <0.05; **P <0.01; ***P <0.001; ns, no significance. (E) The predicted gene interactions between STING related genes and ferroptosis related genes based on the RNA-seq data of TCGA cohort in CC. (F) The protein-protein interactions (PPI) network of above genes.





Experimental Support for the Five Gene Prognostic Signature in Colon Cancer

In the HPA database, we found that the expression of AKR1C1, ALOX12, and CARS1 in colon cancer tissue is higher than normal tissue (Figures 6A–C) and the expression of FDFT1 in colon cancer tissue is lower than normal tissue by immunohistochemistry (Figure 6D), which is consistent with our results. We also performed immunohistochemistry against AKR1C1 and CARS1 in the colon cancer tissues and adjacent tissues. The representative images of immunohistochemistry were indicated in Figures 7A, B. Figure 7C showed the expression of AKR1C1 and CARS1 were higher in tumor tissues (****, P<0.0001).




Figure 6 | The immunohistochemistry images of related genes from HPA database in normal and cancer tissues.(A) The expression levels of AKR1C1 in normal tissues and colon cancer tissue. (B) The expression levels of ALOX12 in normal tissues and colon cancer tissue. (C) The expression levels of CARS1 in normal tissues and colon cancer tissue. (D) The expression levels of FDFT1 in normal tissues and colon cancer tissue.






Figure 7 | The immunohistochemistry images from wet lab. (A) The representative images of AKR1C1 in the tumor tissues and adjacent tissues. (B) The representative images of CARS1 in the tumor tissues and adjacent tissues. (C) The statistical results of expression of AKR1C1 and CARS1 in the tumor tissues and adjacent tissues; ****P <0.0001.






Discussion

Our study built a ferroptosis related genes prognosis model in CC, which aimed to predict survival probability of patients with CC and provide clues for further studying the role of ferroptosis in colon cancer. The model consisted of five genes, AKR1C1, ALOX12, CARS1, FDFT1, and ATP5MC3.

Based on the DEG and prognosis related genes in CC, we selected five genes to conduct LASSO regression analysis. And all the five genes were included in the terminal model with corresponding coefficients, then we calculated the riskscore of each CC patients according to the previously mentioned formula. The Kaplan-Meier curves indicated the statistically significant survival probability between the high-risk and low-risk groups in TCGA and GEO cohort, which preliminary proofed the validity of the model to predict the risk in CC. What’s more, the AUC at 1, 2 and 3 years were 0.668, 0.678, and 0.686 respectively in TCGA cohort, which further illustrated the accuracy of the model. However, the AUC in GEO cohort was not optimal, which might attribute to the heterogeneity of patients and needs other larger population to test the model. PCA and t-SNE analysis demonstrated that the patients in high- and low-risk groups were in two dimensions respectively, indicating that the model could accurately distinguish high- and low-risk patients. Furthermore, the riskscore was an independent prognostic factor in CC. The nomogram combined the known risk factors and riskscore to predict the survival probability at 1, 3, and 5 years of CC, whose prognosis efficacy was prior to the single factor. Immunohistochemistry images of the four genes from HPA database were consistent with the bioinformatics results. We also collected 54 pairs of the tumor issues and adjacent tissues to perform IHC. Results showed the expression of AKR1C1 and CARS1 were different in tumor tissues and adjacent tissues. In summary, our model is a good signature to help to predict the prognosis of CC patients.

Aldo-keto reductases (AKRs) play vital roles in the reductive metabolism (26). The overexpression of AKR1C1 involved in the resistance of cis-diamminedichloroplatinum (CDDP) in colon cancers (27). In melanoma, upregulated AKR1C1 resulted in ferroptotic cell death resistance (28), which perhaps could explain the CDDP resistance in colon cancer and pointed out a possible strategy to overcome CDDP resistance in CC. Besides, AKR1C1 inhibitors could be a therapy medicine to sensitive ferroptosis in colon cancer. Genetic variability in arachidonate lipoxygenase (ALOXs), such as the polymorphisms of ALOX12, may influence risk of colorectal cancer (29). ALOX12 inactivation eliminated p53-mediated ferroptosis in Eμ-Myc lymphoma models (30). Thus, ALOX12 can be a possible target to regulate risk of colon cancer. A study showed that downregulation of FDFT1 was correlated with malignant progression and poor prognosis in colorectal cancer. Somatic variants revealed FDFT1 that frequently mutated only in the liver metastatic patients and targeting FDFT1 could be a feasible strategy in colon cancer, especially in the colorectal liver metastatic patients (31). To sum up, the genes in our model played important roles in colon cancer and were worthy for further studies.

To clarify the function of our model deeply, we conducted GO and KEGG enrichment analysis. It was worth noting that differential genes between high- and low-risk groups were related to immune response, which was consistent with the above phenomenon regarding to the crosstalk between immune and ferroptosis. Then we conducted the ssGSEA to compare the immune cells and immune related function in two groups. According to the results, the innate and adaptive related cells and process were statistically significant in two groups, such as CD8+T cells, iDC, and APC co stimulation, which perhaps presented that targeting ferroptosis could change the immune status in colon cancer or boost the immunotherapy in colon cancer. Our previous study showed that STING is a master regulator in the cancer-immunity cycle (14). In this study, we studied the relationship between STING and ferroptosis in CC. We found that the STING related genes were interrelated with ferroptosis in the levels of genes and proteins. However, the exact crosstalk and mechanism of above bioinformatics prediction need verification with well-designed experiments.

In conclusion, we built a prognosis model based on ferroptosis related genes in colon cancer with good prognosis efficacy. We also provide clues to further explore the function of the model genes and crosstalk between immune and ferroptosis to improve immunotherapy for colon cancer.
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Supplementary Figure 1 | The comparison of the number of dead and alive patients between the high- and low-risk groups in two cohorts. Two bar charts indicated that the numbers of dead and alive patients were statistical different in the high and low risk groups in the TCGA (P<0.001) and GEO cohorts (P<0.01). This figure is related to Figures 2C, D.

Supplementary Figure 2 | The survival plot, forest map and Lasso results of CD44, GCLC and MT1G in colon cancer. (A–C) The expression of CD44, GCLC and MT1G were not related to survival in colon cancer. (D) The forest map showed CD44, GCLC and MT1G were not prognostic factors in colon cancer. (E, F) The partial likelihood deviance and LASSO coefficient profiles of CD44, GCLC and MT1G were showed. Results showed CD44, GCLC and MT1G should not be included in the model, although they were significant DEGs.

Supplementary Figure 3 | The riskscore was an independent prognostic factor for colon cancer patients in the GEO cohort. (A) Univariate cox regression analysis of age, gender, stage and riskscore in the GEO cohort. Riskscore is significantly associated with the survival of colon cancer patients (P<0.01). (B) Multivariate cox regression analysis of age, stage and riskscore in the GEO cohort. Riskscore is an independent prognostic factor for the survival of colon cancer patients (P<0.01).

Supplementary Figure 4 | The KEGG enrichment analysis in colon cancer. The KEGG enrichment analysis between high-risk and low-risk groups in colon cancer.
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Background: Inflammatory factors and nutritional status are critical to the prognosis of colorectal cancer patients. This study aimed to investigate the prognostic value of the combination of preoperative lymphocytes, albumin, and neutrophils (LANR) in patients with resectable colorectal cancer.

Methods: A total of 753 patients with pathologically diagnosed primary colorectal cancer were included in the study. The value of LANR was defined as follows: LANR, lymphocyte × albumin/neutrophil. The ROC curve, subgroup analysis and Cox proportional hazard regression analysis were used to assess the prognostic value of LANR in overall survival and progression-free survival.

Results: The median age of the patients was 60 years (range 52–67 years). In overall survival, the area under the curve of LANR was 0.6276, and the HR (95% CI) was 0.551 (0.393–0.772). And in progression-free survival, the area under the curve of LANR was 0.5963, and the HR (95% CI) was 0.697 (0.550–0.884). The results indicate that preoperative LANR may be a reliable predictor of overall and progression-free survival in resectable colorectal cancer patients.

Conclusions: LANR is an important prognostic indicator for patients with resectable colorectal cancer, and it can also provide a reference for clinicians and patients to choose a treatment plan.

Keywords: lymphocytes, albumin, neutrophils, colorectal cancer, prognosis


INTRODUCTION

Colorectal cancer (CRC) is an important public health problem. In 2018, there were more than 1.8 million new cases of colorectal cancer and 881,000 deaths worldwide, accounting for about one-tenth of global cancer incidence and deaths. And the incidence of colorectal cancer ranks third and the mortality rate ranks second (1). From a clinical perspective, surgery has been established as the main treatment for colorectal cancer (2). Although advances in medical treatment have gradually improved the survival of patients (3). In fact, even after surgery, the prognosis of colorectal cancer is far from satisfactory (4, 5). Therefore, finding more effective biomarkers to predict the prognosis of colorectal cancer becomes particularly important.

With the continuous development of tumor prognosis research, more and more evidence indicates the role of inflammatory factors and nutritional status in cancer prognosis (6–8). Systemic inflammatory factors, such as lymphocytes (9), monocytes (10) and neutrophils (11), and blood biochemical indicators related to nutritional status, such as C-reactive protein levels (CRP) (12) and albumin levels (ALB) (13), are valuable prognostic indicators for cancers including colorectal cancer. In addition, studies have shown that the integration of these biochemical indicators such as the modified Glasgow Prognosis Score (mGPS) (14), C-reactive protein to albumin ratio (CAR) (15, 16), and neutrophil to lymphocyte ratio (NLR) (17) can effectively improve the accuracy of cancer prognosis prediction.

However, the prognostic significance of the combination of lymphocyte, albumin, and neutrophil (LANR) in colorectal cancer has not been well-investigated to date. Therefore, in this study, we retrospectively analyzed the preoperative blood biochemical indicators of 753 colorectal cancer patients, and systematically evaluated the survival prognostic value of LANR.



MATERIALS AND METHODS


Patient Cohort

We retrospectively collected 829 patients with pathologically diagnosed primary colorectal cancer at Hubei Cancer Hospital from January 2013 to December 2016. The exclusion criteria were as follows: (1) having history of malignant tumors; (2) having incomplete clinical data; (3) having concurrent malignant tumors other than colorectal cancer; or (4) having other diseases with serious impacts on prognosis, such as ischemic heart disease and stroke. Based on the exclusion criteria, we eventually included 753 patients with colorectal cancer in our study (Supplementary Figure 1). Tumor stage was determined based on the Eighth Edition of the American Joint Committee on Cancer (AJCC) Cancer Staging Manual (18). The study was supported by the Ethics Committee and Institutional Review Board of Hubei Cancer Hospital. And all patients provided informed consent.



Data Collection

We collected the clinicopathological information and preoperative blood biochemical indicators of patients with colorectal cancer through electronic and paper medical records from the hospital. Such as gender, age, tumor size, vascular tumor thrombus, nerve invasion, circumferential margin, radiotherapy, chemotherapy, tumor location, TNM stage, differentiation, ALB, lymphocyte, and neutrophil. Based on previous studies (19–22), we found that ALB, lymphocyte, and neutrophil were key biochemical indicators related to tumor prognosis. And we also used these three indicators to construct a new prognostic marker-LANR, which was defined as Lymphocyte × Albumin/Neutrophil. The study follow-up until August 2019. The overall survival (OS) was set as the first outcome and progression-free survival (PFS) as the secondary outcome. The PFS was defined as the time from the date of tumor resection to the date of cancer recurrence, metastasis, death, or the end of follow-up whichever came first, and the OS was calculated as the time from the date of tumor resection to the date of death or the end of follow-up.



Statistical Analysis

The continuous variables were expressed as mean ± standard deviation ([image: image] ± SD) or median (interquartile range), and the categorical variables were presented by the number of cases (percentage). Student's t-test or Wilcoxon test was used to compare differences between groups of continuous variables. Chi-square or Fisher's exact tests were used to evaluate categorical variables. By using the inflection point as the cut-offs, the receiver operating characteristic (ROC) curve was used to convert continuous variables (albumin, neutrophils, lymphocytes, and LANR) into dichotomous variables. Kaplan–Meier survival curves and log-rank test were used to compare the survival difference between groups classified by dichotomized biochemical indicators. Cox proportional hazard regression model was used for univariate and multivariate regression analysis. Statistically significant variables (P < 0.05) in univariate analysis were included in multivariate analysis. Subgroup analysis were performed to show the prognostic association between patients with different characteristics and the new index, and the results were shown in the forest plots (23). Statistical analyses were performed using SAS 9.4 (SAS Institute Inc, Cary, North Carolina, USA) and R 3.5.1 (R Foundation for Statistical Computing, Vienna, Austria). All analyses were two-sided, and P < 0.05 were considered statistically significant.



Data Availability Statement

The datasets used and/or analyzed during the current study are available from the corresponding author on reasonable request.




RESULTS


Patient Characteristics

A total of 753 patients with colorectal cancer were included in this study. The demographic and clinicopathological characteristics are shown in Table 1. There were 280 females (37.18%) and 473 males (62.82%). The median age of the patients was 60 years (range 52–67 years). There were 84 patients (11.16%) in stage I, 253 (33.60%) in stage II, 274 (36.39%) in stage III, and 142 (18.86%) in stage IV. Of these patients, 452 (60.03%) had rectal tumors, and 301 (39.97%) had colon tumors. A total of 292 (38.78%) patients progressed and 145 patients (19.26%) died. The study's median progression-free survival was 63.47 months, and the median follow-up time was 37.03 months.


Table 1. Baseline clinicopathological characteristics of colorectal cancer patients.
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Prognostic Value of LANR in Overall Survival

The areas under the ROC curves and inflection points of albumin, neutrophils, lymphocyte counts, and LANR for OS are listed in Table 2. According to the ROC curve, we found that the area under the curve of LANR was the best at 0.6276 (Supplementary Figure 2). We divided LANR into high-level (n = 418, 55.51%) and low-level (n = 335, 44.49%) groups based on cut-off values (Supplementary Table 1), and the Kaplan-Meier survival curve showed that patients with high-level LANR had longer overall survival (Figure 1). Univariate analysis revealed that TNM stage, differentiation, circumferential margin, nerve invasion, albumin, neutrophils, lymphocytes, and LANR all showed significant association with OS (all P < 0.05; Table 2). Multivariate analysis showed that high levels of albumin, neutrophils, lymphocytes and LANR had 0.681 (95% CI: 0.476–0.974), 1.512 (95% CI: 1.085–2.107), 0.634 (95% CI: 0.445–0.903), and 0.551 (95% CI: 0.393–0.772)-fold risk of death (Table 2). LANR presented significant associations with OS among patients in different genders, age (<65 yr), tumor locations (colon), differentiation (medium), and TNM stages (III/IV) (Supplementary Figure 3). Combining the area under the curve and the results of multivariate cox regression, we found that LANR is a valuable new prognostic indicator in overall survival.


Table 2. Univariate and multivariate Cox regression analysis of overall survival in patients with colorectal cancer.
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FIGURE 1. The Kaplan–Meier curves for overall survival of colorectal cancer patients based on LANR.




Prognostic Value of LANR in Progression-Free Survival

The areas under the ROC curves and inflection points of albumin, neutrophils, lymphocyte counts, and LANR for PFS are listed in Table 3. According to the ROC curve, we found that the area under the curve of LANR was the best at 0.5963 (Supplementary Figure 4). We divided LANR into high-level (n = 367, 48.74%) and low-level (n = 386, 51.26%) groups based on cut-off values (Supplementary Table 2), and the Kaplan-Meier survival curve showed that patients with high-level LANR had longer progression-free survival (Figure 2). Univariate analysis revealed that TNM stage, differentiation, circumferential margin, vascular tumor thrombus, nerve invasion, chemotherapy, radiotherapy, albumin, neutrophils, lymphocytes, and LANR all showed significant association with PFS (all P < 0.05; Table 3). Multivariate analysis showed that high levels of albumin, neutrophils, lymphocytes, and LANR had 0.800 (95% CI: 0.624–1.026), 1.450 (95% CI: 1.141–1.843), 0.727 (95% CI: 0.570–0.926), and 0.697 (95% CI: 0.550–0.884)-fold risk of disease progression (Table 3). LANR presented significant associations with PFS among patients in age (≥65 yr), gender (female), tumor locations (rectum), differentiation (medium), and TNM stages (III/IV) (Supplementary Figure 5). Combining the area under the curve and the results of multivariate cox regression, we found that LANR is also a valuable new prognostic indicator in 5-year progression-free survival.


Table 3. Univariate and multivariate cox regression analysis of progression-free survival in patients with colorectal cancer.
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FIGURE 2. The Kaplan–Meier curves for progression-free survival of colorectal cancer patients based on LANR.





DISCUSSION

In this study, we developed a novel indicator—LANR, which was based on lymphocytes, neutrophils, and albumin, and the results showed that the indicator was significantly correlated with the prognosis of colorectal cancer patients. And to our knowledge, this is the first study to investigate the prognostic value of LANR in colorectal cancer patients.

The development of cancer and its response to treatment are strongly influenced by innate and adaptive immunity, which promote or reduces tumorigenesis and may have opposite effects on the outcome of treatment. At the same time, chronic inflammation promote tumor development, progression, metastatic spread and treatment resistance (24). In addition, studies have shown that systemic inflammation is a marker of poor prognosis present in around 20–40% of colorectal cancer patients (25). Neutrophils are the main circulating granulocytes in humans. They reflect the state of host inflammation and are a hallmark of cancer (26). Neutrophils are involved in different stages of the carcinogenic process, including tumorigenesis, growth, proliferation, or metastatic spread (27, 28). It promotes tumorigenesis by releasing reactive oxygen species (ROS), reactive nitrogen (RNS), or proteases (29), promotes tumor proliferation by weakening the immune system, and also promotes metastatic spread by inhibiting natural killing function and promoting tumor cell extravasation (30). Studies have shown that neutrophils are associated with poor prognosis (31). And the higher the neutrophil level, the higher the risk of progression and death (20, 32). As one of the main cells of human immunity, lymphocytes can produce an immune response to tumor cells, and the decrease of the lymphocytes leads to a decrease in the body's ability to inhibit tumors (33). At the same time, lymphocytes participate in cytotoxic cell death and inhibition of tumor cell proliferation and migration (34). As research continues to develop, more and more evidence suggests that lymphocytes play an important role in predicting the prognosis in colorectal cancer (35–37). And high levels of lymphocytes were significantly associated with good tumor behavior and better survival (38). In addition to inflammatory factors, nutritional indicators can also predict complications, recurrence and prognosis in patients with colorectal cancer. Using prognostic nutrition indicators to investigate the nutrition and immune status of patients may be a useful clinical approach (39). Serum albumin is a common indicator of nutritional status (40). Studies have shown that serum albumin levels were significantly related to overall survival (41). And low levels of serum albumin are associated with a poor overall prognosis in patients with colorectal cancer (42, 43). In this study, we combined these valuable indicators to construct a new prognostic indicator that has good prognostic performance for both overall survival (HR: 0.551; 95% CI: 0.393–0.772) and progression-free survival (HR: 0.697; 95% CI: 0.550–0.884). But we also have some limitations. First, the sample size included in the study was relatively small. Second, as a single-center study, the conclusion may be biased. Therefore, a lot of research is needed to further confirm our findings. In this study, we found a new index that is easily available and has good prognostic performance, which will provide a reference for clinicians and patients to choose a treatment method.
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Immune checkpoint blockade (ICB) shows remarkable clinical effects in patients with metastatic microsatellite-unstable (MSI) cancer. However, markers identifying potential non-responders are missing. We examined the prevalence of Beta-2-microglobulin (B2M) mutations, a common immune evasion mechanism, in stage IV MSI gastrointestinal cancer and its influence on metastatic pattern and patients’ survival under ICB. Twenty-five patients with metastatic, MSI gastrointestinal adenocarcinoma were included. Eighteen patients received ICB with pembrolizumab and one patient with nivolumab/ipilimumab. Sequencing was performed to determine B2M mutation status. B2M mutations and loss of B2M expression were detected in 6 out of 25 stage IV MSI cancers. B2M mutations were strongly associated with exclusively peritoneal/peritoneal and lymph node metastases (p=0.0055). However, no significant differences in therapy response (25% vs. 46.6%, p>0.99) and survival (median PFS: 19.5 vs 33.0 months, p=0.74; median OS 39 months vs. not reached, p>0.99) were observed between B2M-mutant and B2M-wild type tumor patients. Among metastatic MSI GI cancers, B2M-mutant tumors represent a biologically distinct disease with distinct metastatic patterns. To assess ICB response in B2M-mutant MSI cancer patients, future studies need to account for the fact that baseline survival of patients with B2M-mutant MSI cancer may be longer than of patients with B2M-wild type MSI cancer.
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Introduction

DNA mismatch repair (MMR) deficiency is one of the major mechanisms enabling genomic instability in cancer. MMR-deficient cancers accumulate a high load of somatic mutations, predominantly insertion/deletion mutations at microsatellite sequences (microsatellite instability, MSI). Insertion/deletion mutations of coding microsatellites can cause shifts of the translational reading frame and generation of long neoantigen stretches containing neoepitopes (1). These neoantigens elicit strong immune responses against MSI tumors (2).

However, exhaustion can limit the efficacy of T cell responses upon prolonged antigen exposure without elimination of target cells due to the binding of inhibitory receptors, such as PD-1 (programmed cell death 1), to one of its ligands, most prominently PD-L1 (3). Blockade of these immune checkpoints with re-activation of T cells has therefore had remarkable clinical success particularly in MSI cancer patients (4).

Although immune checkpoint blockade (ICB) can lead to complete responses in a subset of patients, a substantial proportion of MSI cancer patients do not respond to ICB, and predictors of therapy response among MSI cancer patients are lacking.

Besides misdiagnosis of MMR-proficient tumors as MSI (5), non-functionality of tumor cells’ antigen presentation machinery, mediated by mutations of the Beta2-microglobulin (B2M) gene, has been discussed as a key mechanism of resistance towards ICB in some cancer types, such as melanoma (6, 7).

MSI cancers commonly present with B2M mutations as a mechanism of immune evasion (8, 9). In contrast to other tumor types including melanoma or non-small cell lung cancer, MSI colorectal cancers display biallelic B2M mutations in up to 30% already at the time point of diagnosis (8). An association of B2M mutations with improved survival under adjuvant therapy had previously been reported for MSI colorectal cancer patients (10).

We therefore asked whether the response to immunotherapy and the metastatic pattern of stage IV MSI cancers at the time point of diagnosis may differ depending on B2M mutation status.



Methods


Material Collection

Clinical data and tumor material (formalin-fixed, paraffin-embedded (FFPE) tumor specimens) from patients with metastatic MSI GI cancer were collected at the National Center for Tumor Diseases, Heidelberg, Germany. The study was performed in accordance with the Declaration of Helsinki. Written informed consent was obtained from all patients and the study was approved by the Ethics Committee (V5.1 S207/2005).



Molecular Tumor Testing

5 µm FFPE tissue sections were stained using hematoxylin&eosin, histologically analyzed and manually microdissected to obtain DNA. MSI status was determined using a combination of three mononucleotide markers (BAT25, BAT26, CAT25) and three dinucleotide markers (D2S123, D5S346, D17S250) as described previously (11). B2M mutation status was determined using targeted sequencing, as previously (12). Briefly, PCR amplification of B2M exons 1 and 2 was performed using primer sequences: Exon 1 For— GGCATTCCTGAAGCTGACA, Exon 1 Rev— AGAGCGGGAGAGGAA GGAC, Exon 2a For—TTTCCCGATATTCCTCAGGTA, Exon 2a Rev— AATTCAGTGTAGTACAAGAG and Exon 2b For—TGTCTTTCA GCAAGGACTGG, Exon 2b Rev—CAAAGTCACATGGTTCACACG. The obtained PCR products (QIAquick PCR Purification Kit) were purified, and the sequencing reaction was performed using the BigDye® Terminator v1.1 Cycle Sequencing Kit (Thermo Fisher Scientific, Wilmington, DE, USA). After dissolving the precipitated products in 12 μl of HiDi Formamide (Thermo Fisher Scientific, Wilmington, DE, USA), sequencing was performed on ABI 3130xl Genetic Analyser and analyzed using Sequencing Analysis Software V6.0 (Applied Biosystems). B2M protein expression was analyzed by immunohistochemistry staining using a standard protocol described before (13).



Statistical Analysis

Statistical analyses for categorical data were performed using two-tailed Fisher’s exact test. Kaplan-Meier curves for progression-free survival (PFS) and overall survival (OS) were generated using GraphPad Prism (Version 6). Statistical significance was analyzed using log-rank test. A logistic regression model was estimated using the glm (generalized linear model) function within the stats package (14). R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. URL https://www.R-project.org/). To predict the binary outcome (peritoneal/lymphatic metastasis or non- peritoneal/lymphatic metastasis) we use B2M mutation status and the site of the primary tumor (colorectal or gastric cancer, excluded cholangiocellular carcinoma) as predictors.




Results


Patient Characteristics

Primary tumors (19 colorectal, 5 gastric, and 1 cholangiocellular carcinomas) from 25 patients (13 female and 12 male, median age 65 years (range 29 to 78) presenting with a stage IV MSI adenocarcinoma have been analyzed in this study. The clinical and molecular data are summarized in Table 1.


Table 1 | Clinical and molecular patient characteristics.





Metastatic Patterns According to B2M Status

Previously, B2M mutations had been shown to be associated with locally restricted disease in MSI GI cancer patients (8, 10). In our study, however, 6 out of 25 (24%) tumors presented with biallelic B2M mutations (4 colorectal, 2 gastric cancers, Table 1), demonstrating that B2M mutations can also occur in stage IV MSI GI cancers. Immunohistochemical staining revealed loss of B2M protein expression in all B2M-mutant tumors, supporting biallelic inactivation and loss of function.

Interestingly, metastatic patterns differed between patients with B2M-mutant and B2M-wild type tumors. B2M-mutant tumor patients predominantly presented with peritoneal metastases, with 2 patients having exclusively peritoneal and 2 patients with peritoneal and lymph node metastases, in contrast to only one patient with a singular hepatic metastasis. On the contrary, only one out of 19 patients with B2M-wild type tumors had an exclusively peritoneal/peritoneal and lymph node metastatic pattern (p=0.0055), but 10/19 patients showed extensive hepatic disease (Table 1).

As the analyzed patient cohort was heterogeneous with regard to the primary tumor site, which could also influence the observed metastatic pattern, we estimated a logistic regression model using the GLM (generalized linear model) function. Mutant B2M status (vs wt B2M) increased the log odds of peritoneal/peritoneal and lymphatic metastasis (vs non-peritoneal/peritoneal and lymphatic metastasis) by 3.873 (p=0.00968). The coefficients for primary tumor location (colorectal or gastric cancer) had no significant effect on the metastasis location (log odds -1.283, p value 0.45063).

We also calculated the average marginal effect (AME) for both predictors (B2M status and primary site of the tumor). The AME of mutant B2M status on metastasis location is 0.6494 (~65%), meaning that on average a B2M-mutant tumor has a ~65% higher probability of having a peritoneal/peritoneal and lymphatic metastasis (p = 0.0006). The primary tumor site had no significant AME on the metastatic pattern (p value 0.3952, AME = -0.1063).



Response to ICB Therapy

Nineteen out of 25 patients received ICB therapy with pembrolizumab or nivolumab/ipilimumab (Table 1). Therapy response was observed in 8/19 cases (42.1%), with one complete response (CR) and seven patients with partial response (PR, Figures 1A, B). Disease stabilization (SD) was observed in seven patients (36.8%), resulting in a disease control rate of 78.9% (Figure 1A). With a median follow-up of 29 months (range 1 to 56 months), median PFS was 24 months and median OS was 48 months.




Figure 1 | ICB therapy response depending on the tumor B2M mutation status. (A) Sankey diagram summarizing the therapy responses in 19 MSI GI cancer patients under ICB therapy. (B) Swimmer plot describing progression free survival (dark grey) and follow-up duration in 19 patients. Deceased patients are marked with a red dot, death unrelated to tumor disease is marked with an asterisk (*): one patient died because of concurrent cardiovascular disease, one patient died in septic shock, both patients did not show any signs of disease progression at this point. Patients #6-11, and 21 demonstrated PR, and patient #1 demonstrated CR as best response. Numbers refer to Patient IDs in Table 1. (C, D) Survival curves of patients receiving ICB therapy depending on the B2M status of the tumor: progression-free (C) and overall survival (D). Despite nominal differences in PFS of B2M-mutant (n=4) and B2M-wild type (n=15) tumor patients (median PFS: 19.5 vs 33.0 months, respectively, p=0.74), the OS did not differ between these two patient groups (median OS 39 months vs. not reached, respectively, p>0.99), indicating good prognosis of patients with B2M-mutant tumors irrespectively of immune checkpoint blockade therapy. Statistical significance was analyzed using log-rank test.



Among B2M-wild type cancer patients, 7/15 (46.6%) showed therapy response, and 4/15 (26.6%) had SD (Figure 1A). Three patients showed progressive disease (PD, 20%), in one patient the first tumor assessment during ICB therapy is still pending.

Among 4 B2M-mutant cancer patients receiving ICB, only one patient (25% as opposed to 46.6% among B2M-wild type cancer patients, p>0.99), with initial disease stabilization, showed PR on subsequent imaging as best response, the other three patients had SD. No significant difference in PFS (median PFS: 19.5 vs 33.0 months, respectively, p=0.74, Figure 1C) or OS (median OS 39 months vs. not reached, respectively, p>0.99, Figure 1D) was observed between patients with B2M-mutant and B2M-wild type tumors. Also when using the start of palliative treatment as a reference time point, no significant influence of B2M mutation status on OS was observed (Supplementary Table 1).




Discussion


B2M Mutations and Prognosis

B2M mutations have been reported to be associated with prolonged survival for non-metastatic MSI cancer patients (8, 10, 15, 16). To the best of our knowledge, no systematic data exist about the survival of B2M-mutant stage IV MSI cancer patients. However, a previous study demonstrated that MSI GI cancer patients presenting with peritoneal metastases had a favorable baseline outcome compared to MSI GI cancer patients displaying a hematogenous metastatic pattern (17), notably without application of ICB therapy. We for the first time show that B2M mutation is associated with peritoneal metastasis in stage IV MSI GI cancer. Mutant B2M status significantly increased the odds of peritoneal metastasis, whereas the primary tumor site was not related to the metastatic pattern. B2M mutation therefore may represent a molecular marker of peritoneal metastasis and favorable baseline prognosis among stage IV MSI GI cancer.

What may be the mechanisms responsible for a favorable clinical course of B2M-mutant cancers in the absence of ICB? Previous studies have demonstrated that B2M loss limits the metastatic potential in MSI colorectal cancer (8, 15, 16) and other tumor types, such as uveal melanoma (18). Although the details are not yet fully understood, one hypothesis suggests that the lack of HLA class I antigens as ligands to the NK cell-inhibitory receptors renders B2M-mutant cells susceptible to NK cell-mediated elimination (18, 19). In addition, the association of tumor cells with platelets, a process relevant specifically for hematogenous metastases, seems to be disrupted by loss of HLA class I antigens (20). These factors may favor peritoneal metastasis and lower the likelihood of hematogenous spread. The hypothesis of B2M-mutant tumor cells being “trapped” in the peritoneum is supported by the metastatic patterns of B2M-mutant MSI cancers observed in our study.



Clinical Implications

Our study for the first time provides clinical evidence that the biology and clinical course of metastatic B2M-mutant MSI GI cancers is substantially different from B2M-wild type MSI GI cancers. Considering that metastatic MSI cancers represent two distinct subgroups depending on B2M mutation status, the impact of B2M mutation status on response to ICB needs to be reconsidered. In particular, differences in baseline survival and prognosis need to be accounted for when analyzing the effectiveness of ICB in B2M-mutant and B2M-wild type GI cancers. The favorable outcome of B2M-mutant metastatic MSI cancer patients receiving ICB reported by Middha et al. (21) may be attributable to distinct baseline survival instead of representing actual treatment responses. Our data strongly encourage stratification of patients in clinical ICB studies according to B2M mutation status or peritoneal vs. hematogenous metastasis.

Previous studies also identified a potential impact of KRAS/NRAS mutations on ICB response (22). In our cohort, only 4 patients had colorectal cancer with KRAS/NRAS mutations, three of them (all B2M-wt) received ICB therapy and showed PR as best response. One patient had a colorectal cancer harboring both, B2M and KRAS mutations, but did not receive ICB. No significant correlation between RAS or RAF mutation status and presence or absence of B2M mutations was observed. Thus, although our study has limited power for analyzing the influence of KRAS/NRAS mutations on response to ICB therapy, no correlation between BRAF or KRAS/NRAS and the prevalence of B2M mutations could be observed.

The present study has strengths and limitations. The major strength is linking the previously described difference in baseline survival of stage IV MSI GI cancer patients to the B2M mutation status of the tumor and survival under ICB therapy. One limitation is that baseline survival data of B2M-mutant cancer patients are not available, as follow-up data were only retrieved for patients receiving ICB treatment. In addition, owing to the rarity of stage IV B2M-mutant MSI cancers, sample size of the present study is limited. However, the absence of B2M mutation status-dependent survival differences under ICB therapy is also compatible with the hypothesis that a biologically-determined favorable course of B2M-mutant tumors with peritoneal metastasis may leave limited room for further improvement under ICB therapy (Figure 2).




Figure 2 | Hypothesis scheme. Patients with B2M-wild type MSI tumors and unimpaired B2M expression (left part of the figure) have a comparatively poor prognosis with high risk of hematogenous metastasis, thus these patients may benefit most from immune checkpoint blockade (ICB) therapy. In contrast, patients with B2M-mutant MSI tumors and loss of B2M expression (right part of the figure) due to biological characteristics of this tumor type rather present with a favorable prognosis and low risk of hematogenous metastasis. Thus, in these patients ICB therapy may not substantially improve the clinical picture.



A study assessing the impact of B2M loss on ICB therapy in animal models demonstrated a major role of CD4-positive T cells in the immune response stimulated by combined anti-CTLA-4 and anti-PD-l therapy against tumors lacking MHC class I-associated antigen expression (23). Interestingly, this study also demonstrated limited effect of anti-PD-1 therapy alone on B2M-deficient tumors in mouse models and did not identify differences in OS or PFS in patients with tumors showing different B2M expression levels. This is in line with our findings showing no significant difference in PFS or OS between 15 B2M-wt and 4 B2M-mutant tumor patients receiving ICB therapy. Whether the patients with B2M-mutant tumors might benefit from combined ICB therapy approaches, remains to be confirmed in future human studies. In our study, only one patient with a B2M-mutant tumor and several metastases not restricted to peritoneal or lymphatic sites was treated with a combination of anti-CTLA-4 and anti-PD-l antibodies (ipilimumab and nivolumab) and demonstrated SD as best response.

Our study demonstrates that in stage IV GI MSI cancers peritoneal metastasis is closely associated with B2M mutations. The favorable prognosis associated with peritoneal metastasis in MSI cancer patients may mimic response to ICB. Future clinical trials are strongly encouraged to focus on this important clinical question. For that, prospective trials with larger patient cohorts recording metastatic patterns and B2M mutation status are required, which shall reveal whether the good survival of B2M-mutant M1 MSI cancer patients under ICB reflects the biology of the tumor cells, or indicates treatment response. This will ensure more tailored treatment selection for patients with metastasized MSI cancer and reduce treatment-related side effects in patients who may have no benefit from ICB. In addition, functional immunological studies contributing to understanding the mechanistic background of natural or ICB-induced immune response against tumors with impaired MHC class I expression are warranted.

Beyond the specific implications for B2M-mutant tumor patients and their response to ICB therapy, our study underlines the importance of better understanding the molecular characteristics of a tumor and their impact on patient’s prognosis when assessing the effect of certain therapies on patient’s survival.
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Background

It has been reported that long non-coding RNAs (lncRNAs) can be regarded as a biomarker and had particular clinical significance for early screening and gastric cancer (GC) diagnosis. Therefore, this study aimed to investigate whether serum HCP5 could be a new diagnostic biomarker.



Methods

Filtered out the HCP5 from the GEO database. The specificity of HCP5 was verified by real-time fluorescence quantitative PCR (qRT-PCR), and then the stability of HCP5 was verified by room temperature storage and repeated freeze-thaw experiments. Meanwhile, the accuracy of HCP5 was verified by agarose gel electrophoresis (AGE) and Sanger sequencing. Simultaneously, the expression level of serum HCP5 was detected by qRT-PCR in 98 patients with primary gastric cancer, 21 gastritis patients, 82 healthy donors, and multiple cancer types. Then, the methodology analysis was carried on. Moreover, receiver operating characteristic (ROC) was used to evaluate its diagnostic efficiency.



Results

qRT-PCR method had good repeatability and stability in detecting HCP5. The expression level of HCP5 in the serum of gastric cancer patients was remarkably higher than that of healthy controls, and it could distinguish gastritis patients from healthy donors. Besides, the expression of HCP5 was increased dramatically in MKN-45 and MGC-803. The FISH assay showed that HCP5 was mainly distributed in the cytoplasm of MKN-45 and BGC-823 cells. When HCP5 was combined with existing tumor markers, the diagnostic efficiency of HCP5 was the best, and the combined diagnosis of carcinoembryonic antigen (CEA), carbohydrate antigen199 (CA199), and HCP5 can significantly improve the diagnostic sensitivity. Besides, compared with the expression levels of thyroid cancer (THCA), colorectal cancer (CRC), and breast cancer (BRCA), serum HCP5 in gastric cancer was the most specific. Moreover, the high expression of serum HCP5 was related to differentiation, lymph node metastasis, and nerve invasion. The term of serum HCP5 after the operation was significantly lower than that of patients with primary gastric cancer.



Conclusion

Serum HCP5 can be used as a potential biomarker of non-invasive fluid biopsy, which had a unique value in the early diagnosis, development, and prognosis of gastric cancer.
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Introduction

Gastric cancer (GC) is one of the most common malignant tumors globally, with high mortality and morbidity (1). As shown by data, 50% of gastrointestinal cancer cases have occurred in China, of which gastric cancer accounts for the most significant proportion, and the 5-year overall survival rate is meager, which was reported <35% in 2013-2015 (2). Among several factors, helicobacter pylori infection was the most common one, including other high-risk factors like genetic susceptibility, diet, drinking, smoking, etc. (3). At this stage, gastric cancer treatment mainly relies on surgical techniques, traditional radiotherapy, chemotherapy, and neoadjuvant therapies. However, since GC is rarely diagnosed early, it has usually advanced to most patients’ late stages. Furthermore, traditional surgery, radiotherapy, and chemotherapy are often not as effective as early-stage disease, malignant invasion, and metastasis later appeared (4). That means it is urgent to find a screening index with high specificity and sensitivity. Studies have shown that molecular analysis of non-invasive body fluids may help diagnose GC (5). In recent years, more and more literature has demonstrated that long non-coding RNA (lncRNA) played an essential role in the pathogenesis and process of GC (6–8). Hence, lncRNA has become the focus of attention in recent years.

LncRNA is a non-coding RNA with a length of more than 200nt, lacking the potential of coding peptides (9). Increasing evidence has shown that lncRNA can regulate genes by directly binding to genes, participating in translation inhibition, splicing modification, and messenger RNA (mRNA) degradation, and using microRNA (miRNA) as a competitive endogenous RNA (ceRNA) to prevent mRNA degradation and stabilize mRNA (10, 11). It plays a vital role in the regulation of splicing, transcription control, and post-transcriptional processing (12). Moreover, lncRNA may act as tumor suppressor genes and oncogenes, affecting cell proliferation (13), apoptosis (14), differentiation (15), metastasis (16), DNA damage (17), angiogenesis (18), and immune response (19), and so on. Simultaneously, the existing literature has confirmed that lncRNAs also exist in serum, plasma, urine, and exosomes of various cancer types, indicating that they can also be used as classic markers for liquid biopsy. For example, FAM83H-AS1 and lncRNA-ATB were significantly high in serum breast cancer patients, showing the potential ability to monitor breast cancer progression and staging (20). Besides, lncRNA GAS5 resulted in a specific reduction of plasma expression in coronary artery disease (CAD) patients, which could be used as a specific biomarker for diagnosing CAD (21). What’s more, the up-regulation of LncRNA XIST transported by serum extracellular vesicles was related to the progression of colorectal cancer (CRC) (22). It was also reported HYMA1, OTX2-AS1 linc00477, and loc100506688 in urine exosomes, which were found in bladder cancer, could potentially serve as biomarkers and therapeutic targets (23). Consequently, lncRNAs could be used as molecular markers for tumor diagnosis and new targets for tumor treatment shortly (24).

Histocompatibility leukocyte antigen complex P5 (HCP5) is a momentous lncRNA located between MHC class I polypeptide related sequence A (MICA) and MHC class I polypeptide related sequence B (MICB) genes in the MHC class I chain-related gene (MHCI) region, involving many autoimmune diseases and malignant tumors (25). Moreover, the abnormal expression of HCP5 is closely related to cell proliferation, migration, invasion, apoptosis, lymphatic metastasis, and drug resistance in various cancers (26–29). Hence, HCP5 is expected to become a biomarker and therapeutic target in multiple cancers (25). Functional tests verified that HCP5 could function as an oncogene in osteosarcoma and was activated by the transcription factor 1 (SP1), convincing that SP1 induced the up-regulation of HCP5, which impacted the development of osteosarcoma (30). Moreover, Wu et al. (31) observed that overexpression of HCP5 could interact with miR-3619-5p, which upregulated peroxisome proliferative activated receptor gamma (PPARG) coactivator 1 alpha (PPARGC1A) through miR-3619-5p/the AMP-activated protein kinase (AMPK)/transcription complex peroxisome proliferator-activated receptor (PPAR) coactivator-1α (PGC1α)/enhancer-binding protein beta (CEBPB) axis, regulating 5-Fluorouracil (5-Fu) and oxaliplatin resistance in gastric cancer. This study surveyed 98 GC patients, 82 healthy donors, 21 gastritis patients, and 56 patients from diverse cancers. A diagnostic model consisting of serum HCP5 and existing indicators carcinoembryonic antigen (CEA) and carbohydrate antigen199 (CA199) was established to improve diagnostic efficacy. Besides, the role of HCP5 in the dynamic monitoring of tumors in GC patients has also been discovered.



Methods


Serum Samples Collection

From January 2016 to January 2021, Serum samples of 98 GC patients, 21 gastritis patients, 19 thyroid cancer (THCA) patients, 20 colorectal cancer (CRC) patients, 17 breast cancer (BRCA) patients, and 82 healthy donors were collected at the clinical laboratory of Affiliated Hospital of Nantong University (Nantong, China). All serum samples were stored in RNase-free test tubes at -80°C for later use. All samples mentioned above were collected under the ethics of the World Medical Association, and informed consent was obtained for experiments on human subjects. Besides, this study was approved by the Human Research Ethics Committee of Nantong University Hospital. (Ethics review report number: 2018-L055).



RNA Extraction

According to the serum extraction kit (BioTeke, Wuxi, China), total RNA was extracted from 300µl serum. Then, 900µl lysis buffer was added, mixed by pipetting, vortexed for 1min, and incubated at 15-30°C for 5min. Adding 180μl chloroform in them and let them stand. After then, the serum samples were centrifuged at 12000rpm for 10min in a 4°C low-temperature high-speed centrifuge, followed by colorless water phases and organic phases. The colorless aqueous phase was then absorbed and transferred into a 1.5ml RNase-free tube, added to 700μl 70% ethanol, mixed upside down, and moved to the adsorption column. Centrifuged at 12000rpm for 1min and discarded the liquid. They were then adding 500μl deproteinized liquid, centrifuged at 12000rpm for 1min. After cleaning with 700μl rinsing solution, leaving for 2min and the liquid was transferred to a new 1.5ml RNase-free tube. Then, added 30μl RNase-free water in a warm bath, standing at room temperature for 2min, centrifuged at 12000rpm, and twice in 1min. After centrifugation, put it in the refrigerator at -80°C for later use.



Complementary DNA (cDNA) Synthesis and Real-Time Fluorescence Quantitative Polymerase Chain Reaction (qRT-PCR)

The reverse transcription kit (Thermo Fisher Scientific) was used, adding 4µl 5×Reaction Buffer, 2µl 10mM deoxyribonucleotide triphosphate (dNTPs), 1µl Oligo (dT) Primer, 1µl RNase inhibitor (20U/µl), and 1µl Reverse Transcriptase (200U/µl) to form the reaction system, which was reverse-transcribed into cDNA with the total 11µl RNA solution. Then, we incubated the 20µl total system at 25°C for 5 minutes, 42°C for 60 minutes, 70°C for 5 minutes and stored the synthesized cDNA at -80°C when not in use. After that, qRT-PCR assays were performed on the Roche Lightcycler 480 (Roche, Switzerland), using SYBR Green I mix (Roche) as the fluorescent dyes for a total of 20µl system. The primers used in this article were all synthesized by RiboBio Corporation (Suzhou, China). The primer sequences are as follows: HCP5, 5’-TGAGAGCAGGACAGGAAAA-3’ (forward) and 5’-CCAACCAGACCCTAAGTGA-3’ (reverse); 18S ribosomal RNA (18S): 5’-CGCTCGCTCC TCTCCTACTT-3’ (forward) and 5’-CGGGTTGGTTTTGATCTGATAA-3’ (reverse).

The PCR cycling program included that activating the enzyme at 95°C for 10min, denaturation at 95°C for 15s, annealing at 60°C for 30s, then collecting fluorescence information at 80°C for a total of 45 cycles. The 2-ΔΔCt method was used to calculate the relative expression of the target gene. ΔΔCt means the difference between the experimental group and the control group.



Cell Culture

Human gastric epithelial cell (GES-1) and gastric cancer cell line (MKN-45, MGC-803, BGC-823, HGC-27) were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). Cells were cultured in RPMI-1640 (Corning, USA) containing 10% fetal bovine serum (FBS) (Gibco, USA) and 1% penicillin-streptomycin in a humid condition of 5% CO2 at 37°C.



Cell Secretion Assay

The 1, 3, 5, and 7 days cell supernatants of MKN-45, MGC-803, and GES-1 were extracted. Furthermore, the expression level of lncRNA was later detected.



Linear Verification Experiment

To verify the linearity of lncRNA, a healthy donor’s serum cDNA was diluted by 10, 102, and 103 times, respectively.



Stability Verification Experiment

The mixed serum samples were placed at room temperature for 0, 6, 12, 18, and 24 h. Besides, repeated freezing and thawing for 0, 1, 3, 5, and 10 times to verify the stability of lncRNA.



Agarose Gel Electrophoresis (AGE)

50×TAE 1:49 diluted to 1×, configured 2% gels, and waited for use. 1µl the loading buffer and 5µl products were added, then electrophoresed at 110-120V for about 30min. The accuracy of the product was verified by sequencing analysis.



Cell Passage

Firstly, the original culture medium was discarded and washed 1-2 times with phosphate buffer saline (PBS). Secondly, cells in the T25 culture flasks were digested for 1min by adding about 1ml 0.25% trypsin-EDTA (Gibco, USA). Next, adding 2-3ml of the complete medium to culture flasks to stop digestion, rinsed, and suspended until all the cells were flushed down. They were then transferred to 15ml centrifuge tubes and centrifuged at 1000 rpm for 5min. Adding about 3ml complete medium to infiltrate the bottom of T25 culture flasks. While centrifugation was finished, we discarded the supernatant, adding about 4ml complete medium to suspend and evenly 2ml suspension to each bottle, mixed well, and then incubated in the condition with 5% CO2 at 37°C.



Cell Cryopreservation

The original culture medium was discarded, rinsed 1-2 times with PBS, added approximately 1ml 0.25% trypsin-EDTA to digest cells in the T25 culture bottle for 1min. 2-3ml of complete medium was added to terminate digestion, transferred to a 15ml centrifuge tube and centrifuged for 5min at 1000rpm. Then, the suspension was transferred to the freezer tube and quickly placed in a refrigerator at -80°C for later use.



Fluorescence In Situ Hybridization (FISH)

According to instructions of the manufacturer, the fluorescence in situ hybridization kit (RiboBio, Guangzhou, China) was used to repair and penetrate cells. 200μl prehybridization solution was incubated at 37°C for 30min, followed by 20μmol FISH probes/hybridization buffer for overnight incubation at 37°C. Rinsed each well with washing solution I, II, III and PBS in turn. 4’,6-Diamidino-2’-phenylindole (DAPI) was then dyed in the dark for 10min, and photos were taken under a fluorescence microscope. The HCP5 Fish probe was designed and synthesized by RiboBio (RiboBio, Guangzhou, China).



Data Analysis

All statistics were analyzed using SPSS 20.0 software (IBM SPSS Statistics, Chicago, Illinois, USA) and GraphPad Prism V.8.00 software (GraphPad Software, La Jolla, USA). Meanwhile, all data were expressed as the mean ± standard deviation (SD) of values obtained in three independent experiments. According to the actual situation, independent sample t-test, one-way analysis of variance (ANOVA), and χ2 test were used for statistical analysis. The receiver operating characteristic curve (ROC) and the area under the ROC curve (AUC) were used to evaluate the diagnostic value of HCP5. Besides, bivariate logistic regression was used to analyze the diagnostic value of HCP5, CEA, and CA199. The ROC curve and AUC were obtained through non-parametric analysis. Youden index (Youden index = sensitivity + specificity - 1) was used as the expression value of serum HCP5. The overall survival (OS) was estimated by using the Kaplan-Meier method. All values of p<0.05 were considered to reach a statistically significant difference.




Results


The Innovative Detection Method of Serum HCP5

LncRNA, as a classic non-coding RNA, played a vital role in liquid biopsies as a biomarker. The literature confirmed that 18S had good linearity and stability compared with the reference genes glyceraldehyde 3-phosphate dehydrogenase, U6 small nuclear RNA (U6), β-actin (ACTB), and tubulin (TUB) in gastric cancer (32). Therefore, 18S was selected as the endogenous reference gene in this assay. To verify whether HCP5 was suitable for clinical laboratory analysis, we performed a methodological assessment of HCP5 detected by the qRT-PCR method. To verify its linearity, we built a continuous 10-fold dilution of cDNA and diluted the original serum cDNA concentrations 10, 102 and 103 times. Different concentrations of serum HCP5 were detected by qRT-PCR, and data analysis was performed (Figure 1A). At the same time, 18S was analyzed, as shown in Figure 1B. It could be seen that R2 of the standard curve of HCP5 was 0.960, and the regression equation was y=-0.901x+23.57, indicating that qRT-PCR was an effective method for detecting different concentrations of serum HCP5. In addition, we selected the mixture of serums for HCP5 precision determination. The results showed that the inter-and intra-assay coefficients of variation (CV) for HCP5 were 2.99% and 2.11%, respectively (Table 1). Secondly, to verify the stability of HCP5 in liquid biopsies, we placed the mixed standard human serum samples at room temperatures of 0, 6, 12, 18, and 24h. Similarly, we performed frozen-thawed cycles for another set of mixed samples 0, 1, 3, 5, and 10 times. All of these samples were stored in RNase-free tubes and kept at -80°C for later use. As shown in Figures 1C, D, when environmental conditions changed, the level of serum HCP5 remained significantly unchanged, indicating that HCP5 had good stability. Besides, the smooth unimodal melting curve also indicated the high specificity of amplified product serum HCP5 (Figure 1E). By analyzing the PCR products through AGE, the result showed that the band was 122bp and the accuracy was verified (Figure 1F). Sanger sequencing showed that the PCR product sequence was consistent with HCP5, with a sequence size of 122bp, further verifying the accuracy of the PCR method (Figure 1G). In this section, from all of these results, we found that the detection of HCP5 by qRT-PCR was susceptible and specific.




Figure 1 | Methodology evaluation of HCP5 in GC serum samples. (A, B) Standard curves of serum HCP5 and 18S in a ten-fold serial dilution to show the linearity. (C, D) Stability of HCP5 under room temperature incubation time or multiple freeze-thaw cycles. Data were presented as raw Ct value (n=3). (E) The specificity of PCR products by the melting curve. (F) The validation of PCR products by the agarose gel electrophoresis. (G) The product sequence was verified by Sanger sequencing.




Table 1 | Intra- and inter-assay reproducibility of HCP5 and 18S rRNA.





The Expression Level and Diagnostic Efficacy of Serum HCP5 in Gastric Cancer

To verify whether HCP5 can be used as an emerging GC diagnostic marker. We detected the expression of serum HCP5 in 98 GC patients and 82 healthy donors by qRT-PCR. The results showed that the expression level of serum HCP5 in GC patients was significantly higher than that in healthy donors (Figure 2A). In addition, HCP5 can clearly distinguish patients with gastritis and gastric cancer (Figure 2B). Besides, CEA and CA199 are usually widely used for screening and auxiliary diagnosis of GC. As shown in Figures 2C, D, the expression levels of serum CEA and CA199 in GC patients were also higher than those in healthy controls. The ROC curves showed that the area under the curve of serum HCP5 detected by qRT-PCR was 0.818 (95% CI:0.757-0.880 P<0.001) (Figure 2E). Under this cut-off value, the sensitivity was 80%, and the specificity was 70% (Table 2). Moreover, the clinical indicators CEA and CA199 area under the curve were 0.725 (95% CI:0.650-0.799, P<0.001) and 0.687 (95% CI:0.610-0.764, P<0.001), respectively (Figures 2F, G). Besides, we also analyzed the expression level of HCP5 and the comprehensive diagnostic analysis between CEA and CA199. As mentioned above, compared with the separate detection, the three combined diagnoses provided the high AUC 0.870 (95% CI:0.819-0.921, P<0.001) in the distinction between gastric cancer and healthy donors (Figure 2H). Then, through logistic regression analysis, the diagnostic efficiency of several serum biomarkers was discussed. Besides, compared with single detection, combined detection can better distinguish GC patients from healthy donors, especially when compared with the combined diagnosis model of HCP5, CEA, and CA199, the combination of which can increase sensitivity and specificity, which could reach 81% and 79%, respectively (Table 2). The above data showed that the single diagnosis of HCP5 had a significant AUC, and the combined diagnosis of HCP5, CEA, and CA199 can improve the diagnosis efficiency of GC.




Figure 2 | Concentrations of serum HCP5, CEA, and CA199 in GC cases and diagnostic efficacy. (A) Detection of serum HCP5 in GC patients (n=98), healthy donors (n=82). (B) Detection of serum HCP5 in GC (n=98) and gastritis (n=21) patients. (C) The concentrations of serum CEA. (D) The concentrations of serum CA199. *P < 0.05, **P < 0.01, ****P < 0.001, NS means no statistically difference. (E) The ROC curve of serum HCP5 in GC cases. (F) The ROC curve of serum CEA in GC cases. (G) The ROC curve of serum CA199 in GC cases. (H) The diagnostic efficacy of the combined diagnosis.




Table 2 | Combination of serum HCP5, CEA and CA199 levels significantly improves the diagnostic sensitivity between GC patients and healthy donors.





Origin of HCP5 in GC Samples

To understand the overall expression level of HCP5 in GC, we collected 20 pairs of tissue samples. The result showed that HCP5 was significantly highly expressed in GC tissues (Figure 3A). Because of the high expression of HCP5 in serum GC, we assumed whether HCP5 was secreted by GC cells. Then, we detected the expression level of HCP5 in two GC cell lines (MKN-45, MGC-803) and normal control cells GES-1 for 1, 3, 5, and 7 days, respectively (Figure 3B). The results showed that compared with normal cell lines, HCP5 increased in MKN-45 and MGC-803 over time, especially in MKN-45. Hence, we speculated that the high expression of HCP5 in peripheral blood might be derived from the secretion of some tumor cells. Furthermore, we detected the subcellular localization of lncRNA HCP5, and the results showed that HCP5 was mainly distributed in the cytoplasm of MKN-45 and BGC-823 cells (Figure 3C).




Figure 3 | The origin of serum HCP5 in GC cases. (A) The expression level of HCP5 in 20 pairs of GC tissues. (B) HCP5 was secreted into the culture medium by MKN-45 and MGC-803 cells in a time-dependent manner. *P < 0.05, **P < 0.01, ****P < 0.001. (C) The FISH assay of HCP5 in MKN-45 and BGC-823 cells. Scale bars: 20μm.





Diagnostic Efficacy of Serum HCP5 in Various Cancer Types and Distinguishing Between Gastritis and Healthy Donors

To verify the specificity of HCP5 expression levels, serum expression levels of 19 thyroid cancer patients, 20 colorectal cancer patients, and 17 breast cancer patients were examined. The results showed that HCP5 expression was not statistically significant not only in thyroid cancer but also in colorectal cancer, and in breast cancer had a little significance (Figures 4A–C). At the same time, we detected expression levels of serum HCP5, CEA, and CA199 in 21 patients with gastritis patients and 21 healthy donors, respectively (Figures 4D–F). Collectively, the results indicated that serum HCP5 could distinguish gastritis patients from healthy donors. Thus, it can be seen HCP5 can be regarded as a specific biomarker for GC diagnosis.




Figure 4 | The specificity of serum HCP5 in GC and differentiating from gastritis and healthy donors. (A) Detection of serum HCP5 in 19 thyroid cancer patients. (B) Detection of serum HCP5 in 20 colorectal cancer patients. (C) Detection of serum HCP5 in 17 breast cancer patients. (D) The expression levels of HCP5 in gastritis patients (n=21) and healthy donors (n=21). (E) The concentrations of CEA in gastritis patients (n=21) and healthy donors (n=21). (F) The concentrations of CA199 in gastritis patients (n=21) and healthy donors (n=21). *P < 0.05, **P < 0.01, NS means no statistically difference.





Correlation Between Serum HCP5 Expression and GC Clinicopathological Parameters

The clinicopathological parameters of 98 patients with GC were summarized in Table 3. Based on the cut-off value of serum HCP5, 98 GC patients were divided into the high-value and low-value groups. Chi-square test showed that although we did not find any correlation with serum HCP5 expression in pathological parameters such as gender, age, tumor size, TNM stage, distant metastasis, and CEA. Nevertheless, the high expression of serum HCP5 was correlated with differentiation (P<0.05), lymph node metastasis (P<0.05), and nerve invasion (P<0.05), indicating that serum HCP5 expression was correlated with some GC clinicopathological parameters.


Table 3 | The Correlation between HCP5 expression and clinicopathologic parameters of GC patients.





Tumor Dynamic Monitoring of Serum HCP5 in GC Patients

Due to previous reports and our current research, circulating lncRNAs may be secreted by tumor cells, and they would return to an average level after surgery. To verify whether the expression of serum HCP5 was related to tumor dynamic monitoring, we compared serum HCP5 in unpaired samples, including 98 patients with primary gastric cancer, 46 patients with surgical treatment, and 57 patients with tumor recurrence. It was found that the serum HCP5 expression of patients after treatment was significantly lower than that of GC patients and relapsed patients before treatment (Figure 5A). Meanwhile, we investigated the differences in serum HCP5 levels in 15 pairs of GC patients before and after surgery. The results showed the expression level of HCP5 after gastrectomy was significantly lower than that of patients with primary GC, which showed that HCP5 could be used for dynamic monitoring (Figure 5B). Besides, the survival curve revealed that the overall survival rate of patients with high HCP5 expression was significantly lower than that of patients with low HCP5 expression (P=0.0079) (Figure 5C). To sum up, we believed that serum HCP5 could be regarded as a new marker for early diagnosis of GC and tumor dynamic monitoring.




Figure 5 | Serum HCP5 in monitoring tumor dynamics in GC patients. (A) Detection of serum HCP5 expression in GC pre-operation patients (n=98), post-operation patients (n=46) and recurrence patients (n=57). (B) Altered expression of serum HCP5 in 15 paired samples preoperatively and postoperatively. (C) The survival curve of patients with GC. *P < 0.05, **P < 0.01, ****P < 0.001, NS means no statistically difference.






Discussion

Gastric cancer is the common cancer with high mortality and morbidity. Recently, the treatment effect and prediction were still poor and low. Surgical resection was still the primary treatment at present. lncRNA can be divided into sense, antisense, intronic, bidirectional transcripts, intergenic and enhancer RNAs (33). Current studies have shown that lncRNA carried out strict regulation and abnormal expression during the development of different cancers, which can be divided into (1) chromatin regulation; (2) regulation of histone modification; (3) regulation of DNA methylation; (4) interaction with transcription factors; (5) regulation of genomic tissue through enhancer cycle; (6) post-transcriptional regulation (34). For example, kinds of literature have shown that NEAT1 affects chromatin remodeling, increased histone acetylation level, promoted aldehyde dehydrogenase 1 family (ALDH1) and c-Myc expression, and improved drug resistance and tumor dryness 5-FU (35). Zhang et al. (36) found that lnc-LALC bonded to enhancer of zeste homolog 2 (EZH2), recruited DNA methyltransferase (DNMT) to Leucine zipper putative tumor suppressor 1 (LZTS1) promoter, and changed the expression of LZTS1. Another literature reported that in ischemic heart disease, the combination of lncCIRBIL and BCL2-related transcription factor1 (Bclaf1) had a protective effect on I/R damage and was a potential target for treating ischemic heart disease (37). What’s more, it also has been convinced that the chromatin cyclization between enhancers E1 and E2 and lncRNA promoter played a co-regulatory role in prostate cancer (38). Furthermore, Wang et al. (39) found that linc00336 can act as an endogenous sponge of miRNA to inhibit lung cancer hypertrophy. Simultaneously, more and more pieces of literature have confirmed that lncRNA can be used as a potential biomarker for tumor screening and prognosis monitoring (20–24). Inspired by this idea, this study was devoted to finding suitable tumor biomarkers.

HCP5, also named P5-1, is located on chromosome 6p21.33. Previous experiments have shown that HCP5 can participate in regulating various tumors, such as HCP5, which was mediated by transforming growth factor β (TGF β) and regulated by recombinant SMAD family member 3 (SMAD3) transcription, could promote the growth and metastasis of lung adenocarcinoma (LUAD) tumors (40). Moreover, HCP5 can encourage the development of cervical cancer by inhibiting microRNA-15a regulating metastasis-associated in colon cancer-1 (MACC1) (30). The above studies illustrated that HCP5 was a regulator in the process of tumor development, and it may become a predictor of tumor diagnosis and treatment. At present, real-time fluorescence quantitative PCR (41), microarray (42), and next-generation sequencing (NGS) (43) are often used for quantitative analysis of ncRNA. qRT-PCR was considered a reliable method for detecting non-coding RNA gene expression because of its high sensitivity, speed, and efficiency, as the small sample requirements and ease of interpretation of the results were significant advantages (44). Consequently, in this study, we chose the qRT-PCR method to evaluate serum HCP5 expression, and 18S was selected as the internal reference. The results showed that the expression of HCP5 in GC patients by this method had good linearity, stability, specificity, and repeatability. Besides, large serum samples of gastric cancer detected by qRT-PCR showed that HCP5 could not only significantly distinguish between GC patients and healthy donors, but also could distinguish GC patients from gastritis patients well. The diagnostic efficiency of HCP5 alone was substantially higher than that of CEA and CA199, and the combined diagnosis of HCP5, CEA, and CA199 can improve the diagnostic efficiency of gastric cancer. Then, we detected the expression level of serum HCP5 in thyroid, colorectal, and breast cancer, found that its expression in the serum GC was the most specific. At the same time, we also detected the expression level of serum HCP5 in gastritis and normal controls. Compared with the typical clinical diagnostic indicators CEA and CA199, the results showed that serum HCP5 could better distinguish gastritis patients from healthy donors. From the above experiments, it can be seen that HCP5 showed a remarkable advantage as a specific biomarker for the diagnosis of GC. Besides, clinicopathological parameters also showed that the high expression of serum HCP5 in GC was notably correlated with differentiation (P<0.05), lymph node metastasis (P<0.05), and nerve invasion (P<0.05), indicating that serum HCP5 expression was correlated with some GC clinicopathological parameters. Moreover, the statistics of 20 pairs of GC tissues showed that HCP5 had a conspicuous trend of high expression. What’s more, previous literature reported a pronounced correlation between the expression of circulating biomarkers in blood and cells (45). To verify whether HCP5 was secreted by tumor cells, we also examined the expression of HCP5 in GES-1, MGC-803, and MKN-45. We found that the expression of HCP5 in MGC-803 and MKN-45 was dramatically increased, especially in MKN-45. It was speculated that HCP5 might come from the secretion of tumor cells and was mainly related to tumor metastasis. Meanwhile, the FISH assay showed that HCP5 was mainly present in the cytoplasm of MKN-45 and BGC-823. Besides, by comparing the expression of serum HCP5 in patients with primary gastric cancer, patients undergoing surgery, and patients with postoperative recurrence, we found that serum HCP5 rebounded in patients with tumor recurrence and it had the ability to monitor tumor dynamics. Meanwhile, we also detected the expression level of HCP5 in 15 pairs of GC patients before and after an operation. The results showed that the expression level of HCP5 after gastrectomy was strikingly lower than that in patients with primary GC, which indicated that HCP5 could be a specific biomarker and played an important role in dynamic monitoring. The survival curve showed that the OS rate of patients with high serum HCP5 was significantly lower than that of patients with low expression of serum HCP5. It showed a positive correlation between a high level of HCP5 and poor survival and prognosis of GC.

In short, our study showed that the increase of serum HCP5 could significantly distinguish between patients with primary gastric cancer and healthy controls, and the combined diagnosis of HCP5, CEA, and CA199 had high diagnostic efficiency. At present, gastritis is mainly divided into gastroscopy and laboratory examination, which included gastric juice analysis, pepsinogen test, serum gastrin test, and Helicobacter pylori test. There may be no significant difference in laboratory indexes among different types and locations of Lauren tumors, which had some limitations (46). For Helicobacter pylori testing, studies have shown that bacteria could be eliminated in atrophic gastritis development, so it also had certain limitations (47). Hence, it was indispensable to find other specific serum biomarkers combined with other preventive measures. Compared with the traditional clinical indexes, serum HCP5 can better distinguish gastritis from healthy donors. Thus, it can be concluded that serum HCP5 may be a potential biomarker in dynamic monitoring of gastric cancer and tumor. Nevertheless, there were some limitations in this study. The samples of this study were only limited to one hospital in China. If conditions permit, serum samples from patients in multiple hospitals could be collected for further study. In addition, due to the limited sample size of patients with gastritis, it was necessary to increase further gastritis samples and long-term observation of patients with gastritis to obtain new insights into the potential mechanism of the diagnostic and prognostic value of HCP5.
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Exosomes are a type of extracellular microvesicles with a diameter of 40–160 nm. Circular RNA (circRNA) is a type of closed circular RNA molecule that is highly conserved in evolution. Exosomal circRNA plays a vital role in the proliferation, invasion, migration, and drug resistance of digestive system tumors. In this study, we used The Cancer Genome Atlas (TCGA) database, UALCAN, Python crawler, miRTargetLink Human, Database for Annotation, Visualization, and Integrated Discovery (DAVID), micBioinformatic online tool, and Cytoscape software (3.7.1). The results showed that circ-RanGAP1 in gastric cancer, circUHRF1 in hepatocellular carcinoma, and circFMN2 in colorectal cancer regulate the malignant behavior of tumors and affect the expression of their host gene through sponging miR-877-3p, miR-449c-5p, and miR-1182, respectively. Twenty exosomal circRNAs regulate 6,570 target genes through sponging 23 miRNAs. Firstly, 270 of those target genes are regulated by two or more miRNAs, which are highly correlated with 83 tumor-related pathways and six Kyoto Encyclopedia of Genes and Genomes pathways. Secondly, 1,146 target genes were significantly differentially expressed in corresponding digestive system tumors, and functional enrichment analysis revealed that 78 of those were involved in 20 cancer-related pathways. In short, the bioinformatics analysis showed that these exosomal circRNAs are stably expressed in body fluids, and regulate the occurrence and development of gastric cancer, hepatocellular carcinoma, colorectal cancer, and other digestive system tumors through sponging miRNAs. Exosomal circRNAs may be used as biomarkers for the diagnosis of disease and identification of effective therapeutic targets in the future, as well as improve the prognosis of patients with digestive system tumors.
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Introduction

Five of the top 10 tumors with the highest mortality rate worldwide are tumors of the digestive system, including esophageal, gastric, colorectal, hepatocellular, and pancreatic cancers (1). At the same time, esophageal, hepatocellular, gastric, and colorectal cancers rank among the top 10 tumor diseases with the most severe morbidity (1). Hence, the digestive system tumors pose a serious threat to human health worldwide.

In recent years, a large number of genomics studies have investigated the underlying mechanism of malignant tumors. The most common changes are observed in the tumor and immune microenvironment, post-transcriptional modifications (e.g., DNA methylation), and abnormalities in mesenchymal and tumor stem cells (2–6). However, in recent years, an increasing number of studies have shown that are involved in a variety of tumor biological processes in digestive system tumors (7, 8).

Exosomes are a type of extracellular microbubbles with a diameter of 40–160 nm; they are wrapped by a lipid bilayer membrane and secreted by eukaryotic cells (9). Initially, exosomes were considered wastes of cell metabolism (10). However, with the advancement of biological technology, researches gradually realized that exosomes are involved in a widespread mode of intercellular communication that regulates Alzheimer’s disease, diabetes, tumors, and many other diseases (7, 11, 12). Exosomes can promote tumor epithelial–mesenchymal transition, proliferation, invasion, migration, and inhibit tumor cell apoptosis by transporting a variety of proteins, non-coding RNA, metabolites, and lipids (13). In recent years, the potential of exosomes as targets for the diagnosis and treatment of tumors has received extensive research attention, especially with regard to digestive system tumors.

Circular RNA (circRNA) is a type of closed circular RNA molecule, without a 5’ cap structure and 3’ poly-A tail, that is highly conserved in evolution (14). Similar to exosomes, circRNA was initially considered to be a non-functional mis-splicing body. It was later discovered that it plays an irreplaceable role in a variety of biological processes, particularly tumor progression (15). Numerous studies have shown that circRNA acts on remote tissues and cells by being wrapped by exosomes. It has the ability to regulate various signal pathways, thereby promoting the progression of malignant tumors (16, 17).

In this study, we collected experimentally verified exosomal circRNAs from five types of digestive system tumors (i.e., esophageal, gastric, colorectal, liver, and pancreatic cancers), and investigated the biological functions of these circRNAs and their sponging of miRNAs and target genes. Our results showed that exosomal circRNA participated in a complex competing endogenous RNA network, and regulated the occurrence and development of digestive system tumors. They are expected to be used as important diagnostic and treatment markers for digestive system tumors in the future.



Materials and Methods


Search for Exosomal circRNAs

Research literature related to exosomal circRNA and digestive system tumors (published prior to August 2020) was retrieved from the PubMed database. The keywords used are as follows: exosomal, circRNA, circular RNA, hsa_circ, esophageal, gastric, hepatocellular, colorectal, pancreatic, cancer, carcinoma, tumor, and neoplasm. Only studies investigating exosomal circRNA through western blotting, reverse-transcription polymerase chain reaction, and cell phenotyping or animal experiments were included in the present analysis. There were no language or other restrictions. All circRNAs in the literature are derived from the detection of clinical samples.



Expression Levels of the Host Gene of Exosomal circRNA

The UALCAN online tool (http://ualcan.path.uab.edu/index.html) was used to analyze the expression of the host gene of exosomal circRNA (18). The background data of this website are derived from TCGA, which is committed to providing global cancer researchers with extensive and reliable information on the expression of human tumor-related genes, miRNAs and proteins (18). We used Python crawler (https://www.python.org/) to download website data.



Prediction and Enrichment of miRNA Target Genes

The miRTargetLink Human (https://ccb-web.cs.uni-saarland.de/mirtargetlink/) online tool was used to analyze the target genes of miRNA and create a miRNA-mRNA interaction network (19). The miRTargetLink Human offers detailed information on human microRNA-mRNA interactions in the form of interactive interaction networks (19). Therefore, all the predicted target genes and subsequent data analysis in this study are all based on human-derived genes. The Database for Annotation, Visualization, and Integrated Discovery (DAVID) website (https://david.ncifcrf.gov/) was used to perform Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis and Gene Ontology (GO) analysis of miRNA target genes. The micBioinformatic (http://www.bioinformatics.com.cn/) online tool was used to create graphs for the KEGG and GO analyses (20, 21). S1–S7 shows target genes with fold change >2 or <0.05, and p<0.05.



Competing Endogenous RNA Network in Digestive System Tumors

The Cytoscape (Version 3.7.1, https://cytoscape.org/) tool was used to construct the circRNA-miRNA-mRNA interaction network.




Results

We retrieved 30 research articles. From the analysis, we identified 32 exosomal circRNAs related to digestive system tumors, including one for esophageal cancer, seven for gastric cancer, 12 for hepatocellular carcinoma, 10 for colorectal cancer, and two for pancreatic cancer (Table 1) (22–51). Among these, 26 molecules were upregulated, six molecules were downregulated, and 20 molecules sponged miRNA (Table 1). We separately analyzed the host gene and target miRNA of the 32 exosomal circRNAs. Two different strategies were used to analyze the target gene of miRNA. Finally, the circRNA-miRNA-mRNA interaction network was constructed based on the key molecules obtained. Figure 1 shows the flow diagram of the study.


Table 1 | Description of circRNAs in digestive system tumors.






Figure 1 | The flow diagram of the study. After obtaining 32 exosomal circRNAs from the literature, we further analyzed their 32 host genes and 23 target miRNAs. Among the 32 host genes, 7 host genes of circRNAs were significantly differentially expressed in the corresponding tumors. Two different methods were used to analyze the downstream target genes and related functions of 23 miRNAs.




Expression of the Host Gene in Digestive System Tumors

TCGA data showed the expression profile of host genes of exosomal circRNAs in corresponding digestive system tumors. Compared with adjacent tissues, we found that the expression of the host gene CDR1 of hsa_circ_0001946 was downregulated in esophageal cancer; however, the difference was not statistically significant (Table S1). In gastric cancer, six and one host genes were upregulated and downregulated, respectively. Among them, RAB3A interacting protein (RAB3IP), Ran GTPase-activating protein 1 (RanGAP1), and KIAA1244 exhibited a fold change >2, indicating significantly high expression in gastric cancer (Table S1). The expression of Rap1 GTPase activating protein (RAP1GAP) was downregulated in gastric cancer, but the difference was not statistically significant (Table S1). In hepatocellular carcinoma, eight and four host genes were upregulated and downregulated, respectively. Among them, ubiquitin-like with PHD and ring finger domains 1 (UHRF1) and sorting nexin 27 (SNX27) with a fold change >2, revealing significantly high expression in hepatocellular carcinoma (Table S1). Three of the four downregulated host genes were 0.5 < fold change < 1, while the expression of prostaglandin reduce 1 (PTGR1) was downregulated in hepatocellular carcinoma, but the difference was not statistically significant (Table S1). In colorectal cancer, five and five host genes were upregulated and downregulated. Among them, the ATP-binding cassette subfamily C member 1 (ABCC1) and formin 2 (FMN2) showed fold change >2 and <0.5, respectively (Table S1). Five downregulated host genes were 0.5 < fold change < 1 or had no significant difference in the expression. In pancreatic cancer, there was no significant difference in the expression of the host genes of the two exosomes circRNAs compared with the adjacent tissues (Table S1). In general, in digestive system tumors, some exosomal circRNAs and their host genes exhibited similar expression patterns, whereas others showed opposite expression patterns (Table 1).



Sponging of miRNAs and Their Target Genes in Digestive System Tumors

As mentioned earlier, 20 molecules of the 32 exosomal circRNA sponged miRNAs, adsorbing a total of 23 target miRNAs. We used the miRTargetLink Human online tool to predict the target genes of these 23 miRNAs and obtained 6,570 molecules: gastric cancer (1,741 target genes), hepatocellular carcinoma (1,795 target genes), colorectal cancer (2,704 target genes), and pancreatic cancer (330 target genes) (Table S2). We used two different methods to analyze these miRNAs and target genes.

Method 1: In the target genes of each type of digestive system tumors, we searched for genes that are regulated by at least two miRNAs, and performed GO and KEGG analyses on those. The results revealed 63, 60, 146, and one target gene in gastric cancer, hepatocellular carcinoma, colorectal cancer, and pancreatic cancer, respectively (Figure 2 and Table S3).




Figure 2 | MiRNAs with the same target genes. (A) In gastric cancer, 63 target genes are regulated by at least two miRNAs; (B) in hepatocellular carcinoma, 60 target genes are regulated by at least two miRNAs; (C) in colorectal cancer, 146 target genes are regulated by at least two miRNAs; (D) In pancreatic cancer, only one target gene is regulated by two miRNAs at the same time.



Method 2: The data obtained from the TCGA database showed that, among the 6,570 target genes, only 1,146 target genes exhibited significant differential expression of ≥ 2 fold change (761 genes) or ≤ 0.5 fold change (385 genes): gastric cancer (278 genes), hepatocellular carcinoma (329 genes), colorectal cancer (535 genes), and pancreatic cancer (four genes) (Table S6). Subsequently, we performed functional enrichment analysis on all 1,146 target genes differentially expressed in digestive system tumors.

Intersection of the target genes obtained by two different methods in digestive system tumors, then we obtained ten, 11, 28 target genes in gastric cancer (NUCKS1, ACLY, SPAG5, EIF3C, TRIM28, TTL, PALM2, DNMT1, WDR62, UTP18), hepatocellular carcinoma (CENPN, SEPN1, UNC13A, FHIT, HSPA1B, TMEM120B, MAZ, NR4A2, E2F3, SLC4A2, BACH2), and colorectal cancer (CPEB3, PVRL4, CCL16, PPAP2B, PITPNM3, SLC25A32, SEMA3E, MYOCD, DCLK3, EVC2, KLF2, PLA2G16, LPP, C1orf115, CMKLR1, EMCN, PALM2, CENPJ, KCNK5, HMGA1, RANGAP1, TMEM41A, CDCA4, HMGB1, PNO1, PANK3, CD1D, RCAN1), respectively, and in pancreatic cancer, there were no same target gene in the intersection (Figure S1).



Functional Enrichment of Target Genes

GO and KEGG analyses were performed on the 270 target genes obtained through Method 1. The former showed that these genes were involved in 127 cancer-related functions, and the p-values of 83 cancer-related functions were <0.05 (Table S4 and Figure 3). The latter showed that they were involved in 12 KEGG pathways, and the p-values of six KEGG pathways were <0.05 (Table S5 and Figure 4).




Figure 3 | GO analysis of target genes in digestive system tumors. 270 target genes regulated by at least two miRNAs were involved in 83 cancer-related pathways. P < 0.05.






Figure 4 | KEGG analysis of target genes in digestive system tumors. 270 target genes regulated by at least two miRNAs were involved in six KEGG pathways. P < 0.05.



Functional enrichment analysis of the 1,146 differentially expressed target genes identified through Method 2 revealed that 78 genes related to other tumors were involved in 20 cancer-related pathways (e.g., chronic lymphocytic leukemia, glioma, prostate cancer, melanoma, bladder cancer, small cell lung cancer, non-small cell lung cancer, basal cell carcinoma, renal cell carcinoma, thyroid cancer, etc.) (Table S7 and Figure 5).




Figure 5 | GO chord of target genes in digestive system tumors. 78 target genes differentially expressed in tumors of the digestive system were deeply involved in 20 cancer-related pathways. P < 0.05.





CircRNA-miRNA-mRNA Network in Digestive System Tumors

Finally, based on the previous analysis, we obtained 16 exosomal circRNAs closely related to digestive system tumors, which regulated 78 target genes through sponging of 18 miRNAs (Table S7 and Figure 6). Both circ-RanGAP1 and its host gene were highly expressed in gastric cancer. Exosomes circ-RanGAP1 regulated 10 target genes (DNA methyltransferase 1 [DNMT1], E2F transcription factor 2 [E2F2], ETS variant transcription factor 4 [ETV4], cytochrome P450 family 19 subfamily A member 1 [CYP19A1], inositol 1,4,5-trisphosphate receptor type 3 [ITPR3], myosin light chain kinase [MYLK], ret proto-oncogene [RET], scavenger receptor class B member 1 [SCARB1], small nuclear ribonucleoprotein polypeptide F [SNRPF], solute carrier family 6 member 8 [SLC6A8]) through sponging hsa-miR-877-3p to promote the progression of gastric cancer (Table 2). Among the 10 target genes, the expression of MYLK, RET and SLC6A8 was down regulated in gastric cancer, while the expression of the other 7 genes was up-regulated in gastric cancer (Table S6). Both circUHRF1 and its host gene were highly expressed in hepatocellular carcinoma. The exosomal circUHRF1 regulated the expression of RET by sponging hsa-miR-449c-5p to promote the progression of hepatocellular carcinoma (Table 2). In colorectal cancer, circFMN2 was upregulated in, whereas its host gene was downregulated. Exosomes circFMN2 upregulated the expression of seven target genes (CD44, G protein subunit gamma 7 [GNG7], RB transcriptional corepressor 1 [RB1], collagen type I alpha 2 chain [COL1A2], phospholipase C beta 1 [PLCB1], solute carrier family 17 member 7 [SLC17A7], telomerase reverse transcriptase [TERT]) by binding miR-1182, thereby promoting the occurrence and development of colorectal cancer (Table 2).




Figure 6 | Exosomal circRNA-miRNA-mRNA network in digestive system tumors. 16 exosomal circRNAs closely related to digestive system tumors, which regulated 78 target genes through sponging of 18 miRNAs.




Table 2 | The main competing endogenous RNA pathways in three digestive system tumors.






Discussion

Exosomes are extracellular microvesicles with an average diameter of 100 nm and a double-layer liposome membrane (9). The biogenesis of exosomes is similar to endocytosis: the cell membrane is invaded to encapsulate proteins, non-coding RNA, lipids, etc. This forms intraluminal vesicles, and the luminal vesicles gradually form mature multivesicular bodies and are secreted as the exosomes (52). Exosomes secreted by cells can exist in a variety of body fluids (e.g., serum, plasma, saliva, urine, lymph, etc.), and are transported to distant tissue and cells to exert a wide range of regulatory effects (53). The substances in exosomes are diverse. Data (http://www.exocarta.org) have shown that 3,408 types of mRNA, 2,838 kinds of miRNA, 9,769 kinds of proteins, and 1,116 kinds of lipids are present in exosomes (54). CircRNA is another large type of non-coding RNA in exosomes, which is widespread in eukaryotes (55). This special molecule is formed by reverse splicing, which regulates the expression of the target protein by competitively binding miRNA, thereby affecting multiple signal transduction pathways and regulating multiple biological processes (56). It has been demonstrated that various exosomal circRNAs are involved in the regulation of malignant tumor proliferation, migration, invasion, and drug resistance. CircWHSC1 promotes the progression of ovarian cancer by competitively binding miR-1182 and miR-145 (57). CircSMARCA5 affects the malignant behavior of glioma by regulating serine and arginine rich splicing factor 1 (SRSF1)/SRSF3/PTB (57). Our research focused on tumors of the digestive system. We collected 32 exosomal circRNAs that were highly related to them, observed and predicted their sponging of miRNAs and target genes, analyzed the functions of these target genes and possible signal pathways involved in these processes. Moreover, we discussed their potential usefulness as tumor markers, as well as diagnostic and treatment targets.

RAB3IP, RanGAP1, and KIAA1244 are host genes of exosomal circRNA which exhibited more than two-fold differences in gastric cancer (Table S1). Although the fold change shown for RanGAP1 was not the highest, its homologous circRNA was the only molecule among the three circRNAs that has been proven to bind miRNA (26). Circ-RanGAP1 regulated vascular endothelial growth factor A (VEGFA) by targeting miR-877-3p, thereby promoting the metastasis and invasion of gastric cancer (26). At the same time, circ-RanGAP1/miR-877-3p may have 10 binding sites, such as DNMT1 in gastric cancer (Table 2). These proteins were closely related to multiple signaling pathways, such as cysteine and methionine metabolism, arachidonic acid metabolism, linoleic acid, cell cycle, etc. (Table S7). UHRF1 and SNX27 were host genes of exosomal circRNA that showed more than two-fold difference in expression in hepatocellular carcinoma (Table S1). Compared with normal liver tissues, the expression of UHRF1 in liver cancer was upregulated by 17.73-fold. Its homologous molecule circUHRF1 induced the depletion of natural killer T cells by targeting miR-449c-5p, thereby participating in the development of drug resistance by liver cancer cells (30). RET was a possible target protein of this process, and may be involved in the regulation of multiple signal pathways, such as peroxisome proliferator activated receptor (PPAR), PI3K-Akt, thyroid hormone, etc. (Table S7). ABCC1 and FMN2 were host genes of exosomal circRNA that were differentially expressed by more than two-fold in colorectal cancer (Table S1). Their homologous molecule hsa_circ_0000677 promoted the occurrence of colorectal cancer by directly regulating the Wnt signaling pathway, while circFMN2 promoted the proliferation of colorectal cancer by regulating miR-1182/hTERT (40, 47). CircFMN2/miR-1182 may also regulate the progression of colorectal cancer by targeting CD44, GNG7, RB1, COL1A2, PLCB1, SLC17A7, and TERT (Table 2). These target genes were widely involved in the regulation of extracellular matrix-receptor interaction, Ras, chemokine, PI3K-Akt, and other signaling pathways (Table S7). The function of these target genes in tumors warrants further experimental verification.

Interestingly, we found that circ-RanGAP1 and its host gene in gastric cancer, circUHRF1, as well as its host gene in hepatocellular carcinoma exhibited the same expression pattern. In contrast, circFMN2 and its host gene showed opposite patterns in colorectal cancer. CircRNA can be as a regulatory factor for host gene transcription and expression at both the transcription and post-transcription levels (58). However, currently, there are few studies on the interaction between circRNAs and their host genes, and the detailed mechanism involved in this process warrants further investigation.

We used two methods to screen the target genes, and performed functional enrichment analysis on the two screening results, respectively. The results of the miRNA-mRNA network analysis (Figure 2) and their functional enrichment analysis (Figures 3 and 4) in various digestive system tumors showed that 270 target genes were regulated by at least two miRNAs, which were involved in 83 cancer-related pathways and six KEGG pathways. Among them, the cancer-related functions with the most enriched genes (count ≥10) were extracellular space, extracellular region, extracellular exosome, negative regulation of the apoptotic process, positive regulation of GTPase activity, immune response, and signal transduction. The most enriched genes in the KEGG pathway were also “pathways in cancer”. The functional enrichment analysis of 1,146 target genes differentially expressed in tumors of the digestive system showed that 78 target genes were deeply involved in 20 cancer-related pathways (Figure 5).

The focus of the two screening methods is different. Method 1 screened the target genes regulated by at least two miRNAs in digestive system tumors. Most of these target genes are genes that play a key role in cell proliferation and metabolism, and they form a complex signal transduction network with a variety of miRNAs to regulate cell behavior. Phosphatase and tensin homologue (PTEN), as inhibitors of the phosphatidylinositol 3-kinase/Akt/mammalian target of rapamycin (PI3K/Akt/mTOR) pathway, is down-regulated by miR−29b and miR−301 in breast cancer, while it is regulated by miR−106b~25 and miR−22 in prostate cancer, which enhances the activity of the PI3K/Akt/mTOR pathway, thereby promoting tumor cell proliferation and inhibiting apoptosis (59). Similar to PTEN, the 270 target genes obtained by method 1 are all negatively regulated by multiple miRNAs, and construct a huge regulatory network in digestive system tumors, affecting the proliferation, invasion, migration, and other malignant phenotype of gastric cancer, hepatocellular carcinoma, and colorectal cancer, and pancreatic cancer. Method 2 screened out 1146 target genes that were significantly differentially expressed in four digestive system tumors. The differential expression of key genes in cancer and adjacent tissues is often the basis for changes in cell function (60). Several researches on the mechanism of tumors explore after discovering differentially expressed genes through microarray or sequencing (60, 61). These two methods only focus on a certain characteristic of the target gene in digestive system tumors, and the two complement each other. Figure S1 shown the intersection of target genes obtained by two methods in gastric cancer (ten genes), hepatocellular carcinoma (11 genes), colorectal cancer (28 genes), and pancreatic cancer (zero genes). These 49 genes are in four digestive system tumors are significantly differentially expressed, and are regulated by at least two miRNAs. Therefore, they are more likely to play an irreplaceable role in digestive system tumors.

CircRNA as a miRNA sponge regulates tumor progression through the competing endogenous RNA mechanism. Non-coding RNA in exosomal exerts a wider range of effects to regulate tumors by promoting multiple-signal communication between tumor cells and the tumor microenvironment (including cancer related fibroblasts, tumor stem cells, macrophages, lymphocytes, mesenchymal stem cells etc) (13). Deepak Nagrath et al. found that mir-22, let7a and mir-125b in cancer-related fibroblast-derived exosomes change the energy metabolism of prostate cancer cells by inhibiting oxidative phosphorylation, which may be regulated by circRNA (62). Hong Zhao et al. found that hsa_circ_0000677 in exosomal activates Wnt signal pathway by mediating β-catenin into the nucleus, thereby significantly enhancing the metastatic ability and cell stemness of colorectal cancer (40). It has been reported that miR-503-3p in exosomes derived from bone marrow mesenchymal stem cells can increase the content of cancer stem cells in colorectal cancer, thereby promoting the growth of colorectal cancer (63). In addition to acting as competitive endogenous RNA, recent studies have found that circRNA with internal ribosome entry site (IRES) can bind to ribosomes and encode short peptides and proteins, thus directly regulating the function of tumor cells (64). Last but not least, as transcription factors or protein scaffolds, some circRNA interact directly with proteins to regulate the biological behavior of tumor cells (65).

Exosomes also have a profound impact on immune cells in the tumor microenvironment. The exosomes secreted by tumors can promote the transformation of macrophages into the M2 type, increase the activity of regulatory T cells, and inhibit natural killer cell toxicity, thereby forming immunity inhibition. Simultaneously, some exosomes produced by immune cells inhibit the maturation of antigen-presenting cells and the secretion of anti-tumor factors, and participate in the occurrence and development of tumors (66–68). PengFei Zhang et al. confirmed that circUHRF1 inhibits the activation of natural killer cells and the release of cytokines (IFN-γ and TNF-α) through sponge miR-449c-5p in hepatocellular carcinoma, which induced resistance to anti-PD-1 therapy in patients with hepatocellular carcinoma (30). In gastric cancer, exosomal ciRS-133 promotes white adipose tissue browning by inhibiting miR-133 and activating PRDM16, thereby reducing the oxygen consumption of the gastric cancer microenvironment and promoting tumor growth (28). In short, exosomes non-coding RNA promote the malignant phenotype of tumors through the aforementioned processes, and inhibit the detection and killing tumors by immune cells, thereby participating in the occurrence and development of malignant tumors (Figure 7). Exosomes, as intercellular messengers, widely exist in various body fluids and are easy to be extracted, isolated and identified. The differential expression of non-coding RNA between tumor and normal tissues and cells provides an effective marker for clinical diagnosis and treatment of diseases (69). Therefore, exosomal non- coding RNA has great potential in future cancer research. However, in the studies of exosomal non-coding RNA regulating tumors, we noticed that the research on exosomal miRNA and long non-coding RNA has been abundant, while the related research on exosomal circRNA is extremely limited. The mechanism of exosomal circRNA regulating tumor cells and tumor microenvironment still needs further explore.




Figure 7 | The interaction between exosomes and the tumor microenvironment. In general, cancer-related fibroblasts, cancer stem cells, macrophages and lymphocytes are important components of the tumor microenvironment. The exosomes released by the four types cells promote tumor proliferation, invasion, migration, drug resistance, and other malignant phenotype through the circRNA-miRNA-protein or lncRNA-miRNA-protein mechanism. Simultaneously, these four types cells are regulated by some exosomes released by the tumor cell. In addition, these exosomes not only act on adjacent tissue cells, but also be transported to the distal through blood to take effect.



Our research and previous literature have shown that exosomal circRNA plays a significant role in the progression of a various digestive system tumors, particularly gastric cancer, hepatocellular carcinoma, and colorectal cancer. Bioinformatics research is helpful for screening molecules and identifying valuable intervention targets. However, this approach is characterized by limitations and certain biases compared with biological experiments. Thus, our results warrant further experimental verification.



Conclusion

In general, the expression of exosomal circRNA is stable and easily detectable in body fluids. Circ-RanGAP1 in gastric cancer, circUHRF1 in hepatocellular carcinoma, and circFMN2 in colorectal cancer may be useful as tumor markers, as well as diagnostic and treatment targets. These factors may improve early diagnosis and prognosis of these three gastrointestinal malignancies.
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Supplementary Figure 1 | Venny map for the outcomes of two different gene screening methods in various digestive system tumors. Method 1 searched for target genes that were regulated by at least two miRNAs. Method 2 obtained target genes that significant differential expression of ≥ two-fold change. (A) Ten same target genes obtained from method 1 and method 2 in gastric cancer (NUCKS1, ACLY, SPAG5, EIF3C, TRIM28, TTL, PALM2, DNMT1, WDR62, UTP18); (B) 11 same target genes obtained from method 1 and method 2 in hepatocellular carcinoma (CENPN, SEPN1, UNC13A, FHIT, HSPA1B, TMEM120B, MAZ, NR4A2, E2F3, SLC4A2, BACH2); (C) 28 same target genes obtained from method 1 and method 2 in colorectal cancer (CPEB3, PVRL4, CCL16, PPAP2B, PITPNM3, SLC25A32, SEMA3E, MYOCD, DCLK3, EVC2, KLF2, PLA2G16, LPP, C1orf115, CMKLR1, EMCN, PALM2, CENPJ, KCNK5, HMGA1, RANGAP1, TMEM41A, CDCA4, HMGB1, PNO1, PANK3, CD1D, RCAN1); (D) there were no same target gene from method 1 and method 2 in pancreatic cancer.
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Introduction

Liquid biopsies allowing for individualized risk stratification of cancer patients have become of high significance in individualized cancer diagnostics and treatment. The detection of circulating tumor cells (CTC) has proven to be highly relevant in risk prediction, e.g., in colorectal cancer (CRC) patients. In this study, we investigate the clinical relevance of longitudinal CTC detection over a course of follow-up after surgical resection of the tumor and correlate these findings with clinico-pathological characteristics.



Methods

In total, 49 patients with histologically proven colorectal carcinoma were recruited for this prospective study. Blood samples were analyzed for CTC presence by two methods: first by marker-dependent immunofluorescence staining combined with automated microscopy with the NYONE® cell imager and additionally, indirectly, by semi-quantitative Cytokeratin-20 (CK20) RT-qPCR. CTC quantification data were compared and correlated with the clinico-pathological parameters.



Results

Detection of CTC over a post-operative time course was feasible with both applied methods. In patients who were pre-operatively negative for CTCs with the NYONE® method or below the cut-off for relative CK20 mRNA expression after analysis by PCR, a statistically significant rise in the immediate post-operative CTC detection could be demonstrated. Further, in the cohort analyzed by PCR, we detected a lower CTC load in patients who were adjuvantly treated with chemotherapy compared to patients in the follow-up subgroup. This finding was contrary to the same patient subset analyzed with the NYONE® for CTC detection.



Conclusion

Our study investigates the occurrence of CTC in CRC patients after surgical resection of the primary tumor and during postoperative follow-up. The resection of the tumor has an impact on the CTC quantity and the longitudinal CTC analysis supports the significance of CTC as a prognostic biomarker. Future investigations with an even more extended follow-up period and larger patient cohorts will have to validate our results and may help to define an optimal longitudinal sampling scheme for liquid biopsies in the post-operative monitoring of cancer patients to enable tailored therapy concepts for precision medicine.
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Introduction

Despite tremendous efforts in the diagnosis and treatment of colorectal cancer (CRC), it still represents one of the most common causes of cancer-related deaths in Western countries (1). The fact that a proportion of patients is diagnosed with a localized tumor that can be resected in sano (R0) but later develop a tumor recurrence or distant metastases underlines the need for valid prognostic and predictive biomarkers that help to identify high-risk patients. Profound criteria for the stratification of patients at risk who might benefit from an adjuvant treatment have been developed (2, 3), though these almost all rely on histopathological parameters amongst very few other mutational characteristics of the primary tumor.

Consequentially, the concept of individualized diagnostics and therapeutic options has yielded major attention in recent years (4, 5), and biomarkers for either early detection of cancer or proof of minimal residual disease have been identified (6). As a potential tool, circulating tumor cells (CTC) have been identified and their suitability to serve as an additional instrument in risk stratification has been demonstrated manifold (7). These CTC are shed into the peripheral bloodstream not only from the primary but also from metastatic tumor sites and are linked to progressive disease and metastatic formation. In most cases of CRC patients with local disease, tumor resection is considered as a curative approach. The impact of surgery on the CTC count in the bloodstream has been already described, with generally a steep increase in CTC numbers shortly after surgical resection, but also a rapid normalization and often decrease in cell numbers within a short period of time (8). Though, studies on the enumeration of CTC in the long-term longitudinal follow-up of patients with solid tumors after surgery are rare.

CTC are extremely rare in the bloodstream and their valid detection and enumeration amongst multifarious numbers of leukocytes pose a major challenge. Up to date, various enrichment and detection techniques are available (9, 10). Categorically, CTC can be directly detected and enumerated by the means of cytological immunological staining, or indirectly detected by molecular approaches using PCR. The cytological approach for CTC enumeration is mostly marker-dependent, though many techniques employ only single antibodies for visualization of CTC. In this context, the most commonly used target antigens are EpCAM or several cytokeratins, which are highly specific to CTC of epithelial tumors. For the molecular detection of CTC, we previously reported on an RT-qPCR against cytokeratin 20 (CK20), which was already established to determine the prognostic value of the CTC load at the time point of surgery in respectable CRC patients (11, 12). By the introduction of a cut-off value allowing a relative CTC quantification, the negative prognostic significance of the amount of CK20-positive CTC in CRC patients could clearly be demonstrated (13).

In order to further extend these findings and to validate our CTC detection approach, this study aimed at a proof-of-principle study for a longitudinal follow-up of CRC patients after surgical resection with a series of set timepoints for blood draw. Furthermore, both a novel immunofluorescence-based and a molecular detection approach for enumeration and detection of CTC was employed and the results of both methods were compared. For both detection methods, peripheral blood mononuclear cells (PBMC) were enriched by density gradient centrifugation (Ficoll® or CPT Vacutainer) and then applied in either analysis For enumeration by the semi-automated cell-imager (NYONE®, SYNENTEC, Elmshorn, Germany) CTC were immunofluorescently (IF) stained utilizing a set of antibodies against highly specific antigens of CTC in CRC patients, namely, anti-EpCAM, anti-EGFR, anti-pan-Cytokeratin(CK), and anti-Her2, as established in an earlier study (14). Additionally, an established CK20 RT-qPCR assay was applied for relative CTC quantification, as described elsewhere (13). The obtained data were then correlated to clinical characteristics and follow-up records, e.g., local recurrence, adjuvant treatment. Special emphasis was laid on the longitudinal postoperative CTC detection since individual therapeutic decisions are frequently made based on the histopathological characterization of the tumor at the time of primary surgery.



Materials and Methods


Patient Recruitment and Serial Sampling

In total, 49 patients with a histologically verified CRC were enrolled in this prospective study in the years 2017 and 2018. All patients were operated on at the Department of General, Visceral, Thoracic, Transplantation and Paediatric Surgery of the University Hospital Schleswig-Holstein (UKSH), Campus Kiel. In case staging diagnostics of a rectal carcinoma revealed a locally progressed tumor burden with either T3/T4 and/or N+ according to the TNM classification (TNM Classification of Malignant Tumors eighth edition), patients were admitted to a neoadjuvant radio-chemotherapy (RCTX). Patients, who were staged UICC (Union internationale contre le cancer) III or IV after histopathological examination were recommended to be admitted to either adjuvant or palliative chemotherapy (CTX) post-operatively. All decisions were made according to the present guidelines (German S3-Guideline Colorectal Carcinoma, Version 2.1 – January 2019 AWMF-Registration Number: 021/007OL) and the general patients´ constitution in terms of morbidity and endorsement. All patients gave written informed consent to participate in this study. The study was approved by the local ethics committee of the UKSH Campus Kiel and the Medical Faculty, University of Kiel (#A110/99). Classification of the pathological tumor stage was handled by the Department of Pathology, UKSH Campus Kiel, according to the TNM-classification. Clinical data were obtained from the clinical research database of the oncological biobank of the Comprehensive Cancer Center Kiel (BMB-CCC) and data was verified by re-examination of original patient records.

Blood samples from the following time points were analyzed for the presence of CTC: Pre-operatively (t0) and the primary endpoint of the study was reached if a patient reached the last blood draw at 12 months post-operatively (t5). For this, each patient received an individualized follow-up regimen for a visit and blood sample drawing at set time points after the surgical procedure: one month (t1), three months (t2), 6 months (t3), 9 months (t4), and 12 months (t5) (Figure 1A). The peripheral blood samples were either taken shortly prior to surgery (t0) from a central venous line or obtained by puncture of the median cubital vein for the blood samples collected at the follow-up time points (t1-t5).




Figure 1 | Study outline and synopsis of the employed techniques for CTC detection. (A) Blood samples were collected repeatedly over a course of 12 months post-operatively. The first blood sample of each recruited patient was drawn immediately pre-operatively t0. Over the study period, five more samples were collected at set follow-up visits of each patient at 4 weeks (t1), 3 months (t2), 6 months (t3), 9 months (t4), and 12 months (t5). (B) NYONE® – After CTC enrichment by Ficoll centrifugation via CPT tubes, PBMC were fixed, permeabilized, and stained with anti-CD45-Alexa488 (green to detect leukocytes), anti-EpCAM, anti-EGFR, anti-Her2, and anti-pan-CK antibodies (all Alexa647-coupled, red to detect epithelial cells) and DAPI (blue) for nuclei staining. The enumeration process of CTC was carried out by the cell imager NYONE®. After image analysis, CTC (DAPI positive, negative for Alexa488, and positive for Alexa647) were encircled allowing cytological assessment. (C) Semi-quantitative RT-qPCR against CK20 –After Ficoll centrifugation of the blood plasma samples, the enriched fraction of PBMC was isolated and cDNA was obtained after RNA preparation. Then, a TaqMan gene expression assay [KRT20 (CK20)] and TBP as a house-keeping gene were used.



For this study, two different approaches for CTC detection were applied. For the immunofluorescence detection by NYONE®, approximately 8 ml of blood were collected into a Sodium Citrate-Monovette® (Sarstedt, Nümbrecht, Germany). For CTC detection by PCR, approximately 20 ml of blood were drawn into lithium heparin-Monovettes® (Sarstedt). All samples were further processed within 2 hours after blood draw.



Sample Analysis With the Semi-Automated Microscope—NYONE®

The establishment and procedure of CTC enumeration by semi-automated microscopic detection with the cell imager NYONE® (SYNENTEC, Elmshorn, Germany) has been described previously (14). Briefly, the mononuclear cell (MNC) fraction was isolated by Ficoll-cushion centrifugation and resuspended in a fixation buffer (#14190-094, Biolegend, San Diego, CA, USA), incubated for 15 minutes at room temperature (RT), after which the samples were stored at 4°C for up to four days until further analysis.

Then, cells were permeabilized in a Perm-/Wash-Buffer (#421002, Biolegend) for 5 minutes at RT and centrifuged at 330xg for 10 minutes. Afterward, cells were incubated with an Fc-blocking buffer (#422301/2, Biolegend) for 15 minutes. Then, cells were incubated for 30 minutes with the following antibodies: anti-CD45-AF488 (#304017; Biolegend), anti-EpCAM-AF647 (#324212; Biolegend), anti-pan-CK-AF647 (#628604; Biolegend), anti-EGFR-AF647 (#sc-120 AF647; SantaCruz, Dallas, TX, USA), and anti-Her2-AF647 (#3244412; Biolegend). Finally, a buffer containing DAPI (1:10,000) (#422801; Biolegend) was added to the cells.

Subsequently, 200 µl of the stained cell suspension was transferred into each a well of two 96-well plates (Sarstedt), which was centrifuged at 330xg for 10 minutes, and afterward placed in the NYONE® cell imager.

For analysis, the plates were scanned only for the detection of Alexa647 fluorescence (Ex 632/22, Em 685/40) as only CTC should be positive in this setting, which was detected by the respective antibody cocktail against epithelial markers EpCAM, pan-cytokeratin, EGFR, HER2. SYNENTEC’s proprietary YT®-Software automatically analyzed the images already during scanning and detected positive events (Figure 1B). The image processing settings for this analysis were determined previously using blood samples from healthy donors spiked with HT29 tumor cells (14). Each event was then automatically further analyzed in depth by creating a region of interest (ROI) around it. This ROI was scanned in four channels (DAPI: Ex 377/50 Em 452/45, Alexa488: Ex 475/28 Em 530/43, Alexa-647: Ex 632/22 Em 685/40, brightfield: Ex brightfield Em blue). YT®-Software then automatically detected the cells´ nuclei (DAPI, blue fluorescence) and analyzed whether a virtual cytoplasm surrounding the nuclei was fluorescing green (CD45) or red (EpCAM, pan-CK, EGFR, Her2). These events were finally presented separately by the software and the investigator was able to examine the morphology of the potential CTC (Figure 1B).



Sample Analysis by Molecular mRNA Detection: Semi-Quantitative CK20 RT-qPCR

The application of a semi-quantitative CK20 RT-qPCR for CTC detection (Figure 1C) in CRC patients has been previously established in our work group (13). Briefly, blood samples were processed by ficoll-centrifugation to isolate the MNC fraction. Then, RNA was isolated with RNAPure® reagent (VWR Peqlab, Darmstadt, Germany) and cDNA was obtained by reverse transcription of 3 μg total RNA (Maxima First Strand cDNA Synthesis Kit, Thermo Fisher Scientific, Darmstadt, Germany). The qPCRs were run in a total volume of 20 μl per well of a 96-well plate (Sarstedt) using the TaqMan gene expression assays for CK20 (KRT20, Hs00966063_m1) and for the housekeeping gene TBP (TATA-box binding protein), Hs00427620_m1, as a reference in combination with the TaqMan Fast Advanced Master Mix on a StepOne Plus realtime PCR System (all ThermoFisher Scientific). All samples were run in triplicate. Relative gene expression was calculated as arbitrary expression units [EU] by a simplified ΔCt method normalizing the CK20 expression against the reference gene TBP expression.



Statistical Analysis

All reported P-values are two-sided and were regarded statistically significant at P < 0.05. When a Gaussian distribution of the data was assumed, the parametric data were analyzed by either a repeated measure or ordinary one-way-ANOVA test. Non-parametric data were analyzed by a Mann-Whitney U-test. Statistical calculation and testing were performed with GraphPad Prism 8 (GraphPad Software, San Diego, CA, USA).




Results


Patients Demographics

A synopsis of all patient data relating to the entire cohort but also the subgroups in terms of detection method is given in Table 1. In total, blood samples from 49 patients were included in this prospective study (Figure 1A). A total of 30 male and 19 female patients were enrolled and the median age at the time of operation and first blood sample collection was 67 years (range: 48–89 years). In total, 32 patients were diagnosed with colon carcinoma and 17 patients with rectal carcinoma. Amongst the colon carcinoma subset, an equal composition between left- and right-sided carcinoma (both 16 cases) was noted. The study cohort was further stratified by a clinico-pathological staging according to the UICC stages I-IV, with the most patients diagnosed with stage III (38.8%). In total, 10 patients (all rectal carcinoma) were treated by neoadjuvant radio-chemotherapy, and 18 patients received adjuvant chemotherapy.


Table 1 | Patient demographics and clinical characteristics of the entire study population and further breakdown according to the utilized detection modes.



Altogether, 44 and 47 patients were enrolled for CTC analysis by the cytological semi-automated microscopy (NYONE®, Figure 1B) and the indirect molecular approach by CK20 RT-qPCR (Figure 1C), respectively. Generally, the distribution of the two subsets of patients according to the demographical and clinical parameters was assimilable. The median age of patients within the NYONE® subgroup was 66 years (range: 45–89 years) and within the PCR group 67 years (range: 45–89 years) at the time of blood draw. In both groups, the majority of patients were male (59.1% – NYONE® and 61.7% – PCR) and were diagnosed with a colon carcinoma (72.7% – NYONE® and 63.8% – PCR). Again, most of the patients were diagnosed with locally advanced tumor burden and staged UICC III (40.9% – NYONE® and 38.3% PCR).



Longitudinal Analysis of CTC Count by IF and the NYONE® Cell-Imager

Altogether, we were able to enroll 44 patients for the longitudinal follow-up. During the time of the study period, the number of patient re-visits declined (Figure 1A).

In general, positivity rates during the collection time-course of CTC by the NYONE® technique were low and comparable at the first (pre-operative, t0) time points (Table 2), ranging between a mean CTC count of 0.89 and 1.5. At t5, a considerable increase of the mean CTC count could be observed (mean 4.25 CTC; SD: 10.01). However, this might be explained by one patient´s exceedingly high CTC count of 29 IF-positive cells.


Table 2 | CTC quantity partitioned for each technique of CTC detection and outlined for each follow-up timepoint with association of the impact of adjuvant chemotherapy on the CTC quantity over the study period.



Surgical resection of the tumor did not seem to have an effect on the frequency of CTC in the peripheral blood of the patients as the mean count of CTC was 0.89 CTC (range: 0–7 CTC; SD: 1.57) at t0 (prior to surgery) and 1.18 CTC (range: 0–4 CTC; SD: 1.33) at t1 (p not significant). Furthermore, analyzing the following blood samples over the time course, the CTC count of the overall study population did not show any significant alterations from the initial CTC prevalence (all p not significant) (Table 2 and Figure 2A).




Figure 2 | Longitudinal analysis of blood samples of 44 CRC patients for the incidence and enumeration of CTC by a semi-automated microscopical approach with NYONE®. (A) In the study cohort as a whole, no statistically significant deviations in terms of an in- or decrease of the CTC count compared to t0 could be observed. The bar represents the mean count of CTC. (B, C) The individual patient with its longitudinal CTC quantification data is displayed by each line (each color represents one patient). (B) All patients that pre-operatively (t0) had no detectable CTC were analyzed in this subset. At t1, there was a statistically significant (p=0.023) increase in the CTC quantity. Throughout the further visits, no significant deviation from the initial CTC quantity (t0) was observed. (C) All patients with detectable CTC at t0 were sub-grouped for this analysis. There was no statistical significance for deviations over the study period from the initial CTC count. (D) Patients were stratified and subdivided according to their necessity of adjuvant chemotherapeutic treatment (CTX+). Patients that did not require adjuvant treatment were grouped in the follow-up subset (CTX-). (E) Patients were stratified and grouped according to the patients´ individual quantity of CTC: No CTC, 1-2 CTC (intermediate), ≥3 CTC (high). Analyzing the data as fractions of a whole, throughout the study a significant increase of patients with intermediate or high CTC counts was monitored.



Stratifying the study population by means of CTC positivity (n=16 patients) vs. negativity (n=28 patients) at t0, a statistically significant increase in the CTC count at t1 was monitored in the subgroup without any pre-operative signs of CTC (mean: 0.00; SD: 0.00 at t0 and mean: 0.93; SD: 1.22 at t1; p=0.023). In all other measurements at later time points of the study, no significant differences compared to the baseline at t0 were observed in this subgroup (all p not significant) (Figure 2B). In contrast, in patients who initially had shown evidence of CTC in the peripheral blood, a general decrease in CTC by trend could be monitored (Figure 2C).

Next, we further stratified the cohort by adjuvant chemotherapeutic treatment and analyzed patients who received treatment (CTX+) in comparison to patients who were solely admitted to follow-up care (CTX-). We analyzed the patients´ CTC counts accordingly and compared the mean cell counts of CTC at each time point individually. Surprisingly, CTX+ patients showed higher CTC counts almost throughout the entire study period with a statistically significant higher CTC amount at t5 (CTX+: mean 7.75 cells, SD 14.17 vs. CTX-: mean 0.75 cells, SD 0.5; p=0.015) (Table 2 and Figure 2D).

We additionally analyzed the development of the cohort during the observation period based on the amount of CTC. Subgroups were defined by the absence of CTC (0 cells per patient sample), intermediate frequency (1–2 cells per patient sample), and high CTC rates (≥3 cells per patient sample). The definition of high CTC frequency as ≥3 cells was based on different studies which proposed this as a clinically significant cut-off determined by the CellSearch® system (15). Interestingly, while the percentage of patients with no cells in the blood declined during the time period of the study, a highly significant increase in patients with both intermediate (1–2 CTC) and high prevalence of CTC (≥3 CTC) was monitored for the duration of the study (p=0.002) (Figure 2E). In detail, at t0 approximately 63.3% of the patients were CTC negative while at t5 the percentage declined to 25.0%.



Longitudinal Analysis of the Relative CTC Load by CK20 RT-qPCR

In total, 47 patients were recruited in this study arm. Table 1 gives an overview of the clinical and pathological data of the patients. Blood samples that were collected at the time of operation and further samples that allowed for longitudinal CTC analysis were available from 41 patients.

In terms of tumor stages, the present patient cohort is representative, and the sensitivity rate of our applied CK20 RT-qPCR (80.42% positive for CTC, Table 2) is comparable to our previously reported data (13).

In line with the findings obtained with the NYONE® cell imager, no statistically significant short-term effect on the CTC/CK20-positivity load by the surgical procedure could be observed (mean: 3.11 [EU], SD: 3.81 at t0, and mean: 3.55 [EU], SD: 6.17 at t1; p not significant). Like the cytological analysis with the NYONE® cell-imager, the RT-qPCR analysis did also not reveal any significant alteration of the relative CTC/CK20-positivity throughout the study period compared to the pre-operative CTC signal at t0 (all p not significant) (Table 2 and Figure 3A).




Figure 3 | Longitudinal analysis of blood samples of 47 CRC patients for the incidence and relative enumeration of CTC by a semi-quantitative CK20 RT-qPCR. Results are expressed by expression units [EU]. The bar represents the mean relative CTC count expressed by [EU]. (A) The entire study cohort is analyzed, and no statistically significant deviations of the relative CTC count compared to t0 were monitored. (B–E) The previously reported clinically significant cut-off value for CTC detection by CK20 PCR in CRC patients (13) was applied and the cohort stratified for further analysis. (B, D) In patients, who were below the cut-off at t0, a significant increase in CTC at t1 was monitored (p=0.047). No further differences were monitored at later visits compared to t0. Each color represents an individual patient. (C, E) For patients who were above the cut-off at t0, a significant decrease in the relative CTC quantity was recorded (p<0.001). No further significant deviations were monitored at later visits. (F) Patients were stratified and subdivided according to their necessity of adjuvant chemotherapeutic treatment (CTX+). Patients that did not require adjuvant treatment were grouped in the follow-up subset (CTX-). *p≤0.05; ***p≤0.001.



Next, we further stratified patients by applying a clinically and prognostically relevant cut-off for relative CTC positivity by CK20 RT-qPCR, which was established in a previous study (13). Patients were divided into two subgroups pre-operatively exhibiting either a high CTC positivity (≥2.77 [EU]; CTC-high) or a low CTC positivity (<2.77 [EU]; CTC-low). Patients who were pre-operatively (t0) in the CTC-low group, post-operatively (t1) showed a statistically significant increase in CTC numbers measured by CK20 RT-qPCR (mean: 1.17 [EU], SD: 0.85 at t0 vs. 4.36 [EU], SD: 7.94 at t1; p=0.047) (Figures 3B, D) which then declined again until t4 (mean: 0.78 [EU], SD: 0.99). Interestingly, a statistically significant increase in the relative CTC/CK20-positivity could be monitored from 9 to 12 months after surgery (t4 to t5; mean: 0.78 EU, SD: 0.99 at t4 vs. mean: 2.44 EU, SD: 0.77 at t5; p=0.018).

In contrast, in patients with a pre-operative high CTC-positivity, the surgical procedure and hence tumor burden reduction significantly reduced the CTC load during the first month (mean: 6.49 EU, SD: 4.56 at t0 vs. 2.68 EU, SD: 1.51 at t1; p<0.001). However, analyses at later time points throughout the study then revealed a slight increase of CTC compared to the post-operative CTC load at t1 (Figures 3C, E).

Interestingly, comparing the data obtained at t1 of both patient subsets, no difference emerged in the relative quantity of CTC between the groups (mean: 2.68 [EU], SD: 1.51 at t1 CTC high and mean: 4.36 [EU], SD: 7.94 at t1 CTC low; p=ns). Patients with pre-operative high CTC counts dropped post-operatively to a comparable level of patients with pre-operative low CTC counts who exhibited a post-operative increase in relative CTC loads.

Next, we subdivided the patients examined by CK20 RT-qPCR according to their status of adjuvant chemotherapy analogs to the cohort of patients in the NYONE® subset. Contrary to the obtained data of the NYONE® subgroup analysis, CTX seemed to have an effect on the CTC enumeration. Patients in the CTX+ cohort showed lower relative CTC counts by trend at almost all re-visits. Only at t2 was there a slightly higher CTC count in patients of the CTX- subgroup (CTX+: mean 3.21 [EU], SD 3.98 vs. CTX-: mean 3.00 [EU], SD 2.81; p=ns) (Table 2 and Figure 3F)



Evaluation of Individual Longitudinal Patient Courses

After having analyzed the overall cohort, we next focused on patients´ individual CTC courses detected by the two enumeration methods and linking the obtained results to the clinical follow-up data.

Figure 4A exemplarily displays the context and interplay of CTC enumeration and adjuvant treatment after surgery. This patient was diagnosed with an adenocarcinoma of the descending colon, but with locally progressed tumor burden and nodal positive stage III disease. In line with the guidelines (German S3-Guideline Colorectal Carcinoma, Version 2.1 – January 2019 AWMF-Registration Number: 021/007OL) the patient was admitted to adjuvant chemotherapy after surgical resection. Fitting to the advanced tumor burden, the patient showed exceptionally high numbers of CTC pre-operatively (t0) (NYONE®: 7 cells, PCR: 7.44 [EU]) in comparison to the general average of the cohort. Around 1 month (t1) after surgery and shortly before initiation of chemotherapy, the CTC count had dropped significantly (NYONE®: 2 cells, PCR: 2.77 [EU]) and remained below the cut-off values of both detection methods during the entire course of adjuvant chemotherapy (t1 up to t3) and the end of the observation period (t5). However, even though CTC enumeration from t3 until t5 was below the cut-off value, the PCR-based approach revealed a slight increase in the CTC enumeration starting at t4, at which the cytological approach further indicated a decline in the CTC load. Tumor markers CEA and CA19.9 were monitored at t0 and were not elevated at that time. Follow-up diagnostics were performed within the investigation period and did not show any signs of macroscopical tumor relapse. Since the patient dropped out of the study after t5, we could not further elaborate whether the CTC increase determined indirectly by CK20 RT-qPCR was indicative of a reactivation of a minimal residual disease (MRD) and clinical relapse.




Figure 4 | Evaluation of CTC load during individual longitudinal patient courses. CTC were enumerated by two altering methods: cytologically after IF-staining by detection with the NYONE® (blue line) and molecularly by analysis of CK20-gene expression by RT-qPCR (red line). The asterisk indicates the time point of diagnosis of the local recurrence of carcinoma. The black dotted line indicates the interval of chemotherapy. The orange line represents the clinically significant cut-off value of CTC detected by CK20 RT-qPCR. (A) CRC patient with stage III carcinoma of the descending colon. After the operation, the CTC load dropped markedly and under the adjuvant therapy, no significant rise in CTC was observed. (B) CRC patient with stage II carcinoma of the descending colon. A total of 24 weeks after the operation, a clear rise of CTC in both detection methods was monitored, with the PCR-based approach being even earlier Clinically no significant follow-up event was recorded. Thirteen months after t0 a local recurrence of the carcinoma was diagnosed.



Figure 4B exemplarily displays the disease course of a patient diagnosed with a stage II adenocarcinoma of the descending colon and provides an example of the potential of CTC as biomarkers for add-on recurrence diagnostics. According to the general guidelines (German S3-Guideline Colorectal Carcinoma, Version 2.1 – January 2019 AWMF-Registration Number: 021/007OL), adjuvant chemotherapy was not given, and the patient was only admitted to oncological follow-up. Pre-operatively (t0), no CTC could be detected with the NYONE® cell imager and the relative enumeration by CK20 RT-qPCR also revealed a measurement below the cut-off value. At t2 (3 months later), CTC detection by both the NYONE® and PCR was still negative, and the PCR-based analysis even revealed a slight decrease of the CTC count (1.46 [EU] at t0 and 1.10 [EU] at t2). At t3 (6 months later), a relevant increase of the relative CTC enumeration above the cut-off value could be monitored by CK20 RT-qPCR (3.09 [EU]), while the NYONE® analysis still did not reveal any CTC positivity. At t4 (9 months after surgery), a significant increase in the CTC count could also be detected by the microscopical enumeration approach (0 cells at t0-t3 and 4 cells at t4). The last measurement at t5 (12 months after surgery) revealed a continuous increase in the relative quantification of CTC by CK20 RT-qPCR (3.50 [EU]), but surprisingly a declining cytological detection by the NYONE® (4 cells at t4 and 1 cell at t5). Interestingly, 13 months after initial surgery, a local recurrence of the primary adenocarcinoma was detected. Important to note that the tumor markers CEA and CA19.9 were below the cut-off levels at all times. In summary, these findings suggest that we were able to monitor a significant increase in CTC by both techniques being indicative of a reactivation of an MRD prior to its detection by the imaging diagnostics conducted according to the standard guidelines of follow-up (German S3-Guideline Colorectal Carcinoma, Version 2.1 – January 2019 AWMF-Registration Number: 021/007OL).




Discussion

The benefit of CTC diagnostics as a biomarker for assessing the disease prognosis in cancer patients is evident (6, 9). However, the majority of studies firstly focus on patients with systemic stage IV disease and, secondly, conclude the patients’ prognosis by CTC-analysis from a single pre- or post-operative blood sample only. Accordingly, CTC numbers or CTC associated parameters were determined only once and correlated with the clinical follow-up (16–21). Only very few studies have analyzed the prognostic potential of longitudinal CTC quantification over a period of time (22, 23).

In this prospective pilot study, we longitudinally monitored a cohort of CRC patients of miscellaneous tumor stages, who underwent surgical resection of the tumor and postoperatively were either admitted to oncological follow-up or adjuvant chemotherapy treatment. All patients enrolled were recontacted for serial blood samples, partially on the occasion of routine follow-up examination over a course of 12 months post-operatively. CTC enumeration was carried out by two differing techniques, (i) cytologically, by IF staining and microscopical detection by the semi-automated cell imager (NYONE®), and (ii) molecularly, by a semi-quantitative RT-qPCR detecting CK20 mRNA as an epithelial cell marker. CTC enumeration data obtained by either method was correlated with clinical characteristics and follow-up data.

Firstly, contrary to our expectations, surgery did not have any statistically significant effect on the quantity of CTC detected by the cytological approach utilizing the cell imager NYONE® regarding the overall complied cohort of our study population. Generally, and described by Galizia et al. (24), one could expect the resection of the tumor to have a significant negative impact on the incidence of CTC postoperatively in the overall cohort. Despite this, we were able to demonstrate a significant short-term increase in CTC quantity post-operatively but only in patients who were pre-operatively negative for CTC in the cytological method or below the cut-off in the PCR-based analysis. During the surgical procedure and mechanical manipulation of the tumor, an excess of CTC may be released into the bloodstream (25–27). Owing to a short half-life of CTC, their numbers are significantly reduced but still elevated 3 months after surgery compared to the preoperative status. Interestingly, in patients who pre-operatively showed evidence for CTC in the NYONE® or were above the cut-off for the CK20 RT-qPCR method, CTC levels post-operatively dropped significantly. Concluding, the removal and physical manipulation of the tumor in this subset of patients did surprisingly lead to a significant decrease in CTC numbers in the short term. In a large single-center study comprising 403 patients with breast cancer, van Dalum et al. analyzed CTC with the CellSearch® system over a long follow-up period (median 5.7 years). In their study, they did not observe any relevant impact of the surgical procedure on CTC frequency. Enumeration levels were fairly constant over the study period (28). Then again, CTC are often thought to be directly linked to the primary tumor. Hence, once the tumor is resected, the general opinion would be that CTC numbers are decreasing and due to CTC clearance ultimately disappear from peripheral blood samples. Our data suggest that CTC remain detectable even in the mid and long-term after the surgical procedure. Notable in this context is the exceedingly high CTC count of 29 IF positive cells in one patient twelve months post-operatively. Interestingly, this was a patient who was diagnosed with a colon cancer of the descending colon with a singular hepatic metastasis who underwent synchronous resection of the primary tumor and the metastasis. Then, the patient received an adjuvant chemotherapy and CTC counts remained low throughout the study period. The blood draw at t5 was during the routine visit of oncological follow-up. Unfortunately, the patient then dropped out for further analysis.

Presumably, these CTC are shed into the bloodstream and are derived from disseminated tumor cells (DTC) that rest in a dormant-like stage in the bone marrow or lymph nodes. When suitable triggers are active, they initiate local recurrence or macro-metastasis.

In a xenograft mouse model and co-culture experimental set-up, Möhrmann et al. demonstrated the importance of DTC and their potential to act as a source for tumor relapse (29). In a study of breast cancer patients, Meng et al. showed that in 13 of 36 patients, where follow-up data were available, CTC were detectable up to 22 years after treatment. As they concluded slowly replicating or dormant DTC to be the cause of this (30), it is reasonable to assume that the origin of CTC detectable in our patients after surgical removal of the tumor are DTC or derivatives of these.

Furthermore, our data further underscore the potential of CTC as prognostic biomarkers in CRC, which has been already shown in previous studies (11–13). By applying our CK20 RT-qPCR on blood samples over the post-operative course of the disease, we were able to detect a relative rise in CTC ahead of clinical symptoms or positive radiological imaging in a patient with stage II colon carcinoma who was diagnosed with local tumor recurrence thirteen months after tumor resection (Figure 4A). In other malignancies, for instance, in leukemia patients, the concept of molecular minimal residual disease (MRD) monitoring is well established (31). PCR methods for detection of genes or genetic aberrations for MRD monitoring have been standardized by the Europe Against Cancer (EAC) consortium and are widely instituted (32). In terms of colorectal cancer as a common solid tumor entity, concepts comparable to the MRD monitoring in leukemia are still lacking. The follow-up is mainly conducted by clinical examinations and imaging diagnostics according to the general guidelines (German S3-Guideline Colorectal Carcinoma, Version 2.1 – January 2019 AWMF-Registration Number: 021/007OL). In this study, we demonstrate an example where disease monitoring by CK20 RT-qPCR based CTC detection is feasible and plausible. Even though no clinical recommendation can be drawn based on our data yet, attention should be given to the unambiguous case report of the stage II colon cancer patient reported on above.

In our study, we were able to identify patients with unusual CTC courses. The initial blood draw, revisit and correlation of the data with clinical follow-up characteristics of some patients allowed for individual insights into the prognostic potential and relevance of CTC. Again, the vast majority of studies focus on the overall potential of CTC as a biomarker in cancer patients. Larger patient cohorts are recruited, and the relevance of CTC enumeration is correlated to clinical follow-up data. Though, for further analysis of the principles of changes over time in the CTC quantity, further in-depth analysis possibly also investigating the biology of these individual CTC are desirable.

Future investigations on the prognostic potential of CTC in the follow-up analysis of CRC patients should aim at a multi-marker approach. As a widely employed and well-esteemed technique for CTC detection, CellSearch® (Menarini Silicon Biosystems) is up to date the only method approved by the FDA (Food and Drug Administration) and therefore commercially available for clinical application. Here, CTC are enriched and enumerated by an immunological antibody-based method, which has been described in detail elsewhere (33). The CellSearch® technique utilizes antibodies targeting two antigens: EpCAM and EGFR. The clinical significance had been documented firstly by Cohen et al. in a large prospective study, though patients enrolled were all diagnosed with stage IV disease (15). It is the general opinion that a high tumor burden with distant metastasis (stage IV disease) correlates with high numbers of CTC, hence the detection of CTC by those two markers as applied by CellSearch® is presumably more likely leading to significant numbers of CTC. Only very few studies were conducted analyzing non-metastatic CRC patients and the incidence of CTC by CellSearch® detection. A possible explanation could be the concise enumeration rates of CTC detected by CellSearch®. As presented by Thorsteinson et al. in their study analyzing the prognostic relevance of CTC detection by CellSearch® in non-metastatic patients, the detection rate of CTC is poor (34), though the samples size in terms of the number of patients recruited was quite small. Another investigation by Gazzaniga et al., in which high-risk non-metastatic CRC patients were enrolled, led to similar results of low CTC numbers detected and a lack of correlation with clinical characteristics or efficacy as a prognostic marker (35). Perchance, the sensitivity of the CellSearch® system is limited due to only two markers being applied, and hence the rate of undetected CTC is high.

Therefore, to overcome this potential pitfall, we intended to establish a strategy employing a multi-marker approach extending the utilized range of markers EpCAM and EGFR by two further broadly established epithelial markers: pan-CK and HER2. However, despite broadening the range of applied markers for detection, the rate of CTC was also low in our study. A possible explanation for this could be the process of Epithelial-Mesenchymal-Transition (EMT). CTC that have undergone this process may have lost or downregulated such epithelial antigens (36, 37). Consequently, these CTC were missed by IF staining for our markers and thus not detected. Few studies have been published analyzing appropriate mesenchymal marker antigens for CTC detection in CRC patients. Yokobori et al. for example, have identified the actin-bundling protein Plastin 3 by microarray analysis of a cohort of CRC patients and demonstrated its negative prognostic value in a large patient cohort (38). In future efforts, the significance and potential of mesenchymal antigens have to be further validated. An approach for evading the issue of epithelial- and mesenchymal-specific detection of CTC could be the label-free isolation and enumeration. In general, CTC are thought to be significantly larger (>8 µm) than leucocytes, allowing for the concept of isolation by size of epithelial tumor cells (ISET) (39, 40). One way of conducting CTC enumeration by ISET is the filtration of blood samples through a porous membrane, allowing leucocytes to pass and CTC to be effectively retained on the membrane as it has been exemplarily demonstrated with the ScreenCell® isolation devices (ScreenCell®, Sarcelles, France). Staining of these CTC then allows for cytological analysis and enumeration. The feasibility and prognostic value have been demonstrated (18, 41, 42).

In summary, our study enlightens the kinetics of CTC in CRC patients after resection of the primary tumor and provides data concerning the CTC quantity over a long-term follow-up. This study not only supports the significance of CTC as a prognostic biomarker but also provides a more in-depth longitudinal analysis of CTC over the course of the disease. Furthermore, these data suggest that by using CK20 RT-qPCR for CTC detection and enumeration approach (e.g., during long-term follow-up), a molecular MRD monitoring might be feasible in CRC patients allowing earlier detection and therapy decision making in relapse situations. However, future investigations with an even more extended follow-up and larger patient cohorts will have to validate our results and may help to define an optimal longitudinal sampling scheme for liquid biopsies in the post-operative monitoring of cancer patients to enable tailored therapy concepts for precision medicine.
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Gastric cancer (GC) is one of the most prevalent digestive malignancies. A great number of patients at first visit or post curative resections are diagnosed with widespread metastasis within the peritoneal cavity. Overwhelming evidence has demonstrated that exosomes, a variety of biologically functional extracellular vesicles comprising active factors, mediate the progression and metastasis of GC. Although the regulatory mechanisms of exosomes remain fairly elusive, they are responsible for intercellular communication between tumor cells and normal stroma, cancer-related fibroblasts, immune cells within the primary tumor and metastatic niche. In this review, we provide new insight into the molecular signatures of GC-associated exosomes in reprogramming the tumor microenvironment and the subsequent promotion of peritoneal metastasis—including infiltration of the gastric wall, implantation of tumor cells onto the pre-metastatic peritoneum, and remodeling of the pre-metastatic niche. Based on this review, we hope to draw a more general conclusion for the functions of exosomes in the progression and peritoneal metastasis of GC and highlight the future perspective on strategies targeting exosomes in prognostic biomarkers and therapy for peritoneal metastasis.
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Introduction

Gastric cancer (GC) is the fifth most lethal malignancies worldwide and the third dominating cause of cancer-related death, responsible for 7% of cancer cases and 9% of the deaths (1), especially in East Asia, such as Japan, Korea, and China (2). Generally, peritoneal dissemination (PD) is the most common distant metastasis mode for GC and the most important factor leading to shortened survival of patients (3). Without treatment, a 5-year survival rate of GC patients with peritoneal metastases (PM) is 2% with the median survival time of 3–5 months (4). Despite radical operation of gastric cancer, around 50% of GC patients with advanced disease develop peritoneal metastasis (5). Nowadays, the combinations of platinum agents with addition of taxane, fluoproyrimidine, or anthracyclines are usually regarded as the standard regimens for advanced or recurrent GC, including peritoneal metastases, but the efficacy of these systemic chemotherapy drugs for patients with PD is still limited (6).

Exosomes are membrane vesicles generated from the multivesicular endosomes with size ranging from 30 to 100 nm in diameter (7). Exosomes are released by all kinds of malignant and normal cells and are distributed in various bodily fluids such as plasma, urine, saliva, and malignant effusions (8). Exosomes display significant roles in intercellular communications to local and remote cells and organs, by selectively transferring its cargo (protein, lipids, DNA, RNA, and membrane) (9, 10). Notably, extensive studies have validated that exosomes contribute to different aspects of GC progression and PM by promoting primary tumor cells growth, invasion, and remodeling the peritoneal microenvironment to make it suitable for metastatic niches (11, 12). Exosomes participate in pluripotent cell functions in PM, inducing cancer-associated fibroblasts (CAFs), epithelial–mesenchymal transition (EMT) of cancer cells, mesothelial-to-mesenchymal transition (MMT) of peritoneal cells, angiogenesis, and immune suppression, changing the environment in both local and pre-metastatic stroma (13, 14).

In this review, it is stated that exosomes secreted by GC cells and other stroma cells have internal and external effects on GC growth, invasion, and PM, as summarized in Figure 1 and Table 1. We have systematically clarified the roles of exosomes in all conceivable steps of PM, in which cancer cells spread from primary to peritoneum and finally form metastatic lesions. Since the characteristics of exosomes are dependent on their donor cells and the conditions of their formation, clarifying complete property practices of exosomes is conducive to their applications. The most thorough understanding of the content of the exosomes and underlying mechanisms on PM will be promising in aiding the novel discovery of potential diagnostic molecules and targets for treatment of GC.




Figure 1 | Involvement of exosomes in peritoneal metastasis Cascade. Firstly, cancer cells are shed from the primary sites, and secondly transported in the peritoneal cavity. Finally, cancer cells adhere to the MCs and implant in peritoneum.




Table 1 | Function of exosomes in progression and peritoneal metastasis.





Tumor-Derived Exosomes Assist Gastric Tumor Cells in Detaching From the Primary Tumor Sites

The PM cascade of GC is composed of a series of sequential events that GC cells have to accomplish, including metastatic spread of primary tumor mass, formation of pre-metastatic niches and final planting of metastatic sites (13). These exosomes, either tumor-derived exosomes or stromal cell-derived exosomes, are mobile elements participating in the first process—the spread of GC cells out of serosa, recruitment and activation of fibroblasts, induction of angiogenesis, and EMT promotion.


Tumor-Derived Exosomes Are Involved in Converting Stroma Cells to CAFs

Cancer-associated fibroblasts (CAFs) are the major part of cellular constituents of the cancer stroma and are indicative of the myofibroblast phenotype and strong contractility, which result in the remodeling and hardening of the extracellular matrix (ECM) and provide an appropriate microenvironment for cancer cell mobility and metastasis (52). Apart from the soluble factors, exosomes play an essential role in connection between cancer cells and CAFs. In a study, researchers found an extremely high level of miR-27a in exosomes secreted from patients’ sera and cell lines of GC, which may contribute to the transition of stroma fibroblasts into CAFs by targeting a downstream target cysteine and glycine-rich protein 2 (CSRP2). Similarly, over-expression of miR-27a CAFs could increase the proliferation, motility, and invasion abilities of GC cells in-vitro and in-vivo (15). This indicates that GC-derived exosomes alone are competent in the induction of functional changes from normal fibroblasts to pathogenic CAFs. Similar studies have verified the potential of GC exosomes in converting normal stroma to CAFs. Stroma cells such as normal pericytes and mesenchymal stem cells could be induced into CAFs by GC exosome-mediated BMP transfer (PI3K/AKT and MEK/ERK pathway) and TGF-β transfer (TGF-β/Smad pathway) respectively (16, 17).

As of now, these studies have confirmed that tumor-derived exosome are able to induce the change from normal stroma to cancerous stroma, which is essential for cancer progression of cancer cells and secondary metastatic growth. Exosomes derived from GC could deliver functional elements to induce CAF formation by activating AKT, ERK, and TGF-β/Smad signaling pathway, which are consistent with the studies of other cancers (53, 54).



Tumor-Derived Exosomes Induce EMT Process of GC

EMT allows epithelial cancer cells to lose epithelial-like traits and acquire a mesenchymal phenotype of the migratory and invasive characteristics for morphogenesis, which is an essential part of GC dissemination and metastasis (55, 56). Tumor-derived exosomes carry proteins and non-coding RNAs (lncRNA, miRNA, and circRNA) that directly enhance the invasive and migratory capabilities of GC cell (57). For example, exosomal Tripartite motif-containing 3 (TRIM3) and long non-coding RNA ZFAS1 of GC cells can promote growth and metastasis of cancer cells through mediating stem factors and EMT markers in-vitro and in-vivo (18, 19). Zhang et al. detected higher circNRIP1expression in GC tissues via RNA-seq analysis and transmission of circNRIP1 by exosomal communication between GC cells relative to normal tissues. Additionally, circNRIP1 is able to thicken the proliferation, migration, invasion and the expression of EMT markers in GC cells via sponging of the miR-149-5p/AKT/mTOR pathway. Formidably, exosomal circNRIP1 functions as a promoter of peritoneal metastasis in BABL/c nude mice (20). To some extent, exosomes derived from GC cells can transmit functional elements participating in the process of EMT on themselves, which is inevitable for onset of metastasis.




Roles of Exosomes in Pre-Metastatic Niche Formation of Gastric Cancer

Post exfoliation from the serosa of the stomach into the abdominal cavity, GC cells survive by creating a favorable microenvironment for subsequent metastases in secondary organs. The “seeds and soil” hypothesis has been instrumental to our understanding of PM, which depends on the characteristics of cancer cells (seeds) and target organs (soil) (58). For example, pancreatic ductal adenocarcinoma patients who developed liver metastasis produce tumor-derived exosomes carrying high macrophage migration inhibitory factor (MIF), which could induce liver pre-metastatic niche formation and subsequently enlarge liver metastatic burden (59). In the progression of PM, exosomes play multifaceted roles in affecting pre-metastatic microenvironment through inducing mesothelial-to-mesenchymal transition (MMT) of peritoneal mesothelial cells (PMCs), supporting the pro-angiogenic function of endothelial cells and immune evasion of tumor cells (57).


Tumor-Derived Exosomes Contribute to Breach the Barriers for Tumor Invasion Within the Pre-Metastatic Niche

Intraperitoneal metastasis of GC is formed by reciprocal interaction between exfoliated cancer cells and peritoneal cells, especially PMCs (60). In particular, MMT of PMCs could present the peritoneum more willing for cancer cells’ attachment and invasion and contributes to pre-metastatic niche forming by promoting its vascularization (61). Accumulated studies demonstrate that tumor-associated exosomes can disrupt mesothelial barrier to facilitate peritoneal metastasis.

Deng et al. found that exosomes derived from GC cell lines could damage the mesothelial barrier and elicit PMCs to undergo MMT and effect apoptosis in-vivo and in-vitro. They also observed that at the molecular mechanism, ERK pathway plays a crucial part in MMT of PMCs, but not apoptosis. Also evident is the exosomal mediated increased expression of MMT-related protein, including Vimentin, Fibronectin, and Collagen-I through ERK1/2 activation (21). However, the element in exosomes responsible for the MMT of PMCs remains to be fully identified and explained. Recently, a study revealed that this process could be induced by GC-derived exosomal miR-21-5p targeting SMAD7 to activate TGF-β/smad pathway and to effect the increase of invasion and attachment of PMCs (22). Subsequently, Zhu at al. also identified that GC-derived exosomes enriching miR-106a destroy the mesothelial barrier by breaking the PMCs’ balance of apoptosis and proliferation through targeting SMAD7 (23).

The progression of peritoneal metastasis of GC is dependent on the breaching of barriers of the peritoneum. Intriguingly, PMCs undergoing MMT process acquire high migratory and invasive abilities which help them invade the submesothelial space and induce formation of fibrosis and angiogenesis; so it is a crucial component of premetastatic niche (62). In this regard, there is still a diverting study as to the exact function of PMCs during the first phase of primary cancer progression. Tanaka et al. detected that PMCs could cover the gastric wall and infiltrate into submucosal to create a suitable niche for tumor invasion. Meanwhile, GC cells also release exosomes involving Wnt3a, thus promoting PMC infiltration. PMCs in turn boost cancer cells’ invasion out of the stomach and the formation of peritoneal metastatic lesions (24). Tumor-associated exosomes would facilitate the initiation of the invasion-metastasis cascades by taking part in the clearance of physiological peritoneum barriers which restrain metastasis of tumor cells.



Tumor-Derived Exosomes Participate in Angiogenesis

To ensure adequate nutrition and oxygen supply, endothelial cells begin neoangiogenesis in the primary tumor mass and pre-metastatic microenvironment. GC cells and endothelial cells can interact with each other through exosomes, which can partially induce the angiogenesis of the later to regulate the peritoneal metastasis of GC (63). Tumor cells release exosomes loaded with pro-angiogenic factors such as VEGF, TIMP-1, IL-6, IL-8, and FGF and carry paracrine signaling elements and miRNAs to drive genetic expression towards angiogenesis (25, 26). MiRNAs (miR-130a, miR-135b, miR-155) wrapped in tumor-derived exosomes have been found to promote GC angiogenesis and metastasis through c-MYB, forkhead box O1 (FOXO1), and FOXO3 respectively (27–29). Notably, these miRNAs have promotional effect on viability and migration of human umbilical vein endothelial cells. Tumor-derived exosomes, as well as exosomes secreted from stromal cells, release factors to recruit and activate endothelial progenitor cells to enhance angiogenic response (25). In pre-metastatic niche, exosomes released by normal stromal cells have a role in microenvironment homeostasis, but tumor-derived exosomes are actively involved in the formation of pre-metastatic niche. Nevertheless, we still do not know whether exosomes derived from other several tumor-associated stromal cells play the same role in PM of GC as other types of cancers.



Tumor-Derived Exosomes Mediate Immunosuppression Within the Pre-Metastatic Niche

It is important for tumor cells to escape immunological elimination and establish an immunosuppressive microenvironment in the primary tumor sites and pre-metastatic niche (64). GC-derived exosomes exist in neoplastic lesions or biologic fluids of cancer patients possessing immunosuppressive molecules that mediate immune cell dysfunction and transform the suitable microenvironment for isolated tumor cells survival and metastasis, including suppression for immune cell activation and induction of immunosuppressing cells (65). Wu et al. found that exosomes derived from GC can stimulate the activation of NF-κB pathway in macrophages to promote GC progression through regulating proinflammatory microenvironment (30). However, the question of which substance from exosomes promotes the activation of macrophages has not been analyzed clearly. Recently, exosomal mesenchymal–epithelial transition factor (MET) was found to be higher in H. pylori-infected GC cells and educated the macrophages toward pro-tumorigenesis in-vivo and in-vitro (31). GC-derived exosomes could effectively elicit monocytes to differentiate into PD1+ tumor-associated macrophages (TAMs) with M2 surface profile and functional characteristics. These cells then secrete a great number of IL-10 to destroy the antitumor cells (CD8+ T cells) and thereby create a favorable immune microenvironment for GC angiogenesis and metastasis (32). Furthermore, mesenchymal stem cells (MSCs) are an important component of tumor immunomodulation. Shen et al. revealed that GC-derived exosomes affect the biological functions of MSCs through NF-κB pathway to activate immune cells, maintain inflammatory conditions, and stimulate tumor metastasis (33). For example, MSCs can facilitate macrophage phagocytosis and the activation of CD4/CD69 (the early activation of T cell markers) double-positive T cells. In addition, exosomes transferring miRNA-107 from tumor expand and activate myeloid-derived suppression cells to promote immunosuppression in the tumor microenvironment and help GC cells’ growth and survival by targeting DICER1 and PTEN gene (34). Exosomes which comprise of miR-451 from GC targets mTOR to enhance differentiation of T-helper 17 (Th17) cells which infiltrate into GC sites to promote angiogenesis and support cancer progression (35). Exosome-mediated transfer of high mobility group box-1 (HMGB1) from GC cells activates neutrophils by NF-κB pathway, which promotes tumor cell’s migration (36). Recently, a study demonstrated that exosomes derived from GC can regulate CD8+ T cell gene expression and cytokine secretion patterns to establish an immunosuppressive microenvironment for metastatic niche formation (37).

In brief, these findings point out that exosomes play an important role in remodeling a robust pre-metastatic niche, which allows for immune evasion of tumor cells, especially GC-derived exosomes. Those exosomes delivering to immune cells can educate macrophages and neutrophils into protumor phenotype, impair CD8+ T cells’ activation, induce MSCs for tumor immunomodulation, and increase Th17 differentiation within primary tumor sites and pre-metastatic niche. With a better understanding of the roles of exosomes in immune regulation, it may provide novel and efficient antitumor therapies in PM of GC.




Exosome-Educated Cells in the Pre-Metastatic Niche Promote Metastasis

GC-derived exosomes could facilitate exfoliative tumor cells’ invasion, settlement, colonization, and metastasis within the pre-metastatic mass while inhibiting the host anti-tumor immune response. Following the successful formation of the pre-metastatic microenvironment, activated PMCs, CAFs and TAMs can then support peritoneal implantation of GC through their own exosome secretion (24, 32, 38). Experimental evidence has shown that PMCs internalizing GC-derived exosomes could up-regulate expression of adhesion molecules (fibronectin and laminin gamma 1) and significantly promote adhesion with exfoliated GC cells, while the same is not true for internalization of mesothelial cell-derived exosomes (39). Cluster of differentiation 44 (CD44), an adhesive molecule, is important for attachment of tumor cells to the peritoneum (66). Simultaneously, CD44 also serves a similar role in attachment between tumor cells and exosomes. Malgorzata et al. discovered that exosomes isolated from GC cell lines expressed CD44H and CD44v6 involved in interaction with GC cells to support GC growth and angiogenesis (40). The study manifests that exosomes act as macro-messengers in delivering molecular cargo and signals to enhance their own carcinogenicity via autocrine tumor loops. In another study, researchers disclosed that AZ-P7a cells, a high peritoneal-metastatic potential gastric cancer line, secrete exosomes containing abundant let-7 miRNA family as compared to other metastatic cancer lines. And let-7 miRNAs were released into the extracellular matrix to maintain their tumorigenesis and PM (41). This study indicated that exosomes secreted by secondary metastatic lesions rather than primary cancer mass are more inclined to promote proliferation and invasion. Recently, TAMs play a distinctly supportive function to promote GC cells’ invasion, in which TAMs transfer tumor-derived extracellular vesicles containing RNA and proteins (TGF-β, activated Src, Wnt3, and HIF1α) to peritoneal stromal cells and elicit a pro-tumor microenvironment, such as induction of MMT of PMCs (42).

Overall, previous data demonstrate that tumor-derived exosomes may not only assist tumor cells’ attachment to mesothelial cells, but also further facilitate tumor metastasis and progression. There are many factors that promote PM occurrence of GC, but the role of tumor-derived exosomes in this process remains to be further investigated. Additionally, exosomes carry various known and unknown factors which may play functional and non-functional roles in those recipient cells, so the characteristics and contents of exosomes should be continuously clarified.



Roles of Exosomes Derived From Other Sources in the Processes of PM

The occurrence and development of PM induced by exosomes are complex and dynamic. Not only tumor derived exosomes are actively involved in PM of GC as described above, non-tumor derived exosomes with potential pro-oncogenic functions are also involved in promoting tumor metastases.


Exosomes Secreted by Tumor-Reprogrammed Normal Cells Play Supporting Roles in PM

CAFs induced by cancer cells can secrete functional exosomes to accelerate cancer progression and metastases. Recent evidence showed that CD9-positive exosomes from CAFs may promote the migration and invasive ability of cancer cells through MMP2 activation in scirrhous-type gastric cancer (38). Additionally, CAF-derived exosomes can also deliver miR-139 to suppress the progression and metastasis of GC by down-regulating MMP11, which can facilitate cancer cells’ migration (43). Aside from this effect, CAFs also increase basement membrane permeability for cancer cells’ invasion by stretching and pulling it to seal gaps (67). As for exosomes derived from immune cells, TAMs with M2 phenotype transfer apolipoprotein E (ApoE) by exosomes to trigger the activation of PI3K–Akt signaling pathway in GC cells and subsequently aggregate tumor cells’ migration (44). In addition, one such study demonstrated that omental tissue-derived exosomes of gastric cancer patients shuttle higher levels of interleukin-6 (IL-6), interleukin-8 (IL-8), intercellular adhesion molecule-1 (ICAM-1), growth related oncogene (GRO), basic fibroblast growth factor (bFGF), adiponectin, and C-C Motif Chemokine Ligand (CCL4) (45), which had been studied as GC-related cytokines facilitating gastric cancer proliferation, angiogenesis, invasion, immunomodulation, and peritoneal metastasis (46–48). These studies demonstrated that tumor-derived exosomes benefit from the production of tumor-reprogrammed stromal cells, which simultaneously secrete functional non-tumor-derived exosomes capable of promoting cancer progression and metastases.



Roles of MA-Derived Exosomes in PM

The abdominal cavity is a huge physiological cavity, and peritoneal fluid is rich in various functional factors. The GC patients’ peritoneal fluids could contain numerous exosomes derived from tumor cells and tumor-associated cells, with capabilities to boost the development of PM. Exosomes derived from peritoneal fluid of GC patients with PM carried higher miR-544-5p, suppressing the promyelocytic leukemia zinc finger (PLZF) expression in peritoneum cells, in which suppression induces MMT of peritoneum and results in increased invasion potential of abdominal free tumor cells (49). Similarly, gastric malignant ascites (MAs)-derived exosomes also participate in the development of peritoneal metastasis. Experimental evidence has shown that MA-derived exosomes enhance the level of fibroblast activation protein (FAP), alpha-smooth muscle actin (α-SMA), and fibronectin, which are CAF specific markers. Functionally, PMCs cause MMT by exosomal effected increase of the capacities of proliferation and formation of peritoneum fibrosis through TGF-β1 in-vitro and in-vivo mouse models (50). Moreover, Hu et al. demonstrated that MA-derived exosomes facilitate GC cells’ invasion by the up-regulation of EMT signaling and peritoneal metastasis in GC cells’ intraperitoneal metastatic xenograft mouse model (51). Therefore, exosomes secreted from various tumor-associated cells can participate in the formation of pro-oncogenic abdominal microenvironment and contribute to the progression of PM in GC patients. The peritoneal fluid-derived exosomes of GC patients are different in molecular, genetic, and functional heterogeneity, so it is necessary to further explore the division of labor of different cells derived exosomes in these stages of PM.




Exosomes as Pre-Metastatic Niche Biomarkers and Therapeutic Applications

Exosomes possess several apparent advantages as biomarkers of predicting the occurrence and development of PM, as they are exceedingly stable, ample, and tumor-specific. Therefore, they are promising biomarkers within the blood and ascites that deserve abundant investigation in this deadly cancer. In addition, exosomes are extremely potent intercellular communicators and are expected to bring great breakthrough in therapies for various diseases, including PM of GC.


Exosomal miRNAs as Biomarkers of PM

Given that exosomes are widely present in various body fluids (blood, urine, ascites) and contain many inclusions (DNA, RNA, protein), exosomes are suggested to be optimal candidates for relatively non-invasive method of diagnosis of diseases and evaluation of therapy efficacy (68). Increasing pieces of evidence have shown that exosomes have a great potential to act as biomarkers for PM of GC. Thus, highly sensitive and specific molecular markers are necessary to predict and assess tumor burden in the peritoneal cavity. Furthermore, liquid biopsy is a common strategy, in which circulating tumor cells and cell-shed exosomes could be detected from body fluids, including ascites and plasma (69). Fortunately, a team performed a high throughput sequencing of ascite-derived exosomes among eight paired GC patients with peritoneal dissemination before and after intraperitoneal chemotherapy, of which three had non-malignant disease. They detected an increase in MA-derived exosomes associated with five miRNAs (miR-760, miR-6821-5p, miR-4745-5p, miR-200a-5p, miR-4741, and miR-320) in the malignant disease group as compared to those individuals with non-malignant diseases (51). Interestingly, some identified miRNAs in exosomes could be down-regulated or up-regulated in those GC patients who were after their peritoneal chemotherapy. Tokihisa et al. analyzed the miRNA microarrays among six MA samples and 24 peritoneal lavage fluid (PLF) samples and demonstrated that exosomal miR-21 and miR-1225-5p were significantly up-regulated in those MA and PLF of serosa-invasive GC and associated with serosal invasion. What is more, the two candidate miRNAs may potentially act as biomarkers of peritoneal recurrence following curative GC resection (70). More recently, there was a miRNA expression profile analysis of peritoneal lavage fluid derived exosomes among patients with PM and patients without PM (71). They identified that the expression of miR-21-5p, miR-92a-3p, miR-233-3p, and miR-342-3p was significantly higher in former samples and positively associated with pathological serosal exposure and the extent of peritoneal cancer throughout the peritoneal cavity. In contrast, exosomal miR-29 family was down-regulated in PM (+) patients, and the expression of miR-29b-3 was negatively correlated with worse peritoneal recurrence-free survival and overall survival. This result shows that the role of miR-21 is similar to previous ones. Similarly, Ohzawa et al. revealed that down-regulated miR-29s are a strong risk factor of peritoneal recurrence and worse overall survival. This indicates that the expression of miR-29s in MA or PLF could be a reliable biomarker to assess the probability of peritoneal recurrence in patients undergoing curative surgery (72).

Thus, the clinical utility of liquid biopsy in the detection of exosomal biomarkers can potentially be an important diagnostic and prognostic tool for the assessment of PM in GC (69). Owing to individual differences, the tremendous heterogeneity exists in exosomes of GC patients, and it remains unknown whether exosomal biomarkers from body fluids present adequate sensitivity and specificity to assess the authentic situation of PM’s occurrence and recurrence. This requires sufficient samples of GC patients and multi-center research to screen for more sensitive and specific exosomal markers.



Exosomes as Therapeutic Applications Targeting PM of GC

As yet, systemic chemotherapy is considered the standard treatment for PM of gastric cancer, but the survival outcomes of patients are still poor (73). Nevertheless, effective methods for treatment of PM are extremely needed. At present, therapeutic exosome-based strategies are an emerging treatment and currently focus on exploration of the targeting moieties of exosomes to primary cancer cells and metastatic tumor (74). Exosomes could become a new avenue for transporting anti-cancer molecules and drugs in the treatment of cancer because of their low immunogenicity, high biocompatibility, high efficacy of delivery and biodegradable characteristic (75). One of the first demonstrations for this potent capability of exosomes came from a study in which exosomes were engineered to target the recipient cells with high Her2 expression by displaying anti-Her2 single chain variable fragment on the exosome surface (76). Similarly, modified exosomes loaded with anticancer agent paclitaxel and doxorubicin specifically interact with αv integrin-positive breast cancer and pulmonary metastases with overexpressed sigma receptor respectively, exhibiting high anticancer efficacy (77, 78). One research group synthesized engineered exosome-thermosensitive liposomes hybrid NPs, which efficiently penetrated into peritoneal metastasis nodules and released payloads to inhibit tumor development in cancer line-derived xenografts and patient-derived tumor xenografts (79). The study provides evidence to support the feasibility of therapeutic exosome-based approach in improving drug delivery and treatment of metastatic peritoneal carcinoma.

For instance, exosome-mediated delivery of miRNA (miR-374a-5p, miR-214) inhibition could possibly antagonize the effect on growth, migration, and chemoresistance of GC cells to retrieve drug effectiveness (80, 81). Zhang et al. revealed that hepatocyte growth factor (HGF) siRNA packed in exosomes could inhibit proliferation and migration of cancer cells and vascular cells through activation of MAPK, PIK3, and Stat3, as well as up-regulating VEGF expression (82). To date, there are few studies that have focused on exosomes for targeting peritoneal metastasis of GC. TRIM3-overexpression of exosomes can decrease the size and number of metastatic tumor nodes in PM models (82). Additionally, silencing of exosomal miR-21-5p could block MMT of peritoneum through attenuating TGFβ/SMAD pathway (22). This targeted technology has potential for suppression of metastatic niche progression and is an efficient area of future chemotherapeutic study.

Tumor-derived exosomes preparing the pre-metastatic niche must undergo homing to remote organs and other sites. Exosome proteomics have demonstrated that specific expression patterns of integrin largely contribute to this process. Exosomal integrins α6β4 and α6β1 were related with lung metastasis, and exosomal integrin αvβ5 was associated with liver metastasis. Nevertheless, targeting these integrins could restrain exosomes’ uptake, as well as respective metastasis (83). The study serves as an inspiring proof of the concept that using specific exosomal integrin blockers can efficiently battle metastasis. Various malignancies exhibit unique exosome profiles and have distinct propensity to metastasize to specific sites (84). Additionally, there was a direct proof verifying that tumor-derived exosomes transmit signals over long ranges to metastatic niches in-vivo (85). Therefore, further elucidating the homing pattern of tumor-derived exosomes which bind to peritoneal cells could surface information on novel tumor biomarkers and is a promising therapeutic strategy in avoiding the occurrence of PM. Given the immaturity of exosome biology and strenuous preliminary work of clinical transformation, more effort is needed in the attempt to accelerate its development and maturation




Conclusion and Perspectives

GC-derived exosomes partially promote occurrence of PM via stromal cell remodeling, angiogenesis, immunosuppression, and oncogenic reprogramming. In addition, tumor-reprogrammed stromal cells also secret exosomes absorbed by tumor cells to the malignant phenotype of GC cells. Ever since exosomes have become the new focus of scientific research, significant progress has been made in revealing the contribution of exosomes in conditioning the GC cells for subsequent metastatic processes. Exosomes, acting as correspondents between cells, present substantial effects on shaping the tumor microenvironment, especially pre-metastatic niches. Although exosomes are involved in all steps of PM, more explorations about underlying mechanisms are still lacking. Fortunately, emerging technologies (liquid biopsy and exosomes media) may help early diagnosis of PM by screening exosome miRNAs and exosome-based treatment by transferring anti-tumor drugs and restricting exosomes homing in PM.
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Cyclin-dependent kinase 10 (CDK10) is a CDC2-related serine/threonine kinase involved in cellular processes including cell proliferation, transcription regulation and cell cycle regulation. CDK10 has been identified as both a candidate tumor suppressor in hepatocellular carcinoma, biliary tract cancers and gastric cancer, and a candidate oncogene in colorectal cancer (CRC). CDK10 has been shown to be specifically involved in modulating cancer cell proliferation, motility and chemosensitivity. Specifically, in CRC, it may represent a viable biomarker and target for chemoresistance. The development of therapeutics targeting CDK10 has been hindered by lack a specific small molecule inhibitor for CDK10 kinase activity, due to a lack of a high throughput screening assay. Recently, a novel CDK10 kinase activity assay has been developed, which will aid in the development of small molecule inhibitors targeting CDK10 activity. Discovery of a small molecular inhibitor for CDK10 would facilitate further exploration of its biological functions and affirm its candidacy as a therapeutic target, specifically for CRC.
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Introduction

Cyclin-dependent kinases (CDKs) are a family of serine/threonine protein kinases that play a critical role in regulating cellular processes, including cell division and cell death (1). Currently, more than 20 members of the CDK family have been identified by their characteristic ATP-binding pocket, PSTAIRE-like cyclin-binding domain and activating T-loop motif (1, 2). CDKs become active when non-covalently bound to their cyclin partner, via association with the PSTAIRE-like cyclin binding domain. The interaction of a CDK to its cyclin partner forms a heterodimer, in which the CDK acts as the catalytic subunit and the cyclin functions as the regulatory subunit. Cyclins are responsible for regulation of a CDK’s kinase activity and substrate specificity. CDKs, their cyclin interacting partners, and functions are summarized in Table 1.


Table 1 | CDKs in gastrointestinal cancers.



CDKs are generally categorized into two groups, based on their functions (1): cell cycle regulators; and (2) transcription regulators. CDKs involved in cell cycle regulation include CDK1, CDK2, CDK4 and CDK6. These CDKs are regulated through oscillation of expression throughout the cell cycle (55). CDK1 triggers the G2/M phase transition, while CDK2, CDK4 and CDK6 are regulators of the G1/S phase transition (56). CDKs involved in transcription regulation include CDK7, CDK8, CDK9, CDK10 and CDK11. Expression of CDKs involved in transcription regulation do not oscillate and are instead regulated by protein-protein interactions (56). They regulate transcription through phosphorylation of RNA polymerase II and through pre-mRNA splicing regulation.

CDKs often are dysregulated in malignancies, as shown in Table 1, causing dysregulation to cell cycle and transcription, leading to abnormal cell proliferation and inhibition of cell death (56). Genetic aberrations of CDKs and cyclins in tumor cells result in continuous cell proliferation or unscheduled cell cycle progression (56). Given their dysregulation in cancer, and their roles in mediating cell cycle progression, CDKs have been considered viable therapeutic targets for cancers, including gastrointestinal cancers.

Cyclin-dependent kinase 10 (CDK10) is a Cdc2-related kinase that was discovered based on its homology to the Cdc2 PSTA1RE amino acid domain (57). CDK10 plays a pivotal role in the regulation of fundamental cellular processes, including cell proliferation, transcription regulation and cell cycle regulation. Initial reports have indicated that CDK10 may act as a tumor suppressor in breast cancer. CDK10 is significantly downregulated in breast cancer compared to normal breast tissue (58). Additionally, CDK10 expression was inversely correlated with tumor stage and lymph node metastasis (58). Importantly, CDK10 expression was associated with better overall survival and may be a predictor of prognosis in breast cancer (58). Additional studies have demonstrated tumor suppressive and oncogenic roles for CDK10 in other malignancies. Specifically, CDK10 has been identified as a candidate tumor suppressor in hepatobiliary cancers, gastric cancer, glioma and nasopharyngeal carcinoma (31, 32, 59–61). Additionally, CDK10 has been shown to promote tumorigenesis in colorectal cancer (CRC) (62). Herein, we present a review of CDK10: its interacting partners, its role in gastrointestinal malignancies and its viability as a therapeutic target.


Molecular Genetics of CDK10

CDK10 was discovered in 1994 based on its homology to the Cdc2 PSTA1RE amino acid domain. PCR-based cloning was used to amplify cDNA encoding a novel human Cdc2-related kinase, which was called PISSLRE, and later termed CDK10 (57). Amino acid analysis revealed 38-45% identity with other CDKs (57). The chromosomal location of the gene encoding CDK10 was determined to be 16q24.3. The gene CDK10 (as designed by HUGO) consists of thirteen exons, distributed over approximately 15,000 kilobases of genomic DNA.

A putative method of regulation of CDK10 is through alternative splicing of pre-mRNA transcripts. Several CDK10 alternatively spliced isoforms have been identified. These alternatively spliced transcripts differ in exon 11 and in their 5’ and 3’ untranslated regions (UTRs). Of the differentially spliced transcripts identified, two produce functional proteins: the full-length transcript, which encodes for a 360 amino acid protein and a second transcript that encodes a truncated 272 amino acid variant, as shown in Figure 1. The latter protein is missing the ATP-binding domain and is therefore enzymatically inactive. Additionally, the shorter isoform does not interact with ETS2 and only weakly interacts with Cyclin M (33). It is therefore thought that alternative splicing is an important method of regulating CDK10 kinase activity.




Figure 1 | CDK10 isoforms and interacting partners. (A) Protein sequence alignment of the full length CDK10 isoform (blue) and the splice variant (yellow). (B) Schematics of the full length CDK10 isoform and splice isoform, showing the ATP binding domain, the Ser/Thr kinase domain and Thr133, which is involved in Pin1 binding. (C) Models of CDK10 full-length protein and splice isoform with putative binding partners. Figures were created using BioRender. (D) Proposed CDK10 oncogenic signaling pathways. (E) Proposed CDK10 tumor suppressive signaling pathways. “?” denotes not yet shown in gastrointestinal and hepatobiliary cancers (60, 62–64).





Interacting Partners of CDK10

Binding of a CDK to its partner cyclin is generally required for its activation and subsequent kinase function. CDK10 stood alone as the last CDK lacking identification of a cyclin partner. Recently, cyclin M was identified as a CDK10 binding partner by yeast two-hybrid screening and immunoprecipitation (33). The binding of CDK10 to cyclin M is independent of the kinase domain, however, the interaction of CDK10 with cyclin M was shown to regulate the kinase activity of CDK10, in STAR syndrome, (Figure 1) (33). This interaction, however, has not been shown in cancers involving the GI tract or hepatobiliary system.

Using a yeast interaction trap, CDK10 was shown to bind to transcription factor ETS2, both in vitro and in vivo, using human embryonic kidney 293 cells (Figure 1) (65). This interaction occurs via the N-terminus of ETS2, and mutation of the kinase domain of CDK10 (resulting in CDK10DN variant) did not impact the binding of ETS2 to CDK10. CDK10 has been shown to regulate transactivation of ETS2. Mass spectrometric analysis revealed ETS2 as a substrate for CDK10/cyclin M phosphorylation (33) and it has been reported that phosphorylation of ETS2 by CDK10/Cyclin M results in inhibition of ETS2 transactivation.

Subcellular localization of CDK10 and Cyclin M at the base of the primary cilia, and specific co-localization with centrosomal proteins, suggests a role for CDK10/Cyclin M in ciliogenesis (33). Knockdown of CDK10/Cyclin M significantly decreases stress fiber formation and ciliogenesis in human telomerase reverse transcriptase retinal pigmented epithelial (hTERT RPE-1) cells (33). Using an in vitro kinase assay, known core centrosomal proteins and regulators of ciliogenesis and actin dynamics were screened as candidate substrates for CDK10/Cyclin M. This method was used to identify protein kinase C-like 2 (PKN2) as an interacting partner and substrate for CDK10/Cyclin M, both in vitro and in vivo (33). CDK10/Cyclin M was shown to phosphorylate residues T121 and T124 of PKN2 and furthermore, to repress ciliogenesis in a RhoA-dependent manner. Cyclin M, however, has yet to be shown to be a CDK10 binding partner in gastrointestinal and hepatobiliary cancers.

Pin1 interaction with CDK10 has been documented in ER-positive breast cancer cells (Figure 1) (63). Pin1 is known to interact with Ser/Thr-Pro motifs, where the serine or threonine preceding the proline is phosphorylated. CDK10 does not contain any Ser-Pro motifs, however, does contain three Thr-Pro motifs. Mutagenesis of the three Thr-Pro motifs in CDK10 revealed Thr133 as an important residue for Pin1/CDK10 binding. Furthermore, treatment of CDK10 with a phosphatase demonstrated that Pin1 interacts with CDK10 in a phosphorylation-dependent manner. Consequently, interaction of Pin1 with CDK10 results in ubiquitination of CDK10 and subsequent degradation.

There is also evidence of CDK10 interaction with additional binding partners in non-human cell types. Specifically, CDK10 was shown to interact with Hsc70, Hsp90 and EcRB1 in Helicoverpa armigera (66). The interaction between CDK10 and Hsc70 and Hsp90 was augmented upon CDK10 phosphorylation. CDK10 forms a complex with Hsc70 and Hsp90, which sequentially binds with EcRB1 to facilitate the interaction between EcRB1 and EcRE to regulate 20E-mediated gene expression (66). Further studies are warranted to assess these as candidate binding partners for CDK10 in humans, and specifically, cancers involving the gastrointestinal tract and hepatobiliary system.




CDK10 as a Tumor Suppressor in Gastrointestinal and Hepatobiliary Cancers


Hepatobiliary Cancer

CDK10 has been identified as a candidate tumor suppressor in hepatobiliary cancers, including hepatocellular carcinoma (HCC) and biliary tract cancers (BTC) (31, 32, 64, 67). Examination of HCC tumor tissue revealed decreased expression of CDK10 mRNA and CDK10 protein compared to adjacent normal liver tissue (31). Immunohistological staining of CDK10 showed weak or no staining in HCC tissue samples. Significantly, CDK10 abundance was found to be inversely correlated to tumor size and tumor stage in HCC. In BTC, downregulation of CDK10 gene expression and CDK10 protein was observed in cancer tissue and cell lines, and was adversely associated with tumor stage, and lymph node invasion (64). Specifically, CDK10 was significantly downregulated in intrahepatic cholangiocarcinoma and gallbladder cancer, compared to normal tissue.

Several studies have characterized the effects of CDK10 on proliferation of hepatobiliary cancers in vitro (31, 64). Zhong et al. found that ectopic expression of CDK10 in the HCC cell line SMMC-7721 resulted in inhibition of cell proliferation (31). Similarly, in BTC, ectopic expression of CDK10 decreased cell proliferation, and downregulation of CDK10 expression significantly increased cell proliferation (64). Furthermore, cell cycle analysis of HCC cells following CDK10 overexpression revealed a significant increase in the G0-G1 phase population of cells, and a decrease in the S phase population (31). Consistently, BTC cells overexpressing CDK10 had a significant increase in the population of cells in G1 phase, and a significant decrease in the population of cells in G2/M phase (64).

Studies have also assessed the impact of CDK10 expression on cell invasion and migration (31, 64). In HCC, ectopic expression of CDK10 significantly delayed wound healing (31). Yu et al. also reported a significant decrease in BTC cell migration upon CDK10 overexpression (64). Consistently, they also reported a significant increase in BTC cell migration following downregulation of CDK10 (64). These studies, however, did not examine the mechanism by which CDK10 inhibits cancer cell invasion and migration. In glioma, CDK10 was shown to regulate cell motility through inhibition of epithelial to mesenchymal transition (EMT) (60). CDK10 knockdown decreased E-cadherin and increased vimentin and N-cadherin expression. Conversely, overexpression of CDK10 increased E-cadherin and decreased vimentin and N-cadherin expression. CDK10 was shown to regulate expression of the EMT transcription factor, Snail, and the effects of CDK10 on EMT in glioma were partially reversed by manipulation of Snail expression (60). Importantly, Snail is a known regulator of EMT in hepatobiliary cancersCDK10 may regulate cell motility of hepatobiliary cancer cells through inhibition of EMT via Snail downregulation.

Therapeutic resistance is a major hindrance on treatment of gastrointestinal cancers. There is significant evident identifying CDK10 as an important modulator of tamoxifen sensitivity in breast cancer, suggesting a potential role for CDK10 in chemosensitivity in other cancers (63, 68). In patients with ER-positive breast cancer, low CDK10 expression was associated with shorter overall survival and clinical resistance to tamoxifen (68). This study used gene silencing to identify CDK10 as a modulator of tamoxifen resistance in breast cancer through regulation of p42/p44 MAPK pathway (68). In BTC, Yu et al. found that knockdown of CDK10 significantly decreased sensitivity to 5-fluorouracil (64). Furthermore, overexpression of CDK10 increased BTC cell sensitivity to 5-fluorouracil, adriamycin/epirubicin, cisplatin and hydroxylcamptothecin in vitro (64). Similar to endocrine resistance in breast cancer, cell cycle arrest at G1 phase was observed in 5-fluorouracil-treated cells overexpressing CDK10 (64, 68). In HCC, overexpression of CDK10 increased chemosensitivity to cisplatin and epirubicin in SMMC-7721 cells but not HepG2 cells (31). Furthermore, overexpression of CDK10 increased gall bladder cancer sensitivity to gemcitabine (69). Anticipating a mechanism similar to endocrine therapy resistance in breast cancer, CDK10 expression was shown to downregulate c-Raf levels in BTC (64, 69). Furthermore, in gall bladder cancer, knockdown of c-Raf resulted in a significant increase in gemcitabine sensitivity in cells overexpressing CDK10 (69). Downregulation of CDK10 increased ETS2-mediated transcription of c-Raf, resulting in activation of the MAPK pathway. Additionally, Khanal et al. investigated the association between CDK10 and Pin1 expression in tamoxifen-resistant breast cancer cells (63). This study observed a significant inverse correlation between Pin1 and CDK10 expression in tamoxifen-resistant breast cancer. Khanal et al. also found that overexpression of CDK10 increased breast cancer cell sensitivity to tamoxifen treatment, and decreased Pin1-mediated c-Raf phosphorylation (63). However, further research is warranted to delineate the mechanism by which CDK10 regulates c-Raf levels in gastrointestinal cancers and how that results in cell cycle arrest.



Gastric Cancer

In addition to hepatobiliary cancers, CDK10 has been identified as a candidate tumor suppressor in gastric cancer. Independent studies found decreased expression of CDK10 in gastric cancer compared to normal gastric tissue (32, 67). Consistently, these studies found a significant correlation between loss of CDK10 expression and advanced tumor stage, lymph node invasion and distant metastasis, in patients with gastric cancer. Furthermore, these studies also identified loss of CDK10 expression as an unfavorable prognostic marker in gastric cancer. However, Fukui et al. found that CDK10 was upregulated in peritoneal and liver metastases in human gastric cancer cell lines established following injection into nude mice (70).

Studies have also assessed the effect of CDK10 on cell proliferation and cell motility in gastric cancers. Ectopic expression of CDK10 decreased cell proliferation, while downregulation of CDK10 expression significantly increased cell proliferation (32). Treatment of gastric cancer cells with quercetin, a flavonol shown to induce apoptosis, significantly decreased expression of CDK10 (71). Additionally, in gastric cancer, overexpression of CDK10 decreased cell invasion, while knockdown of CDK10 promoted cell invasion (32).



Mechanisms of CDK10 Downregulation in Gastrointestinal Cancers

As previously mentioned, CDK10 expression is downregulated in hepatobiliary cancers and gastric cancers (31, 32, 64). Mechanisms of CDK10 downregulation have not been examined in gastrointestinal cancers. Chromosomal deletions at the q24 region of chromosome 16 are associated with human cancers, including gastric cancer and HCC (72, 73). Furthermore, aberrant methylation of chromosome 16 is a mechanism of gene expression dysregulation in chronic hepatitis, liver cirrhosis and HCC (74, 75). Promoter hypermethylation was found to be a mechanism of CDK10 suppression in breast cancer and nasopharyngeal carcinoma (61, 68). Therefore, suppression of CDK10 may result from loss of heterozygosity and hypermethylation at the q24 region of chromosome 16. Further research is warranted to assess loss of heterozygosity and promoter hypermethylation as potential mechanisms of CDK10 downregulation in gastrointestinal cancers.




CDK10 in Colorectal Cancer

A meta-analysis of CRC gene expression profiling studies identified CDK10 as a gene consistently upregulated in CRC (76). Consistent with this meta-analysis, Weiswald et al. found overexpression of CDK10 in CRC tissue and CRC cell lines, compared to matched normal tissue and normal colon cells, respectively (62). This observation is similar to other studies that found upregulation of CDK10 in prostate cancer and seminomas (77, 78). Furthermore, increased expression of CDK10 was found to be correlated with lymph node positive tumors in CRC (79).

Weiswald et al. also found that CRC growth and survival were significantly affected by manipulation of CDK10 gene expression. Specifically, CDK10 knockdown decreased cell survival and promoted apoptosis in CRC cell lines. Similarly, overexpression of CDK10 increased cell proliferation and inhibited apoptosis in vitro, in a Bcl-2/Bcl-XL-dependent manner. Consistently, suppression of CDK10 in patient-derived xenograft CRC tumors inhibited tumor growth and decreased expression of Bcl-2 in vivo. Interestingly, CDK10 expression did not affect cell cycle progression in CRC, indicating that the impact of CDK10 on cell proliferation and apoptosis is independent of cell cycle regulation.

Furthermore, Weiswald et al. evaluated the effects of CDK10 on chemotherapy resistance. CRC cell lines overexpressing CDK10 were significantly less responsive to 5-fluorouracil compared to controls (62). Additionally, compared to CDK10WT, cell lines expressing CDK10DN were more sensitive to 5-fluorouracil, indicating kinase involvement in CDK10-mediated chemoresistance in CRC. Indeed, CDK10 expression may be a viable biomarker for chemotherapy resistance and should be assessed as a potential biomarker for CRC recurrence. Importantly, while this study suggests a kinase-dependent role for CDK10, an interacting partner to CDK10 has yet to be identified and implicated in CRC.

The role of CDK10 in CRC cell invasion and migration is yet to be determined. However, Zehra et al. demonstrated upregulation of CDK10 and ETS2 in a corneal epithelial wound healing model (80). This study infers a potential role for CDK10 in cancer metastasis, as inhibition of CDK10 resulted in a significant delay in corneal epithelial cell migration.



CDK10 as a Therapeutic Target for Gastrointestinal Cancers

Research has been dedicated to the development of candidate CDK small molecule inhibitors, however, the majority of CDK inhibitors lack specificity and clinical trials have had disappointing outcomes. Several strategies have been employed in drug discovery to develop effective CDK inhibitors, including reversible ATP-competitive and non-competitive inhibition, reversible and irreversible allosteric inhibition, antibodies, and CDK-targeted degradation. Non-specific pan-CDK inhibitors exhibit low anti-cancer activity and high toxicity. Due to their non-specificity, these inhibitors block several cell processes, including cell proliferation, transcription, and translation. Given the tumor suppressive nature of CDK10 in breast cancer, HCC, BTC and gastric cancer, targeting CDK10 via pan-CDK inhibitors may have limited the therapeutic response.

The development of therapeutics targeting CDK10 has been hindered by lack of a CDK10 activity assay, and lack of a specific small molecule inhibitor to identify novel therapies. Discovery of a small molecule inhibitor for CDK10 would facilitate further exploration of its biological functions and affirm its candidacy as a therapeutic target, specifically for CRC. Recently, Robert et al. described a novel CDK10/Cyclin M in vitro activity assay (81). This luminescence-based assay uses a synthetic peptide phosphorylation substrate for the CDK10/Cyclin M complex.

Flavopiridol is the most extensively studied pan-CDK inhibitor. It has been shown to inhibit CDK1, CDK2, CDK4, CDK6, CDK9 and CDK10. While flavopiridol can inhibit CDK10, the IC50 for flavopiridol inhibition against CDK10/Cyclin M is less potent than flavopiridol inhibition of other CDKs (81). In vitro studies in gastrointestinal cells demonstrated that flavopiridol was effective in inducing apoptosis through blockage of cell cycle progression at G1 (82, 83). However, clinical trials in patients with gastrointestinal cancers did not result in favorable outcomes (84, 85) and reported significant toxicity among patients.

Additional CDK inhibitors such as dinaciclib, SDS-032, AZD4573, AT7519 and riviciclib were all tested on CDK10/Cyclin M, however none of these potently inhibited CDK10 kinase activity (81). Ibrahim et al. synthesized novel flavopiridol analogs and assessed their inhibitory activity on CDK2, CDK5 and CDK9 (86). This series of inhibitors was more potent towards CDK9 than the other CDKs examined in the study. Given the close relation between CDK9 and CDK10, these inhibitors may exhibit inhibitory activity towards CDK10 (2).

The development of therapeutics targeting CDK10 should account for the tissue-specific biological activity of CDK10. Given that CDK10 acts as a tumor suppressor in some gastrointestinal and hepatobiliary cancers, future drug development should focus on inhibiting other CDKs, while maintaining activity of CDK10. In these cancers, CDK10 expression levels may be indicative of chemoresistance. The promotion of tumorigenesis by CDK10 in CRC suggests its inhibition is a promising therapeutic strategy. Given that the kinase domain has been implicated CDK10-mediated inhibition of apoptosis in CRC, inhibition of CDK10 kinase activity may be an effective therapeutic approach. The development of a CDK10-specific inhibitor may be a viable therapeutic target for the treatment of CRC.



Conclusion

CDK10 has been implicated as both a tumor suppressor and an oncogene in gastrointestinal and hepatobiliary cancers. CDK10 is involved in cell proliferation, cell motility, and plays an important role in chemosensitivity and chemoresistance. Further studies are warranted to understand the tissue-specific functions of CDK10 and the mechanisms that influence its oncogenic and tumor suppressive potential in gastrointestinal cancer. Implications of CDK10 as an oncogene in CRC make inhibition of CDK10 a viable therapeutic strategy. The development of therapeutics targeting CDK10 has been hindered by lack of a high throughput CDK10 activity screening assay. Detection of CDK10 kinase activity will allow for identification of small molecule inhibitors of CDK10. This will aid in further understanding the role of CDK10 in disease progression, and the development of therapeutics for the treatment of gastrointestinal cancers.
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Background

For this study, we explored the prognostic profiles of biliary neuroendocrine neoplasms (NENs) patients and identified factors related to prognosis. Further, we developed and validated an effective nomogram to predict the overall survival (OS) of individual patients with biliary NENs.



Methods

We included a total of 446 biliary NENs patients from the SEER database. We used Kaplan-Meier curves to determine survival time. We employed univariate and multivariate Cox analyses to estimate hazard ratios to identify prognostic factors. We constructed a predictive nomogram based on the results of the multivariate analyses. In addition, we included 28 biliary NENs cases from our center as an external validation cohort.



Results

The median survival time of biliary NENs from the SEER database was 31 months, and the value of gallbladder NENs (23 months) was significantly shorter than that of the bile duct (45 months) and ampulla of Vater (33.5 months, p=0.023). Multivariate Cox analyses indicated that age, tumor size, pathological classification, SEER stage, and surgery were independent variables associated with survival. The constructed prognostic nomogram demonstrated good calibration and discrimination C-index values of 0.783 and 0.795 in the training and validation dataset, respectively.



Conclusion

Age, tumor size, pathological classification, SEER stage, and surgery were predictors for the survival of biliary NENs. We developed a nomogram that could determine the 3-year and 5-year OS rates. Through validation of our central database, the novel nomogram is a useful tool for clinicians in estimating individual survival among biliary NENs patients.





Keywords: biliary neuroendocrine neoplasms, nomogram, prognostic factors, survival rate, SEER database



Introduction

Neuroendocrine neoplasms represent a group of highly heterogeneous diseases (depending on the primary site) and originate from peptidergic neurons and neuroendocrine cells (1). Gastroenteropancreatic neuroendocrine neoplasms (GEP-NENs) account for approximately 55% of all NENs. However, according to the European Neuroendocrine Tumour Society (ENETS) (2), biliary NENs are relatively rare because the mucosa lacks neuroendocrine cells and likely originates from either multipotent stem cells or neuroendocrine cells in intestinal or gastric metaplasia of the epithelium.

Given the rarity of biliary NENs, the clinicopathological characteristics and prognosis of these patients remain unclear. To date, the literature on biliary NENs is relatively sparse, and most studies are case reports (3, 4). Recently, some retrospective studies (5) with small samples have provided prognostic factors. For example, neuroendocrine carcinoma (NEC), classified by pathology, has been linked to poor prognosis in Korean patients with biliary NENs (6). Our research team also reviewed 28 biliary NENs patients in our center and found that the recurrence of the disease correlated with poor prognosis (7). Since the number of cases in each center was too small to conduct a subgroup analysis of biliary NENs, specifically focusing on the primary site of tumors (8), some studies have been performed according to national databases. For example, Cen et al. (9) selected 248 gallbladder neuroendocrine neoplasms (GB-NENs) patients from the Surveillance, Epidemiology, and End Results (SEER) database; they suggested that age, marital status, tumor size, and SEER stage are prognostic factors. However, none of these risk factors can answer the question—asked by both patients and clinicians—about survival rates, especially in regard to individual survival time. As it happens, nomogram as the graphic depictions of a statistical model that can be used to predict outcomes, and the selective advantage of the nomogram is able to provide a visual interface to aid in calculating the predicted probability that a patient will achieve a particular clinical endpoint and communication with patients.

In the present study, we sought to analyze and compare the prognostic features of biliary NENs based on a relatively large number of cases collected from the SEER database and to develop an elaborate nomogram to predict 3-year and 5-year overall survival (OS) rates based on significant prognostic factors. Further, we carried out external validation for this prediction model using our hospital database.



Materials and Methods


Patients

We obtained the data in this study from two sources. The first was from the SEER database. We used the SEER 18 Registries provided by the SEER*Stat Database (version 8.3.8), which consists of information on the neuroendocrine neoplasms of biliary patients (such as demographics, tumor site and morphology, tumor stage, mortality, and therapy). We derived the frequency and case distribution data from the SEER 18 Databases. The other data source was comprised of biliary NENs patients who were diagnosed with NENs and received treatment at Peking Union Medical College Hospital from 1991 to 2017. And histological assessment of tumor tissues and immunohistochemical tests were performed at the Pathology Department of Peking Union Medical College Hospital to confirm pathology and histological classification. Since SEER data are publicly available and all patient data are de-identified, institutional review board approval and informed consent were not required for this study. The included patients from our center provided oral consent and approved by the Institutional Review Board of Peking Union Medical College Hospital (S-K597). This study was performed in accordance with the 1964 Helsinki Declaration and its later amendments ethical standards.

We identified all patients with a diagnosis of neuroendocrine carcinoma, carcinoid, small cell carcinoma, large cell neuroendocrine carcinoma, and mixed adenoneuroendocrine carcinoma (MANEC) of the gallbladder, bile duct, and ampulla of Vater (AoV) using the SEER codes generated from the International Classification of Diseases for Oncology (third edition, ICD-O-3) published by the World Health Organization (WHO). The corresponding ICD-O-3 codes were 8246/3, 8240/3, 8041/3, 8013/3 and 8244/3, respectively. For the primary site of the disease, we used the topographical codes ‘C23.9, C22.1, C24.0, C24.9 and C24.1’. In addition, all included cases had a positive pathological diagnosis. We excluded patients for whom demographic or survival information was not available. Figure 1 outlines the strategy we used to distinguish the selected cases from the SEER database.




Figure 1 | Flowchart displaying the selection procedure of NENs of biliary system cases in the SEER database.





Data Extraction

We extracted demographic information (age, sex, race), clinicopathological characteristics (morphology/pathological classification, primary site, tumor size, SEER stage), survival time, and therapy information (surgery) from the chosen cases. We performed the pathological classification of NENs according to the 2010 ENETS/WHO criteria (10): neuroendocrine tumor (G1, G2) and neuroendocrine carcinoma (G3, small cell, large cell).



Survival Analysis

We estimated overall survival time using the Kaplan-Meier method and long-rank test. Overall survival (OS) was defined as the period from the date of diagnosis to the date of death from various causes. Patients alive at the date of the last contact were censored. We used the univariate Cox proportional hazards model to screen out significant prognostic variables (p value<0.1) for further multivariate Cox analysis and to establish their covariate-adjusted effects on survival time. We designed all significant variables in the multivariate Cox regression (p value<0.05) and previously defined ‘variables of interest’ (site of primary tumor) as prognostic factors in the performance of nomogram construction. We carefully chose variables for inclusion to ensure parsimony of the final model.



Nomogram Construction and Validation

For nomogram construction and external validation, we used the SEER database as the training set, and harnessed our hospital patient data set as the external validation cohort. We selected the prognostic variables for survival time via univariate and multivariate Cox analyses. Based on the predictive model using the identified prognostic factors, we built a nomogram to determine the 3- and 5-year OS rates. The performance of the nomogram validation included its discrimination and calibration curves through the external validation set from our hospital. We evaluated discrimination by employing a concordance index (C-index), which quantifies the probability that of two random patients, the patient who relapses first has a higher probability of the event of interest. A higher C-index indicates better discrimination. We generated a calibration plot by comparing the mean predicted survival rate with the mean actual survival rate, established through Kaplan–Meier analysis. We performed all analyses using SPSS version 25 (IBM, Armonk, NY) and R version 4.0.3. We considered p<0.05 to be statistically significant.




Results


Clinical Characteristics

We selected a total of 446 biliary NENs cases diagnosed between 2000 and 2017 from the SEER database. Table 1 displays the general demographic and clinicopathological features of patients chosen from the SEER database. The majority of primary sites of biliary NENs were the gallbladder (46.4%) and AoV (41.7%). In GB-NENs, the proportion of females (65.7%) was greater than that of males, which was opposite to the NENs of the bile duct and AoV. Among the 446 NENs cases, according to the 2010 ENETS/WHO classifications, NEC (58.1%) accounted for a higher share than neuroendocrine tumors (NETs) (39.2%) and MANECs (29.7%). Regarding the SEER stage, the probability of metastasis to other organs was 22.9%. An increased number of patients exhibited a tumor size of less than 2 cm (52.9%). Most patients (80.9%) underwent operation therapy; among these operations, we classified them into three categories: partial excision, total excision, and radical surgery. More than half of the operations involved complete excision of the lesion. In addition, 28 patients from Peking Union Medical College Hospital were investigated; our colleagues have reported on their characteristics (7).


Table 1 | Characteristics of the included patients in SEER database.



Figure 2 depicts the Kaplan-Meier curves based on age, race, sex, classification, SEER stage, tumor size, primary site, and surgical options. The median OS of all included patients was 31 months. Patients younger than 65 years (43.5 months) and NETs (62 months) had longer median survival times than patients older than 65 years (19 months), neuroendocrine carcinomas (NECs) (18 months), and MANECs (12 months). With the increased severity of the SEER stage, the median survival time of patients gradually decreased (localized: regional: distant = 57: 29.5: 8.5 months). Further, patients with a smaller tumor size had better survival outcomes; the median survival time of patients with a size less than 2 cm was 55.5 months. All differences were statistically significant (p<0.001) through the long-rank test. We also found that patients with a primary site in the bile duct (median survival time: 45 months) had a significantly better outcome than patients with a primary site in the gallbladder (23 months) and AoV (33.5 months; p=0.023). Among the patients who underwent surgery, we discovered that whether the excision was partial or total had a beneficial effect on survival time. However, we did not detect increased survival time in radical surgery compared with patients who only had tumor excision.




Figure 2 | Kaplan–Meier curves of OS according to (A) age, (B) sex, (C) race, (D) pathological classification, (E) primary site, (F)surgery, (G) tumour size, and (H) SEER stage.



Table 2 presents the results of univariate and multivariate Cox analyses of biliary NENs patients from the SEER database. We regarded being older than 65, the classifications of NECs and MANECs, regional and distant stage, and the tumor size greater than 2 cm to be significant risk factors for decreased survival time. In addition, we associated the excision of primary tumors with prolonged survival time.


Table 2 | Univariate and multivariate Cox analysis of survival time in patients selected from SEER database.





Nomogram Construction and Validation

In addition to the primary site (p=0.476 and 0.459)—which we previously defined as ‘variables of interest’—we recognized the following variables as prognostic factors for survival time in multivariate Cox regression analysis: age, pathological classification, stage, surgery, and tumor size. Therefore, we included all of the above variables to develop the nomogram for survival time. The nomogram can be used to predict the probability of a patient’s survival rate at 3 or 5 years (Figure 3). The nomogram is a graphic depiction of the model, the figure legends describe how to use the nomograms. The concordance index (C-index) of this Cox model was 0.783 (95% CI: 0.754-0.812). We performed external verification of the nomogram. The outcomes of external verification indicated that the C-index of the nomogram was 0.795 (95% CI: 0.632-0.958). Figure 4 portrays the calibration plots for the external cross-validation at 3 years and 5 years. The x-axis represents the survival rate predicted by the nomogram, whereas the y-axis denotes the actual survival rate obtained using the Kaplan–Meier method. The findings demonstrate that the predicted 3-year and 5-year OS rates closely correspond to the actual survival rates.




Figure 3 | Nomograms predicting 3-year and 5-year rates of OS. Summarizing the scores of each variables together and the total points projected on the bottom scales indicate the probabilities of 3- and 5-year overall survival.






Figure 4 | External calibration plot: (A) 3-year and (B) 5-year OS nomogram calibration curves.






Discussion

In our study, by reviewing the clinicopathological characteristics of biliary NENs patients and exploring the prognosis and related risk factors, we developed a nomogram for the prediction of 3-year and 5-year survival rates for these patients, and performed nomogram validation using the data from our center. By using the Kaplan–Meier method and univariate and multivariate Cox analysis, we found that being older than 65 years, advanced SEER stage, increased tumor size, and pathological classification of NECs was statistically and significantly related to decreased survival time. Moreover, biliary NENs patients who underwent surgery had a better survival outcome. The developed nomogram model we used helps to easily ascertain clinical and pathological risk factors to predict the OS time for patients and physicians.

Previous studies, including case reports and literature reviews, have studied the survival time and risk factors for the prognosis of NENs with different classifications at various biliary system sites. Ayabe et al. (11) illustrated that the median OS of 300 GB-NENs, selected from NCDB Participant User Files (PUFs), was 25 months, which is similar to our result (23 months) of 207 GB-NENs. However, Karim et al. (12) reviewed the prognosis of gallbladder-NENs (GB-NENs), and discovered the median survival time to be only 9.8 months among 278 patients with GB-NENs from the SEER database, which was far below our finding. This is probably because our studies contain a certain number of well-differentiated NENs cases, which are associated with better outcomes (13, 14). Therefore, we performed subgroup analysis in these 207 cases according to pathological classification. The median survival times for NECs and MANECs were 11 months and 9 months, respectively, which is also supported by the results of Acosta et al. (15). Therefore, the pathological classification underscores this survival difference, and once again confirms that the ENETS/WHO classification is a vital prognostic factor (16). Based on this, we continued to implement subgroup analysis of NENs in the bile duct and ampulla. Table 3 outlines the results. As the bile duct is the extremely rare primary site of NENs, with an incidence of extrahepatic bile duct NENs of 0.32% (17) among digestive system NENs, studies that focus on a statistical analysis of patient survival are usually unable to proceed, and most are case reports. However, one study (18) reported that the median survival of extrahepatic cholangiocarcinoma with neuroendocrine differentiation fluctuates between 21 and 27 months. Similar to our outcomes, the median survival of bile duct NECs was 28 months. With regard to the AoV, Randle et al. (19) indicated that the median survival of ampullary NENs was 98 months and far higher than our results (33.5 months). This difference may be due to the bias in the inclusion of patients. Hence, it is not objective to discuss the prognosis of NENs patients while ignoring the pathological classification and primary site.


Table 3 | Median survival time (months) of different classification.



In addition to the pathological classification related to the prognosis of the biliary system, other clinical or pathological characteristics obtained in the course of diagnosis and treatment can be used to evaluate individual outcomes. For example, patients with metastasis—regardless of regional lymph nodes (20) or adjacent and distant organs—without resection of primary tumors (21) are more likely to have shorter survival times. Tumor size may also be a usable prognostic factor, but remains controversial. Kurita et al. (22) revealed that small, localized (≤ 2 cm) pancreatic neuroendocrine neoplasms have a better outcome. When the primary site was converted to the biliary system (7), tumor size was no longer a specific independent prognostic factor associated with survival time, perhaps because the diameter of the bile duct was too small to have enough space for tumor intraluminal growth. For tumor sizes of less than 1 cm, the possibility of distant metastasis is 67%, higher than that of sizes ranging between 1 and 2 cm (27.6%) and over 2 cm (28.6%) (23), so it is not recommended to predict prognosis by tumor size. However, our findings of the univariate and multivariable Cox regression analyses signal that tumor size is an independent prognostic factor. Perhaps the larger sample size and several primary sites contained could account for the differences between our results and those of prior research. Interestingly, the median survival of NENs patients who underwent radical surgery was lower than that of patients who received partial and total tumor excision. This is likely because among the 103 patients who had radical surgery, the proportion of NECs and MANECs was 66.1%, and the share of NECs and MANECs (46.9%) was lower in patients who received partial excision and total excision. One study (9) with similar results to ours showed that the combination of gallbladder surgery and lymphadenectomy had no effect on survival outcomes.

Although the multivariable Cox analysis in our research identified prognostic factors—age, SEER stage, surgery, tumor size, and pathological classification—these variables could not provide an accurate and discriminatory prediction for biliary system NENs, especially the survival rates that have been a concern for clinicians, patients, and their families. Thus, a prognostic prediction model is needed to answer these questions. For NENs, the TNM staging system (24) and ENETS/WHO classifications (25) have a certain predictive value; the former focuses on the tumor’s invasive nature, while the latter emphasizes the pathological classification. It is with great regret that confusion will likely arise from these parallel systems. The nomogram rose in response to the proper time and conditions based on these systems, including effective variables to enhance predictive ability. Regarding the nomogram in NENs, preceding studies have demonstrated its predictive value in the OS of gastric neuroendocrine neoplasms (26), the pancreas (27, 28), the small intestine (29, 30), the rectum (31), and the digestive system (32). These outcomes all signal that a specific, clinically applicable nomogram can accurately estimate the prognosis of patients with NENs. However, there is no prognostic model for biliary NENs. Our study filled this gap by creating a nomogram model to establish the OS rate of biliary NENs based on a large database. This nomogram has a predictive value with a C-index of 0.795 (95% CI: 0.632-0.958). In addition, the calibration plots of external validation, using our central database, demonstrated that the predicted 3- and 5-year OS rates closely corresponded with the actual survival rates, and verified that the nomogram exhibited excellent predictive ability. We applied the nomogram in an external validation dataset and showed that the nomogram had a good predictive value (the C-index for calibration is 0.852; 95% CI: 0.777-0.927). Hence, the nomogram can be employed to assess individual clinical outcomes more objectively.

Our study also has limitations. A major constraint is that our nomogram was created using just six clinicopathological factors, lacking other additional variables such as Ki-67 (33, 34), and the high Ki-67 index is associated with portal venous tumor invasion which is a prognostic factor for patients with pancreatic NENs (35). Besides, lactate dehydrogenase (LDH) has been found to increase in patients with NEC (36). However, these variables are not available in the SEER database and it’s necessary to incorporate LDH level and Ki-67 into analysis in further investigation. Another obstacle is that the sample size of the validation cohort was small, and only one center was included. Although the verification results and power analysis (Power = 0.8689) were good, the value of the C-index may change after adding samples or centers. Future studies could include validation cohorts from different centers to control for selection bias to some extent. Besides, in terms of treatment of NENs, we only considered the effects of surgery on prognosis, ignoring neoadjuvant or adjuvant therapy (37), as well as other medical therapies, like somatostatin analogues, peptide receptor radionuclide therapy (38) and target therapies. The last limitation is that we regard the AoV as part of the biliary system, but from an anatomical angle, the AoV is the junction between the bile duct and the pancreatic duct. The SEER database did not provide anatomical information on AoV. With the accumulation of cases, subgroup analysis could be performed in future studies according to the primary location of the disease.



Conclusion

In conclusion, age, tumor size, pathological classification, surgery, and SEER stage are predictors for the survival of biliary NENs patients. We established and externally validated an unprecedented nomogram to determine the prognoses of patients with biliary NENs. Because our nomogram included only six common clinicopathological variables, it can be used as a potentially objective clinical tool for physicians to predict the prognosis of these patients around the world.
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Background

The Mucin-family protein, MUC1, impacts on carcinogenesis and tumor invasion. We evaluated the impact of MUC1 expression on outcome in a cohort of 158 patients with resected pancreatic ductal adenocarcinomas (PDAC) in the CONKO-001 study (adjuvant gemcitabine [gem] vs. observation [obs]).



Methods

The percentage of MUC1-positive tumor cells by immunohistochemistry (IHC) and the staining intensity were evaluated by two observers blinded to outcome. The numeric values of both parameters were multiplied, resulting in an immunoreactivity score (IRS) ranging from 0 to 12. The level of MUC1 expression was defined as follows: IRS 0–4 (low) vs IRS >4 (high). Outcomes in terms of disease-free (DFS) and overall survival (OS) were evaluated by Kaplan–Meier method, log-rank tests and Cox regressions.



Results

In total, tumors of 158 study patients were eligible for immunohistochemistry of MUC1. High cytoplasmic MUC1 expression was associated with impaired DFS and OS in the overall study population (hazard ratio (HR) for DFS: 0.49, 95% CI 0.31 to 0.78, p = .003; HR for OS: 0.46, 95% CI 0.29 to 0.73, p = .001). In the study arms, prognostic effects of MUC1 were also evident in the observation group (HR for DFS: 0.55; 95% CI 0.29 to 1.04, p = .062; HR for OS: 0.34, 95% CI 0.17 to 0.67, p = .001) and trending in the gem group (HR for DFS: 0.48, 95% CI 0.24 to 0.95, p = .041; HR for OS: 0.56, 95% CI 0.28 to1.11, p = .093).



Conclusion

Our data suggest that MUC1 expression is a powerful prognostic marker in patients with PDAC after curatively intended resection.





Keywords: pancreatic cancer, gemcitabine, MUC1, prognostic marker, CONKO 001 trial, adjuvant therapy



Highlights

	MUC1 is widely used as tumor marker especially in breast, ovarian, lung and pancreatic cancer.

	Low MUC1 expression is significantly associated with favorable prognosis in patients with pancreatic cancer after curatively intended resection.

	Prognostic impact of MUC1 is irrespective of active treatment vs. observation in the setting of the CONKO 001 trial.

	MUC1 expression might help to guide adjuvant treatment strategies and improve the outcome of patients at high risk of relapse and death.





Introduction


Pancreatic Cancer

Adjuvant chemotherapy is standard of care (SOC) in patients with PDAC after R0/R1 resection of the primary tumor with curative intent. Several regimens have been developed, of those gemcitabine monotherapy remains the standard for patients that are unfit for intensive combinations treatment (1–4).



Role of Mucin-1

The transmembrane mucin glycoprotein Mucin-1 (MUC1), also known as CA 15-3, is a member of the mucin family of proteins expressed at the apical surface of epithelial cells. In cancer cells MUC1 accumulates within the mitochondria and the nucleus. The cytoplasmic tail of MUC1 serves as an adaptor protein connecting kinases and other cell signaling proteins, leading to increased cell proliferation, changes in adhesive state of the cell, invasion into the extracellular matrix and deregulation of apoptosis. MUC1 positive carcinomas are associated with a hyperactivation of critical signaling pathways such as mitogen-activated protein kinase (MAPK), phosphatidylinositol 3-kinase (PI3K/Akt) and wingless type (Wnt) pathway (5).

MUC1 as CA 15-3 is widely used as tumor marker especially in breast, ovarian, lung and pancreatic cancer. In breast cancer, MUC1 was shown to provide predictive information for therapy response and also for survival (6). Previous investigations of human tissue specimens suggested a crucial prognostic role for MUC1 in pancreatic adenocarcinoma (7).

Furthermore, as recently shown in murine pancreatic cancer cell lines MUC1 is a potential therapeutic target (8) with small molecules in early clinical development, stimulating the characterization of a potential target population in pancreatic cancer (9).

To the best of our knowledge, no data from prospective clinical trials evaluating the expression and prognostic role of MUC1 in pancreatic cancer patients are available, yet. The aim of our analysis was to evaluate the impact on outcome of MUC1 in the CONKO-001 trial allowing for assessment of effects with and without adjuvant therapy.



Study Population

CONKO-001 was a phase III trial, where 368 patients with pancreatic adenocarcinoma were randomized to an adjuvant treatment with gemcitabine or to observation only after a curatively intended resection.

We aimed to demonstrate that low MUC1 expression is a valuable prognostic factor in pancreatic cancer patients. As this analysis is unplanned and exploratory, the results should be interpreted as such.




Methods

The Reporting Recommendations for Tumor Marker Prognostic Studies (REMARK) criteria were followed for reporting this study.


Study

Baseline data of CONKO-001: The prospective randomized phase III CONKO-001 trial investigated the role of an adjuvant treatment with gemcitabine as compared to observation. A total of 368 patients with completely resected pancreatic cancer (R0 and R1 resection) were recruited between July 1998 and December 2004. Gemcitabine (1,000 mg/m²) was given for 6 months in an outpatient setting. Follow-ups were scheduled in eight weekly intervals. Please refer to the existing primary publications of the trial for details (10, 11). The study was approved by the institutional review committee (trial registration isrctn.org Identifier: ISRCTN34802808).



Patients

In total, 354 out of 368 patients were included into the survival analysis (gem: n = 179, obs: n = 175). Archival tumor tissue was available from 165 cases.



MUC1

Immunohistochemical staining for Mucin-1 was carried out on tissue microarrays (TMAs) according to standard procedures (1:200; clone MA695; Leica Biosystems Newcastle, Ltd, Newcastle Upon Tyne, UK). To reduce effects of intratumoral heterogeneity, three representative 1-mm-tissue cores (0.785 mm2) were selected for the construction of tissue microarrays using a manual tissue microarrayer (Beecher Instruments, Sun Prairie, Wisconsin, USA). The stained slides were digitalized (Mirax Scan, Zeiss, Jena, Germany) and evaluated by virtual microscopy using the VMScope Silde Explorer (VMScope, Berlin, Germany) by two observers who were blinded to clinical outcome (MS, BVS). The percentage of positive tumor cells (0% = 0, 1–10% = 1, 11–50% = 2, 51–80% = 3, 81–100% = 4) and the staining intensity (negative = 0, weak = 1, moderate = 2, strong = 3) were evaluated [see Figure 1: Representative TMAs (A) MUC1 negative, (B) MUC1 low, and (C) MUC1 high]. For quantification of the expression level we used the well-established immunoreactivity score (IRS) ranging from 0 to 12, who is calculated by multiplication of the numeric values of both parameters.




Figure 1 | Representative TMAs (A) MUC1 negative, (B) MUC1 low, and (C) MUC1 high.





Statistical Considerations

For exploratory statistical analysis, two groups with low or high MUC1 expression were defined based on data distribution (IRS 0–4 vs. IRS >4). For determination of the cut-off separating most precisely survival differences an publicly accessible online tool was used (https://molpathoheidelberg.shinyapps.io/CutoffFinder_v1/), for more detailed information please refer to (12). Kaplan–Meier analyses for disease-free survival (DFS) and overall survival (OS) were performed according to MUC1 expression. In multivariable Cox regressions standard clinical and biomarker characteristics (age, sex, treatment arm, T stage, nodal status, grading, resection margin, and Karnofsky index) were investigated.

Disease-free survival (DFS) was defined as time from study entry to local or distant disease relapse, overall survival (OS) as time from study entry to death of any cause. The relation of MUC1 expression with clinical and pathological tumour characteristics was evaluated using χ2-tests. The Kaplan–Meier method with log-rank tests was used for univariable survival analyses. Cox regressions were used for multivariable survival models. In general, P-values <0.05 (calculated 2-sided) were considered significant.




Results


MUC1 Analyzed Subpopulation

In total, 368 patients were enrolled in the CONKO 001 trial. N = 186 were randomized to the gemcitabine (gem) group and n = 182 to the observation (obs) group. Of those, in n = 165 cases tumor tissue was available for analysis of MUC1 expression. Of these 165 cases, seven samples (gem n = 5, obs n = 2) were excluded from the analysis due to poor quality (see Figure 2: CONSORT diagram MUC1 in CONKO 001), resulting in 88 cases of the gemcitabine-group and 70 cases of the observational group in the analyzed population. The patients´ and the tumor characteristics were well balanced across both groups and did not differ from the overall CONKO 001 study population. Please refer to Table 1: Baseline patients and tumor characteristics.




Figure 2 | CONSORT diagram MUC1 in CONKO 001.




Table 1 | Shown are the relevant clinical and histopathological features of the studied subgroups in which MUC1 expression level was analyzed.





Archival Tissue Samples and Staining Results

As described above, sufficient quality of immunohistochemical staining of MUC1 expression was achieved in 158 of 165 tumor samples (gem: n = 88, obs: n = 70). In the gem arm, n = 78 samples were evaluated as low, and n = 10 as high MUC1 expression, respectively. In those patients randomized to observation only, n = 57 were assessed as low, and n = 13 as high MUC1 expression. Cytoplasmic staining was the most frequently observed pattern (please refer to Figure 2: CONSORT diagram MUC1 in CONKO 001).



Clinical and Histopathological Characteristics of the MUC1 Subpopulation

Patients with low vs. high MUC1 expression were found in similar frequencies in both arms of the trial (MUC1 low: gem n = 78, 58%, obs n = 57, 42% vs. MUC1 high: gem n = 10, 43% obs n = 13, 57%). The only baseline characteristic that appeared to be associated with MUC1 expression was age. The frequency of patients under the age of 65 was clearly higher in the MUC1 low group (MUC1 low: n = 90, 67% vs. MUC1 high: n = 9, 39%; p = .018). No relevant differences in other clinical and histopathological features were found in the MUC1 low vs. high cohort (please refer to Table 2: Association of MUC1 expression level and selected patient characteristics).


Table 2 | Association of MUC1 expression level and selected patient characteristics.





Survival

In the overall study population, low cytoplasmic MUC1 expression was associated with favorable DFS and OS (hazard ratio (HR) for DFS: 0.5, 95% CI 0.31 to 0.78, p = .003; HR for OS: 0.46, 95% CI 0.29 to 0.74, p = .001) see Figures 3A, B: Survival analyses in subgroups for MUC1 low vs. high.




Figure 3 | Survival analyses in subgroups for (A–D) MUC1 low vs. high, and gemcitabine vs. observation (E–H).



Referring to the MUC1 low subpopulation, disease free survival was significantly improved in patients treated with gemcitabine compared to those of the observation only group (HR for DFS: 0.58; 95% CI 0.40 to 0.85, p = .004). By contrast, there was no relevant difference in overall survival observed (HR for OS: 0.51, 95% CI 0.21 to 1.23, p = .131), see Figures 3C, D: Survival analyses in subgroups for MUC1 low vs. high.

In the observation group, we found favorable prognostic effects of low MUC1 expression (HR for DFS: 0.55; 95% CI 0.29 to 1.04, p = .062; HR for OS: 0.35, 95% CI 0.18 to 0.68, p = .001) as well as a strong trend for improved survival in the gemcitabine group (HR for DFS: 0.48; 95% CI 0.24 to 0.96, p = .041; HR for OS: 0.56, 95% CI 0.28 to 1.11, p = .093), see Figures 3E–H: Survival analyses in subgroups for gemcitabine vs. observation.



Multivariable Analysis

In multivariable Cox regressions including standard clinical and biomarker characteristics, only treatment arm was independently predictive for DFS (HR 0.49 [95% CI: 0.29–0.83]; p =  .008), whereas MUC1 (HR 0.47 [95% CI: 0.22–0.99]; p =  .05) and grading (HR 0.61 [95% CI: 0.37–1.00]; p =  .05) were strongly trending to predict OS, respectively, see also Figure 4 for detailed exploratory analyses: Survival analyses in subgroups for (A, B) disease free survival and (C, D) overall survival.




Figure 4 | Survival analyses in subgroups for (A) disease free survival and (B) overall survival.






Discussion

In the presented analysis we explored the prognostic impact of MUC1 expression in pancreatic cancer patients in the context of a controlled randomized trial with a highly characterized population with mature outcome data. This cohort allows for rather valid data generation also acknowledging the retrospective and hypothesis-generating character of the article.

In the CONKO 001 trial, low MUC1 expression level appeared more frequent in patients under the age of 65 years. The reason thereof is not fully understood although this observation corresponds to pre-existing data (6, 13).

The remaining clinical and histopathological features did not significantly differ between the MUC1 low and MUC1 high cohort, respectively. Concurrently, in other solid cancer types MUC1 expression level does not correlate with specific clinicopathological parameters. As an exception, in several studies of breast cancer, MUC1 positivity was found to correlate with adverse metastases stages, nodal status and histological grading as well as hormone insensitivity (12–14). By contrast, the expression level of MUC1 in colon cancer and gastric cancer apparently did not correlate with any clinicopathological parameter but still is an independent marker of prognosis (15, 16).

Accordingly, low MUC1 expression levels were clearly associated with favorable outcome of patients. The positive prognostic effect was slightly higher in patients treated with gemcitabine in regard to DFS only. In contrast, significance could not be demonstrated for all subsets, likely due to limited sample size. Thus, this finding appeared evident irrespective of study arm and endpoint (DFS, OS) in the overall study population. Importantly, exploratory subgroup analyses did not identify specific patients in which the prognostic effect was more or less pronounced, indicating that MUC1 could be a relatively general biomarker of prognosis.

No relevant interaction of treatment efficacy (with gemcitabine) and MUC1 expression for OS was observed, suggesting that MUC1 is not predictive of gemcitabine efficacy. Interestingly, this is somehow contrasted by (preclinical) reports that suggest an association of gemcitabine efficacy with high MUC1 expression. An association of MUC1 upregulation and gemcitabine resistance in pancreatic tumor cells was described in several preclinical investigations (5, 17, 18).

However, gemcitabine monotherapy is no longer the undisputed standard of care in the adjuvant setting of PDAC for patients with a sufficient performance status for a combination therapy. Therefore, the impact of MUC1 expression level might be different if intensified cytostatic regimes are administered. However, our data are able to confirm the pure prognostic effect of MUC1 expression due to the comparison of adjuvant chemotherapy to observation. Certainly, the prognostic role of MUC1 in the context of resectable pancreatic cancer needs to be validated by other study groups. For instance, it is unclear to which extent our findings can be generalized to cohorts using more intensive adjuvant regimens such as mFOLFIRINOX, and gemcitabine plus capecitabine (1, 2).

Furthermore, it might be concluded that the poor outcome of patients with high MUC1 expression could be improved with the mentioned more active treatment regimens. Potentially, MUC1 high expressing PDAC defines a high-risk subgroup in the adjuvant setting. Therefore, intensive treatment approaches with active surveillance should be evaluated prospectively in this subgroup.

Additionally, the specific localization and expression level of MUC1 in PDAC differing from healthy pancreatic tissue, enables multiple immunotherapeutic strategies. Interestingly, several antibodies targeting MUC1 are currently in development (19), as well as vaccine formulations that may increase mucin-specific cytotoxic T-lymphocytes (20). Finally, also in the context of CAR T cells, MUC1-specific T-cells (TAB004) are already tested in a phase I clinical trial in patients with advanced solid tumors [NCT04137900].

Several limitations of this analysis should be considered in the interpretation of the data: The biomaterial was collected not before completion of the trial. Thus, of the initial 354 patients included in the CONKO 001 survival analysis, there was archival tumor tissue in only n = 165 cases available. The number was further reduced due to poor quality to n = 158 (45%) samples of whom the tissue microarray were constructed. However, the clinical and histopathological features of the here presented subset are comparable to the overall intention to treat population. A further limitation might be inherent in the tissue microarray approach which is limited in its ability to assess tissue and tumour heterogeneity. Therefore, we examined tissue microarray cores in triplicate to overcome sample bias. Due to the shortage of tissue samples, comparison of MUC1 with various other potential biomarkers relating to their respective prognostic role was not realizable. Referring to the classification of MUC1 expression level by the IRS, there exists no well-established standard. Thus, the here presented cut off might serve as a reference for subsequent analyses in resectable pancreatic cancer. For this analysis, we assumed a good correlation of the immunohistochemical staining with the MUC1 expression on the transcriptional level which as it was shown for other solid cancer types e.g. breast cancer (6). The limited quantity of available biomaterial made it impossible to analyze the respective gene expression in our cohort and thus represents a potential bias of our study. Comparison with transcriptomic signatures might further clarify the prognostic value of MUC1 in pancreatic cancer (21–25). However, to the best of our knowledge, there exists no such gene expression score for resectable pancreatic cancer yet. In addition, none of the previously published transcriptomic signatures is sufficient as sole basis for therapeutic decision making. Thus, an evaluation of gene expression patterns is urgently needed to be implemented prospectively into adjuvant trials. Correlation of our data, and MUC1 expression level respectively, with transcriptomic signatures might contribute to the development of reproducible prognostic scores. Naturally, stratification of study arms and MUC1 expression heavily limits the sample size in subgroups, resulting in small numbers that may generate hypothesis but do not allow definite conclusions.



Conclusion

Low MUC1 expression is significantly associated with favorable DFS and OS in patients with pancreatic cancer after curatively intended resection. This finding appeared to be irrespective of active treatment vs. observation in the setting of the CONKO 001 trial. No conclusions of a potential predictive value can be drawn. Future studies should clarify if the negative prognostic impact of high MUC1 expression can be generalized and to which extent more intensive adjuvant treatment strategies such as the widely used mFOLFIRINOX improve the outcome of patients at high risk of relapse and death.
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The human microbiota comprises trillions of microbes, and the relationship between cancer and microbiota is very complex. The impact of fecal microbiota alterations on colorectal cancer (CRC) pathogenesis is emerging. This study analyzed changes in the microbial composition in CRC subjects with both fecal microbiota and gut microbe-derived extracellular vesicles (EVs). From August 2017 to August 2018, 70 CRC patients and 158 control subjects were enrolled in the study. Metagenomic profiling of fecal microbiota and gut microbe-derived EVs in stool was performed using 16S ribosomal DNA sequencing. Relative abundance, evenness, and diversity in both the gut microbiota and gut microbe-derived EVs were analyzed. Additionally, microbial composition changes according to the stage and location of CRC were analyzed. Microbial composition was significantly changed in CRC subjects compared to control subjects, with evenness and diversity significantly lower in the fecal microbiota of CRC subjects. Gut microbe-derived EVs of stool demonstrated significant differences in the microbial composition, evenness, and diversity in CRC subjects compared to the control subjects. Additionally, microbial composition, evenness, and diversity significantly changed in late CRC subjects compared to early CRC subjects with both fecal microbiota and gut microbe-derived EVs. Alistipes-derived EVs could be novel biomarkers for diagnosing CRC and predicting CRC stages. Ruminococcus 2-derived EVs significantly decreased in distal CRC subjects than in proximal CRC subjects. Gut microbe-derived EVs in CRC had a distinct microbial composition compared to the controls. Profiling of microbe-derived EVs may offer a novel biomarker for detecting and predicting CRC prognosis.




Keywords: microbiome, metagenome, gut microbe-derived extracellular vesicles, colorectal cancer, cancer stage



Introduction

Colorectal cancer (CRC) has become a global health problem because of the increasing incidence of CRC in young adults (1, 2). Western dietary patterns and obesity have been strongly linked to CRC development (3, 4). Various studies have suggested that the pathogenesis of CRC is influenced not only by genetic factors but also by gut microbial composition altered due to ingested food or environmental factors. Gut microbiota induce oxidative stress and DNA damage in response to chronic inflammation, cell proliferation, and the production of metabolites such as butyrate (5). In animal studies, Fusobacterium nucleatum is associated with CRC pathogenesis by expressing a bacterial cell surface adhesion component, which can bind to host E-cadherin (6, 7). Enterotoxigenic Bacteroides fragilis is enriched in human CRC, resulting in cell morphology changes, E-cadherin cleavage stimulation, and colonic barrier function reduction (8).

Efforts to develop microbe-based cancer therapy have attracted more than 100 years from Coley’s toxin in patients with bone cancer (9). Immunotherapy, including anti-programmed death receptor-1 (PD-1) inhibitors and anti-cytotoxic T-lymphocyte associated protein 4 (CTLA-4), provides a therapeutic response by modulating the gut microbiota (10, 11). Several approaches, including probiotics such as VSL#3 and LGG, could alter the gut microbiota composition (12, 13). Probiotics may regulate the immune system and inhibit the progression of CRC. Dietary changes by eliminating animal fat and a high-fiber diet may ultimately be a considered cancer therapy in some studies (14, 15). Nevertheless, the human microbiota comprises trillions of microbes, and the relationship between cancer and microbiota is very complex. Due to the heterogeneity of the microbiota, there are many limitations to finding therapeutic agents targeting specific microbiota.

Gut microbes, including gram-negative bacteria and some gram-positive bacteria, can produce extracellular vesicles (EVs), also called nanovesicles, and are upregulated during cell activation and growth during cancer development (16). Excess EVs can be released into the circulation, including plasma, saliva, gastric juice, and intestinal luminal liquid. There are many approaches for studying EV-associated RNA, membrane lipids, and proteomic composition of EVs (17, 18). EV-based early diagnostic biomarkers in patients with gastrointestinal cancer are challenging areas (19). Kanwar et al. developed a microfluidic device for circulating exosome characterization in patients with pancreatic cancer patients (20). Choi et al. found some proteins in colorectal cancer-derived EVs by proteomic analysis (21, 22). However, to the best of our knowledge, there have been very few reports on the development of CRC biomarkers by 16S ribosomal DNA sequencing metagenomic profiling with EV samples isolated from stool samples (23).

This study hypothesized that microbe-derived EVs interact with the gut microbiota and are associated with CRC development. Microbial composition changes in CRC subjects were analyzed and compared with control subjects of microbiota with both stool samples and microbe-derived EV samples. Additionally, differences in microbial composition were analyzed according to the stage and location of CRC.



Materials and Methods


Patients and Sampling

Between August 2017 and August 2018, 158 stool samples were collected from control subjects, and 70 stool samples were collected from colorectal cancer patients who visited the CRC clinic at Seoul National University Bundang Hospital (Seongnam, Republic of Korea) and Chung-Ang University College of Medicine (Seoul, Republic of Korea) before undergoing any treatment. The exclusion criteria were as follows: (i) patients who had been diagnosed with gastric cancer, colorectal cancer, or other malignant diseases in the past and had undergone surgery and chemotherapy; (ii) patients who had been diagnosed with gastric dysplasia or gastric adenoma; (iii) pregnant women; (iv) patients who had been taking antibiotics or probiotics within last three months; and (v) patients who declined to participate in the study. For the enrolled patients, extensive medical data were collected every time they visited our clinic using electronic medical records. Fecal samples were self-sampled and stored at -20°C, transported to the laboratory, and frozen at -70°C. Control stool samples were selected from a previously collected cohort of healthy patients above 40 years of age who had abdominal symptoms but were not diagnosed with irritable bowel syndrome. There was no overlap of participants in the control group between previous studies. This study was approved by the Institutional Review Board of Seoul National University Bundang Hospital (IRB No: B-1708/412–301). Written informed consent for the use of medical records was obtained from all the participants. 23 CRC patients (only fecal microbiota samples) overlap with those in previous reports (24). 31 CRC patients (both fecal microbiota and gut microbe-derived EV samples) overlap with those in previous reports (23).



Extracellular Vesicles (EV) Isolation and DNA Extraction

Human stool samples were filtered through a cell strainer after being diluted in 10 mL of PBS for 24 h. The samples were centrifuged at 10,000 × g for 10 min at 4°C to separate EVs from stool samples. After centrifugation, stool sample pellets contained bacterial cells, and the supernatant of stool samples contained EVs. Bacteria and foreign particles were thoroughly eliminated from the stool sample supernatant by sterilizing the supernatant through a 0.22-µm filter. To extract DNA from bacterial cells and bacterial EVs, bacteria and EVs were boiled for 40 min at 100°C. To eliminate the remaining floating particles and waste, the supernatant was collected after 30 min of centrifugation at 13,000 rpm at 4°C. DNA was extracted using a DNeasy PowerSoil Kit (QIAGEN, Germany) according to the instructions of the manufacturer. DNA extracted from bacterial cells and EVs in each sample was quantified using a QIAxpert system (QIAGEN, Germany).



Bacterial Metagenomic Analysis Using Extracellular Vesicles (EV) DNA

Bacterial genomic DNA was amplified with 16S_V3_F (5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3′) and 16S_V4_R (5′-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC-3′) primers, specific for the V3-V4 hypervariable regions of the 16S rRNA gene. Libraries were prepared using PCR products according to the MiSeq System guide (Illumina, USA) and quantified using the QIAxpert (QIAGEN, Germany). Each amplicon was quantified, set equimolar ratio, pooled, and sequenced on a MiSeq platform (Illumina, USA) according to the recommendations of the manufacturer.



Analysis of Bacterial Composition in the Microbiota

Paired-end reads that matched the adapter sequences were trimmed using Cutadapt version 1.1.6, with a minimum overlap of 11, a maximum error rate of 15%, and a minimum length of 10 (25). The resulting FASTQ files containing paired-end reads were merged with CASPER version 0.8.2, with a mismatch ratio of 0.27, and then quality-filtered using the Phred (Q) score-based criteria described by Bokulich (26, 27). Any reads shorter than 350 bp or longer than 550 bp after merging were discarded. A reference-based chimera detection step was conducted with VSEARCH version 2.3.0 against the SILVA gold database (28, 29) to identify the chimeric sequences. Sequence reads were clustered into operational taxonomic units (OTUs) using VSEARCH with an open clustering algorithm under a 97% sequence similarity threshold. The representative sequences of the OTUs were finally classified using the SILVA 132 database with UCLUST (parallel_assign_taxonomy_uclust.py script in QIIME version 1.9.1) under default parameters (30). The original contributions presented in the study are publicly available in NCBI. Raw reads of the fecal microbiota and microbe-derived EVs for colorectal cancer patients were deposited into the NCBI SRA database, respectively (Accession Numbers: SRR15182562–SRR15182631; SRR15182632–SRR15182701). Raw reads of the fecal microbiota and microbe-derived EVs for control patients from three datasets were deposited into the NCBI SRA database respectively (dataset 1: SRR15056567–SRR15056766; SRR15056787–SRR15056992; dataset 2: SRR15244175-SRR15244358; SRR15245161-SRR15245345; dataset 3: SRR15204197-SRR15221118; SRR15243500-SRR15243683) (Supplementary Data).



Statistical Analyses

Group comparisons for diversity metrics were conducted and graphed using R (version 3.6.3). α-Diversity (observed OTUs, Shannon index, and phylogenetic diversity) was compared by the decimal log-transformed relative abundance fecal microbiota between groups using the Wilcoxon rank-sum test (R package ‘microbiome version 1.9.19’). Group distances for β-diversity (weighted UniFrac metric and unweighted UniFrac metric) were generated with permutational analysis of variance (PERMANOVA) using 1000 Monte Carlo permutations (R package ‘phyloseq version 1.30.0’ and ‘vegan version 2.5.6’) and visualized with principal coordinate analysis (PCoA) plots. Receiver operating characteristic (ROC) curves of the random forest (RF) model were obtained using age, sex, and taxa for predicting CRC. The RF method was used with the RandomForestClassifier function of the sklearn package in Python (version 2.7.17), and a 10-fold cross-validation was applied to the training set. For ROC curves and the area under the curve (AUC), the pROC package in R was utilized. Discriminate taxa (>0.1% abundance) between the groups were identified using Welch’s t-test. Adjusted p-values controlling the false discovery rate (FDR) were reported where appropriate.




Results


Fecal Microbiota Composition in Colorectal Cancer (CRC) Patients and Control Subjects

16S rRNA filtered gene sequences (Supplementary Table 1) were obtained from 228 stool samples (70 CRC subjects and 158 control subjects). The overall composition of the gut microbiota was altered in CRC subjects compared to that in the controls. Gut microbiota composition profiles were compared at the phylum, family, and genus levels (Figures 1A–C). CRC subjects showed a significant enrichment of Bacteroidetes phylum and depletion of Actinobacteria phylum (p < 0.001, Table 1). Within the phylum Bacteroidetes, relative enrichment was prominent for the family Bacteroidaceae, including genus Bacteroides (Table 1). Within Actinobacteria, relative depletion was prominent for the Bifidobacterium (Bifidobacterium genus) family in CRC subjects. Although there was no overall difference at the phylum level, several compositional changes were found at the family and genus levels. The relative abundance of the family Clostridiaceae 1 (genus Clostridium sensu stricto 1), Family XIII (genus Family XIII AD3011 group), and Erysipelotrichaceae (genus Erysipelotrichaceae UCG-003) was lower in the CRC group than in the control group (Table 1). Ruminococcus I, Ruminococcaceae UCG-013 (family Ruminococcaceae), Blautia [Eubacterium] hallii group, and Lachnospiraceae NC2004 group (family Lachnospiraceae) were also significantly depleted in the CRC group (Table 1).




Figure 1 | Relative abundance plots of the gut microbiota of control (n = 158) subjects and CRC subjects (n = 70) (A) at the phylum, (B) family, and (C) genus levels. (D) Boxplots of alpha diversity indices comparing CRC with control in the gut microbiota. ***p < 0.005 and *p < 0.05. CRC; colorectal cancer, OTU; operational taxonomic unit.




Table 1 | Taxa showing a significant different in the abundance between CRC with control in the gut microbiota.



Gut microbial community structure, assessed by richness and diversity, demonstrated a significantly lower richness and diversity in CRC subjects than in control subjects (Figures 1D and 2A, B). A combined ROC analysis using clinical data and fecal microbiota revealed an AUC of 0.923 (Figure 3).




Figure 2 | Principal coordinate analysis (PCoA) plots of beta diversity analysis of control, early CRC, and late CRC patients in the gut microbiota (A–B) and the gut microbe-derived extracellular vesicles (C–D). Between-sample dissimilarities were measured by unweighted UniFrac distances (A, C) and weighted UniFrac distances (B, D). Permutational multivariate analysis of variance (PERMANOVA) was performed to analyze statistical significance (p = 0.001).






Figure 3 | A combined receiver operating characteristic (ROC) analysis using clinical data and gut microbe-derived EVs.





Gut Microbe-Derived Extracellular Vesicles Composition in Colorectal Cancer (CRC) Patients and Control Subjects

We compared microbiota with gut microbe-derived EVs between CRC subjects and control subjects at the phylum, family, and genus levels (Figures 4A–C). CRC subjects showed a significant enrichment of Firmicutes (p = 0.008) and depletion of the Verrucomicrobia phylum (p = 0.002, Table 2). Within the Firmicutes phylum, the relative abundances of Clostridiaceae 1 (genus Clostridium sensu stricto 1), Erysipelotrichaceae (genus Turicibacter), Peptostreptococcaceae (genus Romboutsia and Terrisporobacter), Veillonellaceae (genus Dialister), Staphylococcaceae (genus Staphylococcus), and Acidaminococcaceae (genus Phascolarctobacterium) was lower in the control group (Table 2). Relative enrichment was prominent for the family Erysipelotrichaceae (genus Catenibacterium, Erysipelotrichaceae UCG-003), Ruminococcaceae (genus Faecalibacterium, Ruminococcus 2), Lachnospiraceae [genus Blautia, (Eubacterium) hallii group, (Ruminococcus) torque group, Oribacterium, Dorea] (Table 2). Within the Verrucomicrobia phylum, the Akkermansiaceae (genus Akkermansia) family was significantly lower in the CRC group than in the control group (Table 2). Within the Actinobacteria phylum, a significant enrichment of the family Coriobacteriaceae (genus Collinsella) was prominent (Table 2).




Figure 4 | Relative abundance plots of gut microbe-derived extracellular vesicles of control (n = 158) subjects and CRC subjects (n = 70) (A) at the phylum, (B) family, and (C) genus levels. (D) Boxplots of alpha diversity indices comparing CRC with control in gut microbe-derived extracellular vesicles. ***p < 0.005. CRC; colorectal cancer, OTU; operational taxonomic unit.




Table 2 | Taxa showing a significant different in the abundance between CRC with control in the gut microbe-derived extracellular vesicles.



The gut microbe-derived extracellular vesicle composition and gut microbial community structure, assessed by richness and diversity, demonstrated a significant difference in richness and diversity between the CRC and control subjects (Figures 2C, D, 4D). A combined ROC analysis using clinical data and gut microbe-derived EVs revealed an AUC of 0.963 (Figure 3).



Differences in the Microbial Composition According to the Colorectal Cancer (CRC) Stage

We analyzed the differences in the microbial composition according to the CRC stage. Out of the 70 patients with CRC, 62 patients were in stages I, II, or III, defined as early CRC, and 8 patients were in stage IV, defined as late CRC. In fecal microbiota, late CRC subjects tended to have an enrichment of Bacteroidetes and depletion of Actinobacteria compared with early CRC subjects (Figures 5A–C). In fecal microbiota, within Bacteroidetes, relative enrichment was prominent for the family Marinifilaceae (genus Odoribacter) and Rikenellaceae (genus Alistipes) in late CRC subjects than in early CRC subjects before adjustment (Supplementary Table 2). Odoribacter and Alistipes genera were significantly increased in CRC subjects compared to control subjects (Table 1). Microbial composition changes in control and CRC subjects and those of early and late CRC subjects were similar. Relative depletion was prominent for the family Prevotellaceae (genus Prevotella 9) in late CRC subjects. Within Firmicutes, relative depletion was prominent for the family Ruminococcaceae (genus Butyricicoccus) in late CRC subjects (Supplementary Table 2). Butyricicoccus was significantly decreased in CRC subjects compared to control subjects (Table 1).




Figure 5 | Relative abundance plots of the gut microbiota of early CRC (n = 62) and late CRC (n=8) (A) at the phylum, (B) family, and (C) genus levels. (D) Boxplots of alpha diversity indices comparing late CRC with early CRC in the gut microbiota. *p < 0.05. CRC; colorectal cancer, OTU; operational taxonomic unit.



In the microbiota with gut microbe-derived EVs, relative enrichment was prominent for the family Rikenellaceae (genus Alistipes) in late CRC subjects compared to early CRC subjects before adjustment (Figures 6A–C and Supplementary Table 3). Within Firmicutes, relative enrichment was prominent for the family Acidaminococcaceae (genus Phascolarctobacterium), and relative depletion was prominent for the family Lactobacillaceae (genus Lactobacillus) in late CRC subjects compared to early CRC subjects before adjustment (Supplementary Table 3).




Figure 6 | Relative abundance plots of gut microbe-derived extracellular vesicles of early CRC (n = 62) and late CRC (n=8) (A) at the phylum, (B) family, and (C) genus levels. (D) Boxplots of alpha diversity indices comparing late CRC with early CRC in gut microbe-derived extracellular vesicles. **p < 0.01 and *p < 0.05. CRC; colorectal cancer, OTU; operational taxonomic unit.



CRC fecal microbiota and CRC gut microbe-derived EV composition and gut microbial community structure, assessed by richness and diversity, demonstrated a significantly different richness and diversity in late CRC subjects than in early CRC subjects. (Figures 2A, B, 5D and 6D).



Differences in the Microbial Composition According to the Colorectal Cancer (CRC) Location

We also analyzed the differences in the microbial composition according to the CRC location. Of the 70 patients with CRC, 20 had proximal CRC and 50 had distal CRC. There were no significant differences in gut microbial composition changes between the proximal and distal CRC subjects (Figures 7A–C). In microbiota with gut microbe-derived EVs, within the Firmicutes phylum, relative depletion was prominent for family Ruminococcaceae (genus Ruminococcus 2) in the distal CRC subjects compared to proximal CRC subjects (Figures 8A–C and Supplementary Table 4). Alpha diversity was not different between distal CRC and proximal CRC in both fecal microbiota and gut microbe-derived EVs (Figures 7D and 8D). Microbial community structure was assessed by evenness with both stool and microbe-derived EVs, but distal CRC subjects did not differ from proximal CRC subjects.




Figure 7 | Relative abundance plots of the gut microbiota of proximal CRC (n = 20) versus distal CRC (n = 50) (A) at the phylum, (B) family, and (C) genus levels. (D) Boxplots of alpha diversity indices comparing distal CRC with proximal CRC in the gut microbiota. CRC; colorectal cancer, OTU; operational taxonomic unit.






Figure 8 | Relative abundance plots of gut microbe-derived extracellular vesicles of proximal CRC (n = 20) versus distal CRC (n = 50) (A) at the phylum, (B) family, and (C) genus levels. (D) Boxplots of alpha diversity indices comparing distal CRC with proximal CRC in gut microbe-derived extracellular vesicles. CRC; colorectal cancer, OTU; operational taxonomic unit.






Discussion

The human gut microbiota comprises trillions of microbes, and 20% of human malignancies are caused by dysbiosis (40). In the past decade, metagenomic sequencing has broadened our understanding of microbial composition. The gut microbiota plays an important role in CRC initiation by chronic inflammation, which affects the intestinal epithelial cells. Fecal and mucosal microbial changes in CRC patients have been studied; however, no consistent patterns among these studies have been observed (6, 41–43).

This study analyzed stool profiling to identify the changes in microbial composition in CRC patients in South Korea. CRC subjects showed a significant enrichment of Bacteroidetes phylum and depletion of Actinobacteria phylum. At the genus level, the relative abundances of Bacteroides, Odoribacter, Alistipes, and Parabacteroides were higher in the CRC patients than in the healthy controls. The top five genera dominant in CRC patients were Bifidobacterium, Ruminococcus 1, Blautia, Clostridium sensu stricto 1, and the Eubacterium hallii group. In previous studies, patients with CRC had higher proportions of pathogenic bacteria, including Bacteroides, Odoribacter, and Alistipes, and fewer Bifidobacterium, Ruminococcus, and Blautia, similar to our results (34, 44). Putrefactive bacteria such as Alistipes and Bacteroides can produce short-chain fatty acids and promote chronic intestinal inflammation (45). The decrease in Bifidobacterium, Ruminococcus, and Blautia, which act as potential probiotics and function as antibacterial agents, could enhance CRC development (35). Additionally, we found that the richness and diversity of the fecal microbiota of patients with CRC were significantly lower than those of the healthy controls. Dongmei et al. also suggested that alpha diversity was significantly higher in the control subjects than in the CRC subjects (46). The difference in fecal microbial composition between the CRC and control subjects suggests that fecal microbiota could be a possible diagnostic biomarker in the future.

To discover a new effective biomarker of CRC stages, we also analyzed the different genera between early and late CRC subjects. We found that the Odoribacter and Alistipes genera were significantly increased not only in late CRC subjects compared to early CRC subjects but also in CRC subjects compared to control subjects. Odoribacter and Alistipes genera could be novel biomarkers for diagnosing CRC and predicting CRC stages. Genus Alistipes is an emerging gut bacteria related to inflammation, cancer, and mental health, as per a recent review (45). Alistipes evokes colitis and proximal colon cancers in IL10-/- mice (47). In addition, Butyricicoccus was significantly decreased in CRC subjects compared to control subjects. Butyricicoccus is a gut butyrate-producing bacterium that improves the clinical outcome of CRC by administration of Butyricicoccus pullicaecorum, as demonstrated in a previous mouse model (48). This result suggests that Butyricicoccus might be a novel pharmacological agent to prevent CRC pathogenesis.

To the best of our knowledge, there are few studies on the composition of gut microbe-derived EVs in CRC patients compared with controls (23). In principal coordinate analysis, the microbial community structure of the CRC gut microbe-derived EVs was different from that of the control subjects. This study showed that the composition of gut microbe-derived EVs differed significantly from that of fecal microbiota. These results indicate that gut microbe-derived EVs might be a better novel biomarker than fecal microbiota. Gut microbe-derived EVs could play an important role in transferring proteins and nucleic acids from cells to other cells as nanocarriers (49). Tumors and other cells secrete EVs, and tumor-derived EVs can stimulate tumor progression, invasion, angiogenesis, and metastasis (50). Gut microbe-derived EVs in CRC patients may play a pivotal role in tumorigenesis. Several studies have examined EVs in CRC patients and animal models of IBD (51, 52). In the present study, Clostridium sensu stricto 1, Turicibacter, Romboutsia, Terrisporobacter, Dialister, Staphylococcus, Phascolarctobacterium, and Akkermansia-derived EVs could be effective therapeutic candidates for CRC treatment. Additionally, Catenibacterium, Erysipelotrichaceae UCG-003, Faecalibacterium, Ruminococcus 2, Blautia [Eubacterium] hallii group, Ruminococcus torques group, Oribacterium, Dorea, and Collinsella-derived EVs could be novel biomarkers for CRC diagnosis. Although it is difficult to determine whether the differentially relative abundance of microbe-derived EVs between CRC patients and healthy controls, the development of targeted analysis of cancer-derived EVs with specimens for the diagnosis and treatment monitoring in clinical settings has gained attention and challenges in recent years (53). We performed ROC analysis and established a prediction model for CRC diagnosis using gut-derived EVs compared to fecal microbiota. The microbiota enhanced the performance for predicting CRC diagnosis compared to the model with only clinical data. Among the microbiota data, gut-derived EVs outperformed fecal microbiota.

According to the CRC stage, Alistipes-derived EVs were significantly increased not only in late CRC subjects compared to early CRC subjects but also in CRC subjects compared to control subjects. Alistipe-derived EVs could be novel biomarkers for diagnosing CRC and predicting CRC stages. Phascolarctobacterium-derived EVs were significantly increased, and Lactobacillacea-derived EVs were significantly decreased in late CRC subjects compared to early CRC subjects. Gut microbe-derived EVs in CRC patients could play an important role in the development and growth of CRC.

Studies have identified metagenomic biomarkers for CRC formation (54). We analyzed the differences in the microbial composition according to the CRC location. In the microbiota with gut microbe-derived EVs, Ruminococcus 2 was lower in the distal CRC subjects than in the proximal CRC subjects. The microenvironment could affect the pathogenesis of CRC development, and enrichment of Ruminococcus 2 could be associated specifically with proximal CRC development. However, the difference according to the CRC stage was more significant than that according to the CRC location.

Our study has several limitations. First, although our research team has approved the EV isolation method in previous studies, ultracentrifugation with a relatively low number of turns could influence our results. Second, future studies for dynamic light scattering (DLS) or transmission electron microscopy (TEM) images to trace the size of vesicles are warranted. Third, we discovered candidate microbe-derived EVs for CRC prediction, but we did not validate them. Further study for validation with PCR on the target taxa will be warranted to quantify the microbe-derived EVs for CRC prediction.

In summary, this is a report on the metagenomic analysis of gut microbe-derived EVs in CRC patients. Profiling of microbe-derived EVs may offer a novel biomarker for detecting and predicting the prognosis of CRC.
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MUC1 analyzed subpopulation, n = (%)

Clinical and histopathological features MUC1low MUC1 high p=
n=135(85) n=23(15)

Age .018
median (range), y 61 (36-79) 67 (37-81)
<65 years 90 (67) 9 (39)
>65 years 45 (33) 14 (61)
Karnofsky performance status scale .999
median (range), % 80 (50-100) 80 (70-100)
>80% 93 (69) 16 (70)
<80% 42 (31) 7 (30)
Gender, (%) .649
male 79 (59) 15 (65)
female 56 (41) 8 (35)
T stage, (%) 471
T1-2 15 (11) 1(4)
T3-4 120 (89) 22 (96)
Nodal status, (%) .586
N- 28 (21) 6 (26)
N+ 107 (79) 17 (74)
Grading, (%) A7
G1-2 80 (60) 10 (43)
G3 53 (40) 13 (57)
Resection margin, (%) 152
RO 112 (83) 16 (70)
R1 23(17) 7 (30)
Treatment arm, (%) .257
Gemcitabin 78 (58) 10 (43)
Observation 57 (42) 13 (57)

Grading was not available in all cases. T1-2, T1-2 stage; T3-4; T3-4 stage; N-, nodal
negative stage; N+ nodal positive stage; RO, RO resection stage; R1, R1 resection stage.
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Clinical and histopathological features Overall study population (n = 354) MUCH1 analyzed subpopulation (n = 158)

Overall Gemcitabine n = 179 Observation n = 175 Gemcitabine n = 88 Observation n = 70

Age

median (range), y 62 (34-82) 62 (34-82) 62 (36-81) 63 (37-80) 60 (36-81)

<65 years 219 (62) 115 (61) 104 (59) 51 48

>65 years 135 (38) 64 (36) 7141 37 22
Karnofsky performance status scale

median (range), % 80 (50-100) 80 (60-100) 80 (50-100) 90 (60-100) 80 (50-100)

>80% 230 (65) 129 (72) 101 (58) 63 (72) 46 (66)

<80% 124 (35) 50 (28) 74 (42) 25 (28) 24 (34)
Gender, (%)

male 203 (57) 105 (59) 98 (56) 54 (61) 40 (67)

female 151 (43) 74 (41) 77 (44) 34 (39) 30 (43)
T stage, (%)

T1-2 49 (14) 25 (14) 24 (14) 9(10) 7 (10

T3-4 305 (86) 154 (86) 151 (86) 79 (90) 63 (90)
Nodal status, (%) 5 4

N- 100 (28) 2 (29) 8(27) 18 (20) 16 (23)

N+ 254 (72) 127 (71) 127 (78) 70 (80) 54 (77)
Grading, (%)

G1-2 218 (63) 113 (64) 105 (61) 53 (61) 37 (54)

G3 130 (37) 63 (36) 67 (39) 34 (39) 32 (46)
Resection margin, (%)

RO 293 (83) 145 (81) 148 (85) 73 (83) 55 (79)

R1 61(17) 34 (19) 27 (15) 15 (17) 15 (21)

Grading was not available in all cases. T1-2, T1-2 stage; T3-4; T3-4 stage; N-, nodal negative stage; N+ nodal positive stage; RO, RO resection stage; R1, R1 resection stage.
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Characteristics

Gender
Male
Female
Age (years)
=60
<60
Differentiation
Poorly/moderately poorly
Well/medium-well
Tumor size (cm)
>5
<5
TNM stage
TI-TI
TH-TIV
Lymph node metastasis
Positive
Negative
Distant metastasis
Positive
Negative
Nerve invasion
Positive
Negative
CEA (ng/ml)
>5.0
<5.0

Total

57
#

43
55

53
45

27
4l

51
47

50
48

50
48

51
47

66
32

HCP5

High expression n = 49

31
18

20
29

32
17

"
38

26
23

30
19

29
20

31
18

35
14

Low expression n = 49

26
23

23
26

21
28

16
33

25
24

20
29

21
28

20
29

31
18

P value

0.306

0.541

0.026*

0.258

0.840

0.043*

0.106

0.026*

0.389

Statistical analyses were carried out using Pearson 2 test. *P < 0.05 was considered significant.
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GC gastric cancer

IncRNA long non-coding RNA

mRNA messenger RNA

miRNA microRNA

ceRNA competitive endogenous RNA

CAD coronary artery disease

CRC colorectal cancer

HCP5 Histocompatibility leukocyte antigen complex P
MICA MHC class | polypeptide related sequence A
MICB MHC class | polypeptide related sequence B
MHCI MHC class | chain-related gene

SP1 the transcription factor 1

PPARG peroxisome proliferative activated receptor gamma
PPARGC1A PPARG coactivator 1 alpha

AMPK the AMP-activated protein kinase

PPAR peroxisome proliferator-activated receptor
PGClo PPAR coactivator-1o.

CEBPB enhancer-binding protein

5-Fu 5-Fluorouracil

CEA carcinoembryonic antigen

CA199 carbohydrate antigen199

THCA thyroid cancer

BRCA breast cancer

cDNA Complementary DNA

gRT-PCR real-time fluorescence quantitative polymerase chain reaction
dNTPs deoxyribonucleotide triphosphate

18S 18S ribosomal RNA

FBS fetal bovine serum

AGE Agarose Gel Electrophoresis

PBS phosphate buffer saline

FISH fluorescence in situ hybridization

DAPI 4’ &rsquo;,6-Diamidino-2'-phenylindole

SD standard deviation

ANOVA one-way analysis of variance

ROC receiver operating characteristic curve

AUC area under the ROC curve

os overall survival

U6 U6 small nuclear RNA

ACTB B-actin

TUB tubulin

cv coefficients of variation

STAD stomach adenocarcinoma

ALDH1 aldehyde dehydrogenase 1 family

EZH2 enhancer of zeste homolog 2

DNMT DNA methyltransferase

LZTS1 Leucine zipper putative tumor suppressor 1
Belaft BCL2-related transcription factor1

TGF B transforming growth factor

SMAD3 recombinant SMAD family member 3

LUAD Lung adenocarcinoma

MACC1 metastasis-associated in colon cancer-1

NGS next-generation sequencing
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HCP5 18s

inter-assay CV,% 2.99% 3.28%
intra-assay CV,% 2.11% 2.58%
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HCP5

CEA

CA199

HCP5+CEA
HCP5+CEA+CA199

SEN,%

0.80(78/98)
0.67(66/98)
0.56(55/98)
0.79(77/98)
0.81(79/98)

SPE,%

0.70(57/82)
0.66(54/82)
0.59(48/82)
0.80(66/82)
0.79(65/82)

ACCU,%

0.75(135/180)
0.67(120/180)
0.57(103/180)
0.79(143/180)
0.80(144/180)

PPV,%

0.76(78/103)
0.70(66/94)
0.62(55/89)
0.83(77/99)
0.81(79/98)

NPV,%

0.74(57/77)
0.63(54/86)
0.53(48/91)
0.76(66/87)
0.77(65/84)
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Gallbladder Bile duct Ampulla Total

N=207 (%) N=53 (%) of Vater N=446 (%)
N=186
(%)
Age
<65 years 100 (48.3) 33(62.3) 95 (51.1) 228 (51.1)
>65 years 107 (61.7) 20 (37.7) 91 (48.9) 218 (48.9)
Gender
Male 71 (34.3) 36 (67.9) 101 208 (46.6)
(54.9)
Female 136 (65.7) 17 (32.1) 85 (45.7) 238 (563.4)
Race
White 156 (75.4) 39 (73.6) 142 337 (75.6)
(76.3)
Black 34 (16.4) 6 (11.3) 27 (14.5) 67 (15.0)
Asian/American Indian 17 (8.2) 8 (15.1) 17 (9.1) 42 (9.4)
SEER stage
Localized 97 (46.9) 20 (37.7) 57 (30.6) 174 (39.0)
Regional 39 (18.8) 28 (52.8) 103 170 (38.1)
(65.4)
Distant 71 (34.3) 509.4) 26(14.0) 102 (22.9)
Classification
NET 67 (32.4) 18 (34) 90 (48.4) 175(39.2)
NEC 131 (63.3) 35 (66) 93 (30.0) 259 (58.1)
MANEC 9 (4.3 0 (0) 3(1.6) 12 (2.7)
Surgery
No surgery 45 (21.7) 12 (22.6) 8 (15.1) 85 (19.1)
Partial excision 37 (17.9) 20 (37.7) 51 (27.4) 108 (24.2)
Total excision 106 (561.2) 8 (15.1) 36 (19.4) 150 (33.6)
Radical surgery 19 (9.2 13 (24.5) 71 (38.2) 103 (23.1)
Tumor size
<2.cm 90 (43.5) 32 (60.4) 114 236 (52.9)
61.3)
25 cm 62 (30.3) 12 (22.6) 68 (36.2) 142 (31.8)
>5cm 55 (26.6) 9 (17.0) 4(2.2) 68 (15.2)

No surgery, no surgery of primary site or autopsy only; Partial excision, simple or partial
surgical removal of primary site; Total excision, total surgical removal of primary site;
Radical surgery, partial or total removal of the primary site with a resection in continuity
(partial or total removal) with other organs.
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Name Putative Functions Expression in Tumors vs. Normal Tissue References
CRC Gastric Liver Pancreatic Other
Cancer Cancer  Cancer
¥
CDK1  Regulates the G2/M-phase transition 1 4 1 (3-6)
CDK2  Promotes cell cycle G1/S-phase transition 1 NS* NS* NS* (7)
CDK3  Involved in GO/G1 transition via phosphorylation of pRb. 1 s I I ©,9
CDK4  Regulates the G1/S-phase cell cycle transition via phosphorylation of Rb 1 T 1 1) (10-13)
CDK5  No known cell cycle functions Shown to be involved in brain development and i 1 1 (14-18)
neuronal differentiation
CDK6  Regulates the G1/S-phase cell cycle transition via phosphorylation of Rb 1 NS* NS* tesophageal (19-21)
CDK7  Activates CDK1, CDK2, CDK4 and CDK® via phosphorylation of specific threonine NS* 1 i (22, 23)
sites; Forms complex with TFIIH to regulate RNA polymerase Il transcription
CDK8  Regulates gene expression via phosphorylation of RNA polymerase Il % T 4 1 (24-27)
CDK9  Facilitates transcriptional elongation via phosphorylation of RNA polymerase I 1 NS* 1) (28-30)
CDK10 Phosphorylation of ETS2 resulting in ETS2 degradation 1 1 1 N/A (31-33)
CDK11 Involved in regulation of pre-mRNA splicing NS* NS* 1™ 1™ tesophageal (34, 35)
CDK12 Regulates gene expression via phosphorylation of RNA polymerase Il NS* " NS* NS* 36, 37)
CDK13 Involved in transcription regulation and pre-mRNA splicing T 3 1 NS* 38)
CDK14 Activator of Wnt signaling pathway 1 1 1 tesophageal (39-43)
CDK15  Inhibits TRAIL-induced apoptosis via phosphorylation of survivin 1% 1 NS* NS* (44)
CDK16 Promotes skeletal myogenesis and spermatogenesis NS* NS* 1 NS* (45-47)
CDK17  Involved in neuronal differentiation 1 NS* Ns* NS* (48)
CDK18 Prevents accumulation of DNA damage and genomic instability ¥ T J* 4 (49, 50)
CDK19 Involved in transcriptional regulation of RNA polymerase Il e 1 NS* NS* (44, 51)
CDK20 Promotes transition from G1 to S phase via phosphorylation of CDK2 1 NS* gl I (62, 53)

¥ includes hepatocellular and cholangiocarcinoma; 1 increase in tumor vs. normal tissue; | decrease in tumor vs. normal tissue; NS not significant; * based on Human Protein Atlas (54).
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Type of Cancer CircRNA Mode MiRNA Target Gene

Gastric cancer circ-RanGAP1 1 hsa-miR-877-3p DNMT1, E2F2, ETV4, CYP19A1, ITPR3, MYLK, RET, SCARB1, SNRPF, SLC6A8
Hepatocellular Cancer circUHRF1 1 hsa-miR-449¢-5p RET
Colorectal Cancer circFMN2 2 hsa-miR-1182 CD44, GNG7, RB1, COL1A2, PLCB1, SLC17A7, TERT

Mode 1 means the expression pattern of circRNA and its host gene is the same in the tumor. Mode 2 means the expression pattern of circRNA and its host gene is opposite in the tumor.
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Characteristics n=32

Age, medan (ange) &2 a5)
Sex. 1 (%)

Male 21(658)

Femdo 0
Stage (PAJCC)", n (%)

[N 131

1A 9(28.1)

] 17 (83.1)

" 5(15.8)
Name of Operation, n (%)

Pancreatoduodenectomy 22(68.8)

Distal pancreatectomy 9(28.1)

Total pancreatectomy 1@
Resection margin, n (%)

RO 25(78.1)

[ 70219,
Adjoat reatment, n %) 2675
Neoadjuvant treatment, n (%) 6(18.8)
Total bilirubin, median (range) 1.0(0.2-19.2)
CA 19-9 (IU/m), median (range) 156.6 (2.0-12,000)
CEA (ng/mi), median (range) 24(0.7-51.2)

A 19:9, cabonyotate antigon 19-9; CEA, carcinoembryonsc antgen
wathoboical stage scconding 1o the AJCC.
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Type of Cancer CircRNA  Expression Function Host gene Expression Sponged miRNA Mechanism  Clinical (Biomarker) Target Gene Ref
Esophageal Cancer  hsa_circ_0001946 Down s CDR1 Down* Diagnostic @2)
Gastric Cancer hsa_circ_0000936 Up Oncogene SHKBP1  Up miR-582-3p CeRNA Diagnostic, Prognosis HURNVEGF, HSPOO  (29)
hsa_circ_0000419  Down TS RABIP  Up Diagnostic (24)
hsa_circ_0065149  Down s SETD2 Up Prognosis (25)
hsa_circ_0063526 Up Oncogene RanGAP1  Up miR877-3p CeRNA Prognosis VEGFA (26)
hsa_circ_0004771 Up Oncogene  NRIP1 Up miR-149-5p CeRNA Prognosis AKT1/mTOR @)
hsa_circ_0010522  Up Oncogene RAP1GAP  Down* miR-133 CeRNA PRDM16 (8)
hsa_circ_0130810 Down Ts KIAA1244  Up Prognosis (29)
Hepatocellular Cancer  hsa_circ_0048677 Up Oncogene  UHRF1 Up miR-449¢-5p CeRNA Resistance toant-PD1 ~ TIM-3 (30)
hsa_circ_0004001 Up Oncogene  CLK1 Up Prognosis (31)
hsa_circ_0004123 Up Oncogene  ETV6 Up Prognosis (31)
hsa_circ_0075792  Up Oncogene KDM1B  Up Prognosis @1)
hsa_circ_0017252  Up Oncogene  AKT3 Down Prognosis (32)
has_circ_0039411  Up. Oncogene  MMP2 Up miR-136-5p CeRNA Prognosis (33)
hsa_circ_100338  Up Oncogene  SNX27 Up Prognosis HUVECs @4)
hsa_circ_0051443 Down IS TRAPPCBA Up miR-331-3p CeRNA Diagnostic BAK1 (@5)
has_circ_0025129 Up Oncogene TNFRSF1A  Down miR-34a CeRNA Prognosis uspP7 (36)
CGircPTGR1* Up Oncogene PTGR1 Down* miR449a CeRNA Prognosis MET (37)
hsa_circ_0001946  Up Oncogene  CDR1 Down miR-1270 CeRNA Upregulated AFP AFP (8)
hsa_circ_100284  Up Oncogene  GCLM Up miR-217 CeRNA Carcinogeness by arsenite  EZH2 (@9)
Colorectal Cancer hsa_circ_0000677 Up Oncogene ABCC1  Up Prognosis Wnt/catenin (0)
hsa_circ_0010522 Up Oncogene RAP1GAP  Down* miR-133a CeRNA Prognosis GEF-H1/RhoA @)
hsa_circ_0101802 Up Oncogene PNN Up miR-6833-3p/let-7i-3p/miR-1301-3p  CeRNA Diagnostic (42)
hsa_circ_0005963 Up Oncogene  TMEM128  Down' miR-122 CeRNA Resistance to oxaliplatin ~ PKM2 3)
hsa_circ_0069313  Up Oncogene PACRGL ~ Up miR-142-3p/miR-506-3p CeRNA Prognosis TGF-p1 (@4)
hsa_circ_0008558 Up Oncogene LONP2 Up miR-17 CeRNA Prognosis (45)
hsa-circ-0004771  Up Oncogene  NRIP1 Down Diagnostic (46)
hsa_circ_0005100 Up Oncogene  FMN2 Down miR-1182 Prognosis hTERT @7)
hsa_circ_0000338  Down TS FCHSD2  Down' FOLFOX-resistance (8)
hsa_circ_0067835 Up Oncogene  IFT80 Up miR-1236-3p CeRNA Prognosis HOXB7 (49)
Pancreatic Cancer hsa_circ_0036627 Up Oncogene PDESA  Down miR-338 CeRNA Prognosis MACC1MET (50)
hsa_circ_0087502  Up Oncogene  IARS Up* miR-122 CeRNA Prognosis Z0-1, RhoA, RhoA-GTP  (51)

() Statistcaly not signiicant. *: In Ref (37), hsa_circ_0008043, hsa_circ_0003731, and hsa_circ_0088030 were all transcribed from the same gene (prostaglandin recluctase 1, PTGR1) and were therefore collectively named GrcPTGRT; Up,

Upregulated: Down, Downregulated: TS, Tumor suppressor: CeRNA, competitive endogenous RNAs;

ef., References.
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Taxon t-statistic Unadjusted Adjusted

p-value p-value
Phylum Firmicutes 3.16 0.002 0.008
Family Clostridiaceae 1 -3.36 0.001 0.019
Genus Clostridium sensu stricto 1 -3.36 0.001 0.003
Family Erysipelotrichaceae 3.28 0.001 0.019
Genus Catenibacterium 7.51 <0.001 0.004
Genus Erysipelotrichaceae UCG- 4.41 <0.001 0.004
003
Genus Turicibacter -2.00 0.043 0.541
Family Ruminococcaceae 4.22 <0.001 0.002
Genus Faecalibacterium 3.41 <0.001 0.020
Genus Ruminococcus 1 2.96 0.004 0.089
Genus Ruminococcus 2 2.23 0.028 0.028
Family Lachnospiraceae
Genus Blautia 3.78 <0.001 0.012
Genus [Eubacterium] hallii group 5.04 <0.001 0.004
Genus [Ruminococcus] torques 4.85 <0.001 0.004
group
Genus Oribacterium 3.79 <0.001 0.012
Genus Dorea 3.91 0.004 0.018
Genus Lachnospiraceae UCG-008 2.52 0.012 0.230
Family Peptostreptococcaceae -3.25 0.003 0.033
Genus Romboutsia -4.35 <0.001 0.001
Genus Terrisporobacter -3.56 <0.001 0.003
Genus Intestinibacter -3.07 0.004 0.092
Family Veillonellaceae -6.10 <0.001 0.002
Genus Dialister -6.10 <0.001 0.004
Family Staphylococcaceae -4.61 <0.001 0.002
Genus Staphylococcus -4.61 <0.001 0.004
Family Acidaminococcaceae -3.28 0.001 0.018
Phylum Proteobacteria
Family Moraxellaceae
Genus Enhydrobacter -2.15 0.034 0.476
Phylum Actinobacteria
Family Coriobacteriaceae 4.78 <0.001 0.004
Genus Collinsella 4.78 <0.001 0.007
Phylum Verrucomicrobia -3.77 <0.001 0.002
Family Akkermansiaceae -3.77 <0.001 0.004
Genus Akkermansia -3.77 <0.001 0.012

The change of column (log2 fold) represents the multiplicative change in taxa abundance
from CRC to control.

Negative numbers represent a trend of decreasing abundance in CRC group compared
with control group.

The data (p < 0.05) was provied as bold values.
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Taxon t-statistic Unadjusted p-value Adjusted p-value Reference
Phylum Firmicutes
Family Clostridiaceae 1 -4.17 <0.001 0.002 31)
Genus Clostridium sensu stricto 1 -4.17 <0.001 0.004
Family Family Xill -3.73 <0.001 0.004 (32)
Genus Family Xill AD 3011 group -3.73 <0.001 0.008
Family Erysipelotrichaceae -3.50 <0.001 0.016 31)
Genus Erysipelotrichaceae UCG-003 -3.50 0.001 0.042
Genus Turicibacter -2.89 0.004 0.129 31)
Family Ruminococcaceae (31, 33)
Genus Ruminococcus 1 -5.81 <0.001 0.004 (34, 35)
Genus Ruminococcaceae UCG-013 -3.78 <0.001 0.004
Genus Butyricicoccus -2.68 0.009 0.224 (36)
Genus Subdoligranulum -2.59 0.012 0.286
Family Lachnospiraceae (31, 34)
Genus Blautia -4.27 <0.001 0.009 (35)
Genus [Eubacterium] halli group -3.82 <0.001 0.003 37)
Genus Lachnospiraceae NC2004 group -3.45 <0.001 0.003
Genus [Eubacterium] ventriosum -3.08 0.004 0.117 @7
Genus [Ruminococcus] torques group -2.15 0.037 0.553
Family Peptostreptococcaceae -2.80 0.008 0.128 (31,33)
Genus Romboutsia -3.15 0.002 0.071
Genus Terrisporobacter -2.43 0.020 0.393
Family Christensenellaceae -2.76 0.007 0.124 31)
Genus Christensenellaceae R-7 group -2.76 0.007 0.207
Family Leuconostocaceae 277 0.008 0.124 (38)
Genus Weissella -2.77 0.008 0.209
Family Lactobacillaceae -2.37 0.022 0.234 31)
Genus Lactobacillus -2.37 0.022 0.405
Phylum Bacteriodetes 6.55 <0.001 <0.001
Family Bacteroidaceae 5.26 <0.001 0.002
Genus Bacteroides 5.26 <0.001 0.004 (34, 39)
Family Marinifilaceae 2.69 0.009 0.128
Genus Odoribacter 2.69 0.009 0.227 (31, 33, 34, 39)
Family Rikenellaceae 247 0.015 0.185 31)
Genus Alistipes 2.47 0.015 0.325 (33, 34)
Family Tannerellaceae 2.03 0.046 0.390
Genus Parabacteroides 2.03 0.046 0.613 (34)
Phylum Actinobacteria -5.82 <0.001 <0.001
Family Bifidobacteriaceae -5.93 <0.001 0.002 31)
Genus Bifidobacterium -56.93 <0.001 0.004 (34, 35)
Family Eggerthellaceae 252 0.014 0.185
Genus Eggerthella -2.52 0.014 0.321 (33)
Family Actinomycetaceae -2.36 0.021 0.234
Genus Actinomyces -2.36 0.021 0.405 31)

The change of column (log2 fold) represents the multiplicative change in taxa abundance from CRC to control.
Negative numbers represent a trend of decreasing abundance in CRC group compared with control group.

The data (p < 0.05) was provied as bold values.
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Stage IV M5 Gl cancer
B2M wild type B2M-mutant

aM-positve orP——
hematogencous pertoneal
‘metastasis " metastasis

boseline prognosis poor favorable

prognosis under ICB favorable favorable
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Patient ~ Age  Gender Diagnosis Metastic site B2Msatatus ~ ICB therapy ~ Therapy line  Best response

1 29 female Cccc HEP, PUL wt p 3 CR
2 64 male CRC, sigma OTH (local recurrence) wt P 1 na.
3 53 male CRC, transversum HEP wt p 3 PD
4 68 female CRC, sigma PER wt P a1 PD
5 65 male CRC, ascendens PER, ADR, OTH (spleen), LYM wt P 2 PD
6 47 male CRC, transversum PUL, HEP, LYM, PER wt p 3 PR
4 42 female CRC, cecum HEP, PUL, PER wt p 3 PR
8 34 female CRC, transversum HEP wt p 2 PR
9 67 male CRC, RF HEP, PER wt p 1 PR
10 4 female CRC, ascendens LYM, OTH (kidney) wt P 2 PR
11 72 female Crc, rectum HEP wt [ 2 PR
12 41 male CRC, ascendens HEP, PER, LYM, OTH (muscle) wt P T SD
13 73 female CRC, transversum PUL, HEP, PER wt P 2 SD
14 44 female CRC, cecum 0SS, OTH (ovary) wt p 2 SD
15 62 female CRC, transversum HEP, LYM, PER wt p 2 SD
16 54 female CRC, cecum LYM, PER, OTH (ovary, uterus) wt ) ) €]
17 67 male gastric cancer BRA (resected and irradiated) wt ) () €]
18 54 male gastric cancer ADR (irradiated) wt () [C] )
19 78 male gastric cancer ADR, LYM (irradiated) wt () ) ()
20 36 male CRC, cecum PER (resected) mut ) €] €]
21 71 male CRC, descendens PER, LYM mut p 1 PR
22 52 male CRC, LF PER, LYM, HEP mut p 3 SD
23 70 female gastric cancer PER, LYM mut P 2 SD
24 38 female gastric cancer PER, OSS, MARADR mut n/i 2 SD
25 69 female CRC,cecum PER (resected) mut ) ) )

18 out of 19 patients received pembrolizumab (p), one gastric cancer patient (#24) was treated with nivolumab first and, failing to respond, was then escalated to nivolumab/ipilimumab (n/i)
combination therapy. CRC, colorectal cancer; CCC, cholangiocellular carcinoma; LF, left flexure; RF, right flexure.
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Auc Cut-Point

ALB (G/1) 05968 428
Neu (lOg/L) 0.5672 4.42
Lym (109) 06021 1.50
LANR 06276 153
TNM stage”

Age

Differentiation

Circumferential margin

Nerve invasion

Univariate

HR (95% CI)

0.562 (0.395-0.800)
1.706 (1.226-2.373)
0510 (0.359-0.726)
0.475 (0.341-0.664)
6.923 (4.223-11.349)
1.488 (1.070-2.068)
0.564 (0.407-0.781)
3.968 (1.942-8.109)
1,641 (1.150-2.341)

P

0.0014
0.0015
0.0002
<0.0001
<0.0001
0.0181
0.0006
0.0002
0.0063

Multivariate*

HR (95% CI)

0.681 (0.476-0.974)
1,512 (1.085-2.107)
0634 (0.445-0.903)
0551 (0.393-0.772)
6.157 (3.745-10.125)
1.318 (0.944-1.841)
0641 (0.462-0.889)
4.295 (2.077-8.881)
1,625 (1.139-2.318)

P

0.03556
00147
0.0116
0.0005
<0.0001
0.1050
0.0077
<0.0001
0.0074

HR, Hazard Ratio; Cl, Confidence Interval: AUC, Area under the ROC Curve; Lym, lymphocyte; ALB, albumin; Neu, neutrophils; LANR, LymAlb/Nev.
“Multivariate cox regression models included age, TNM stage, differentiation, circumferential mergin, nerve invasion, and the cliical indicators for mutual acjustment.

#TNM Stage adopted binary classification (/l vs. V).

Reference group: TNIM (/lj; Differentiation (Low); Circumferential margin (No); Nerve invasion (No).





OPS/images/fonc-11-610264/fonc-11-610264-t003.jpg
AuC Cut-Point Univariate Multivariate*

HR (95%Cl) P HR (95%Cl) P

ALB (G/L) 0.5462 433 0.730 (0.572-0.931) 0.0113 0.800 (0.624-1.026) 0.0789
Neu (|Og/L) 0.5754 3.47 1.680 (1.326-2.130) <0.0001 1.450 (1.141-1.843) 0.0024
Lym (109) 05720 1.16 0657 (0.517-0.835) 0.0006 0727 (0570-0.926) 0.0099
LANR 05963 16.81 0507 (0.472-0.755) <0.0001 0.697 (0.550-0.884) 0.0029
TNM stage" 3568 (2.721-4.678) <0.0001 3.243 (2.467-4.263) <0.0001
Differentiation 0573 (0.465-0.722) <0.0001 0623 (0.493-0.788) <0.0001
Circumferential margin 3.968 (2.222-7.084) <0.0001 4545 (2.533-8.156) <0.0001
Vascular tumor thrombus 1.627 (1.202-1.940) 0.0005 1.449 (1.189-1.843) 00025
Nerve invasion 1.642 (1.278-2.117) 0.0001 1.569 (1.216-2.024) 0.0005
Chemotherapy 2,085 (1.523-2.719) <0.0001 2,015 (1.506-2.696) <0.0001
Radiotherapy 2173 (1.460-3.234) 0.0001 1.925 (1.290-2.871) 00013

HR, Hazard Retio; Cl, Confidence Interval: AUC, Area under the ROC Curve; Lym, lymphocyte; ALB, albumin; Neu, neutrophils; LANR, Lym’Alb/Neu.

“Multivariate cox regression models incluced age, TNIM stage, differentiation, circumferentiel margin, vascular tumor thrombus, nerve invasion, chemotherapy, rediotherapy, and the
clincal indicators for mutual adjustment.

#TNM Stage adopted binary classification (/I vs. V).

Reference group: TNM (Vlj); Differentiation (Low); Circumferential margin (No); Vascular tumor thrombus (No); Nerve invasion (No); Chemotherapy (No); Radiotherapy (No).
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Age
Sex

Tumor location

TNM stage

Tumor size (cm)

Differentiation

Circumferential margin
Vascular tumor thrombus
Nerve invasion
Chemotherapy
Radiotherapy

ALB (G/L)*

Lym (10°/)
Neu (10°/L)®

Lym, lymphocyte; ALB, albumin; Neu, neutrophis.

Male
Female
Colon
Rectum

d<2
2<d<5
d=5
Low
Medium
High
No

Yes

No

Yes

No

Yes

No

Yes

No

Yes

Disease progression

Without
(n = 461) (%)

60 (51-67)
283 (61.39)
178 (38.61)
179 (38.83)
282 (61.17)

73 (15.84)
195 (42.30)
164 (35.57)

29(6.29)

12 (2.60)
315(68.39)
184 (29.07)

45(9.76)
358 (77.66)
58(12.58)
459 (99.57)

2(0.43
342 (74.19)
119 (25.81)
375 (81.34)
86 (18.66)
173 (37.59)
288 (62.47)
444 (96.31)

17(3.69)

42.2 (38.8-45.0)

1.47 (1.15-1.83)

332 (2.65-4.47)

With
(n=292) (%)

60.5 (53-67)
190 (65.07)
102 (34.99)
122 (41.78)
170 (68.22)

138.77)
58(19.86)
110 (37.67)
118(38.70)

2(0.68)

201 (68.84)
89(30.48)
58(19.86)
214 (73.29)

20(6.85)
280 (96.89)
12 (4.11)
187 (64.04)
105 (35.96)

208(71.28)
84(28.77)
57(19.52)
235 (80.48)
265 (90.75)

27 (9.25)
41.6 (38.0-44.3)
1.33 (1.00-1.72)
389 (2.90-4.98)

0.873
0.316

0.448

<0.001

0.160

<0.001

<0.001

0.003

0.002

<0.001

0.002

0.082

0.001
0.001

No
(N = 608) (%)

59 (51-67)
377 (62.01)
231 (37.99)
237 (38.98)
371(61.02)

81(13.32)
238 (39.14)
216(35.53)
73(12.01)
12(1.97)
418 (68.75)
178 (29.28)
72(11.84)
467 (76.81)
69 (11.35)
602 (99.01)
6(0.99)
436 (71.71)
172 (28.29)
482 (79.28)
126 (20.72)
192 (31.58)
416 (68.42)
575(94.57)
33(5.43)
42.20 (38.95-44.90)
1.46 (1.13-1.83)
3.48(2.68-4.60)

Death

Yes
(N = 145) (%)

63 (55-68)
96 (66.21)
49(33.79)
64 (44.14)

81 (55.86)
3(2.07)

15 (10.34)

58 (40.00)

69 (47.59)
2(1.38)

98 (67.59)

45 (31.09)

31(21.38)

105 (72.41)
9(6.21)

137 (94.48)
8(552)

93 (64.14)

52 (35.86)

101 (69.66)

44 (30.34)

38 (26.21)

107 (73.79)

134 (92.41)
11(7.59)

40.44 (37.00-43.40)
1.29 (0.94-1.65)
3.93(2.89-5.14)

*P-values were calculated by the Student's t-test or Wiicoxon test for continuous variables, and the Chi-square test for categorical variabes, respectively
%Age, ALB, Lym, and Neu are continuous variables, the others (Sex, Tumor Location, TNM stage, Tumor size, Differentiation, Gircumferential margin, Vascular tumor thrombus, Nerve
invasion, Chemotherapy, and Radiotherapy) are categorical variables.

0.004
0.39

0.259

<0.001

0.832

0.004

0.002

0.086

0.015

0.229

0.326

<0.001

<0.001
0.012
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Characteristic non-HA HA P-value

Agely). median(QR) 61.0(50.0-70.5)63.0 (68.0-71.8) 0.247
Sex, Male/Female (Male%) 2219(53.7)  28/4(87.5)  0.002
Primary site, n (%) 0321
Stomach 33 (80.5) 27 (84.4)

Large intestine 7(17.1) 3(0.4)
Smallintestine 124 0(0.0)
Esophagus 0(00) 1(3.1)

Multiple primary sites 0000 168.1)

Tumor size(em), median(IQR) 453553 50(30-60) 0668
Differentiation, n (%) 0.007
Highly differentiated 0(0.0) 0(0.0)

Moderately differentiated 17 (@41.5) 5(15.6)

Poorly differentiated 21(61.2) 27 (84.4)

Defauit 3073 0(0.0)

pT.1 (%) 0913
1 3073 2(63)

2 6(14.6) 4(12.5)

3 5(12.2) 6(18.8)

4 27 (65.9) 20(62.5)

PN, n (%) 0825
0 8(19.5) 7219

1 6(14.6) 719

23 25 (61.0) 17 (63.1)

Default 249 168.1)

TNM staging, n (%) 0514
i 31(75.6) 22(68.8)

v 10 (24.4) 10(31.3)

Liver metastasis 0.084
Yes 9(22.0) 13 (40.6)

No 32(78.0) 19.(69.4)
Extrahepatic metastasis 0756
Yes 22(53.7) 16(50.0)

No 19 (46.3) 16 (50.0)

Lymphatic or/and blood vessel invasion 0269
Yes 19 (46.3) 19 (69.4)

No 22(53.7) 13 (40.6)

Nerve invasion 0.486
Yes 11 (26.8) 11 (34.4)

No 30(73.2) 21(65.6)

HA, hepatic adenocarcinoma; non-HA, non-hepatic adenocarcinoma.
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Variable

Age,y

<60

=60

Sex

Male

Female

AFP, ng/ml

<200

2200

Primary site

Stomach

Large intestine

Small intestine
Esophagus

Multiple primery sites
Tumor size, cm

<5

=5

Pathological type
Adenocarcinoma
Signet ring cell carcinoma
Mucinous adenocarcinoma
Differentiation

Highly differentiated
Moderately differentiated
Poorly differentiated

pT

1

2

3

4

pN

0

1

243

TNM staging

il

v

Extrahepatic metastasis
No

Yes

Hepatic metastasis

No

Yes

Lymphatic or/and blood vessel invasion
No

Yes

Nerve invasion

No

Yes

Hepatoid Adenocarcinoma *
No

Yes

AFP IHC

Low expression

High expression

#, 73 surgical patients out of 100 patients receiving second pathological diagnosis were included.

Single factor
HR(95%C1)

.
1.40 (0.96-2.05)

4
0.70 (0.47-1.04)

1
1.67 (1.17-2.38)

g
057 (0.32-1.02)
0,66 (0.16-2.66)
1.04 (0.14-7.45)
0.26 (0.04-1.86)

s
1.99 (1.08-3.65)

.
0.78 (0.44-1.37)
0.88 (0.45-1.75)

3
0.90 (0.21-3.79)
0.84(0.20-3.42)

4
1.60 (0.32-7.98)
2,68 (0.49-14.79)
3.98 (0.96-16.50)

|
254 (0.99-657)
268 (1.29-5.56)

)
3.9 (2.69-5.90)

4
1.50 (1.04-2.16)

F
279 (1.91-4.06)

¥
2.30 (1.24-4.29)

f
1.76 (0.97-3.21)

P
1,68 (0.90-3.12)

1
1.35 (0.70-2.62)

P-value

0.078

0.075

0.005

0.241

0028

0.660

0.926

0.056

0.028

<0.001

0.031

<0.001

0.009

0.064

0.102

0375

Multiple factors

HR(95%Cl)

1
1.05(0.42-2.62)

1
1.38 (0.48-3.94)

1
0.93(0.38-2.27)

1
0.79(0.34-1.89)

1
1,52 0.15-15.72)
195 (0.18-21.38)
1.60 (0.18-14.01)

1
2.80(0.79-9.90)
3.05(1.16-8.06)

1
1.39 (0.55-3.53)

1
1.95 (0.83-4.60)

1
359 (1.28-10.02)

1
2.04(0.79-5.27)

1
092 (0.20-2.92)

P-value

0913

0.551

0877

059

0.96

0.071

0.486

0.127

0.015

0.140

0.884

0.228

0.288
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Variable

Age,y

<60

260

Sex

Male

Female

Primary site

Stomach

Large intestine

Other

Tumor size, em

<5

>5

Pathological type
Adenocarcinoma

Signet ring cell carcinoma
Mucinous adenocarcinoma
Differentiation

Highly differentiated
Moderately differentiated
Poorly differentiated

pT

14243

4

pN

0

1

243

AFP, ng/mi

<200

2200

Lymphatic or/and blood vessel invasion
No

Yes

Nerve invasion

No

Yes

Hepatoid Adenocarcinoma®
No

Yes

AFP IHC

Low expression

High expression

Single factor

HR(95%Cl)

1
1.72 (1.08-2.74)

1
055 (0.33-091)

1
0.89(0.47-1.67)
0.86(0.27-2.72)

1
3.47 (1.35-8.89)

1
050 (0.23-1.09)
0.45 (0.14-1.44)

1
1.34 (0.18-9.94)
1.10/(0.15-8.00)

1
1.26 (0.95-1.68)

1
1.65 (0.56-4.85)
1.10 0.45-2.79)

1
2.24(1.48-3.39)

1
3.31(1.20-8.49)

1
1.6 (0.69-3.79)

1
2.60(1.10-6.12)

1
1.22 (0.54-2.77)

P-value

0.023

0.021

0.906

0.010

0.101

0.741

0.113

0.603

<0.001

0.013

0.277

0.029

0.626

Multiple factors
HR(95%CI10) P-value
0.193
F
2.13(0.68-6.65)
0.123
|
030 (0.07-1.38)
0231
|
1.96 (0.66-5.90)
0012
”
455 (1.30-14.87)
0354
|
1.69 (0.56-5.14)
0615
)
0.75 (0.35-2.27)

#, 73 surgical patients out of 100 patients receiving second pathological diagnosis were included.
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Characteristic Total

Agely), median(IQR) 63.0(53.5-71.0)
Sex, Male/Female (Male%) 120/54 (69.5)
Primary site, n (%)

Stomach 147 (83.1)
Colon 96.1)
Rectum 14(7.9)
Appendix 1(06)
Duodenum 2(1.1)
lleum 1(06)
Esophagus 1(06)
Stomach and rectum 1(06)
Colon and rectum 1(0.6)
Tumor size(cm), median(IQR) 45(3.1-5.5)
Pathological type, n (%) 147 (83.1)
Adenocarcinoma

Signet ring cell carcinoma 20(11.3)
Mucinous adenocarcinoma 10(5.6)
Differentiation, n (%)

Highly differentiated 3(1.7)
Moderately differentiated 43(24.3)
Poorly differentiated 109 (61.6)
Default 22(12.4)
PT, n (%)

1 8@82)
2 12 (12.4)
3 12(12.4)
4 58(59.8)
Default 7(72)
PN, n (%)

0 20 (20.6)
1 17(17.5)
23 50(51.5)
Default 10(103)
TNM staging, n (%)

| 8(45)

I 17(9.6)
[ 46 (26.0)
Y 103 (58.2)
Default 3(1.7)
Metastatic site?, n (%)

Liver 94 (63.1)
Lymph node 71(40.1)
Lung 19(10.7)
Peritoneal cavity 16(9.0)
Bone 15 (8.5)
Adrenal gland 7(4.0)
Pelvic cavity 423
Spleen 429
Pancreas 423
Ovary and fallopian tube 423
Brain 3(1.7)
Lymphatic or/and blood vessel invasion

Yes 39(40.2)
No 38(39.2)
Default 20 (20.6)
Nerve invasion

Yes 26(26.8)
No 54(85.7)
Default 17(17.5)
Hepatoid Adenocarcinoma*

Yes 34/(34%)
No 66 (66%)
Treatments

Chemotherapy 46 (26.0)
Surgery 17(9.6)
Comprehensive treatment 90(50.8)
Other(Symptomatic treatment 24(135)

?Chinese herbology)

¥, For patients with multiple metasteses, all the metastatic foci of different parts
were included separately; *, Only 100 patients receiving second pathological diagnosis
e k.
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Characteristic

Agely), median(IQR)

Sex, Male/Female (Male%)
Primary site, n (%)
Stomach

Large intestine
Smallintestine
Esophagus

Muliple primary sites.
Tumor sizefom), median(QR)
Pathological type, n (%)
Adenocarcinoma

Signet ring cell carcinoma
Mucinous adenocarcinoma
Differentiation, 1 (%)
Highly differentiated
Moderately differentiated
Poorly differentiated
Default

PT, 1 (%)

1

2

3

4

Default

PN, 7 (%)

0

1

23

Default

TNM staging, (%)

i

v

Default

Liver metastasis

Yes

No

Extrahepatic metastasis
Yes

No

Lymphatic or/and blood vessel invasion
Yes

No

Default

Nerve invasion

Yes

No

Default

Hepatoid Adenocarcinoma®
Yes

No

AFP-L AFP-H P value

63.0(52.0-72.0)63.0 (67.0-69.0) 0814

73/35(67.6) 50119 (72.5) 0492
0596
83(815) 59(85.5)
17 (15.7) 7(10.1)
109 229
1(0.9) 0(0)
109 1(1.4)
40(B050) 504060 0047
0022
83(76.9) 64(92.8)
17 (15.7) 3(43)
8(7.4) 229
0473
109 229
27 (25.0) 16 (23.2)
64(59.3) 45 (65.2)
16 (14.8) 6(87)
0524
7(106) 132)
10(15.2) 2(65)
8(12.1) 4(12.9)
37 (56.1) 22 (71.0)
4(6.1) 2(65)
0643
12(182) 8(25.8)
13(19.7) 4(12.9)
33(50.0) 17 (54.8)
8(12.1) 2(65)
0009
51(47.2) 20(20.0)
54 (50.0) 49(71.0)
3(2.8) 0(0.0)
<0.001
41(38.0) 53(76.8)
67 (62.0) 16 (23.2)
0962
63 (58.3) 40 (58.0)
45 (@1.7) 29 (42.1)
0509
24(36.4) 15 (48.4)
28 (42.4) 10 (382.3)
14(212) 6(19.9)
0.126
14(212) 12 (38.7)
38(57.6) 16 (51.6)
14(212) 3(9.7)
0006
16(32.7) 16 (66.7)
33(67.3) 8(33.3)

*, Considering the lack of pathological sample obtained from endoscopy, 73

surgical patients out of 100 patients
were included.

receiving second pathological - diagnosis
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Sex
Male
Femao
Age (years)
<65
265
Smoking status
Smoker
Non-smoker
Drinking status
Drinker
Non-dinker
Qbsiructive jaundice
Positive
Negative
Diabetes
Postive
Negalive
NG
w
m
Metastasis
Positive
Negalive

Total (0= 62)

16
6

18
4

18
4

21
@

ALIX expression
Low High
1 7
18 14
16 14
15 7
7 5
2 2
a 1
27 EY
7 9
2 2
8 10
23 21
" 4
17 27
5 16
2 15

P value

0200
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0520

0354
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o011

0007
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AUC value
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091
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95%01

0624-0806
08250956
0853.0968
0647-0889
06380875
07850960

Pvalue

00003,
<0001
<0001
0001
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<0001

sa1%
813%
08%
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‘Speciticity
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Exosomal cargo Donor cells Recipient cells Role/Mechanism Ref.
miR-27a Gastric cancer Stroma fibroblasts Tumorigenesis and metastasis/CSRP2 (15)
BMP Gastric cancer Pericytes Metastasis/PI3K and MEK pathway (16)
TGF-B Gastric cancer MSCs Metastasis/Smad (17)
TRIM3/ ZFAS1 Gastric cancer Gastric cancer Growth and metastasis/EMT (18, 19)
circNRIP1 Serum Gastric cancer metastasis/miR-149-5p-AKT-mTOR (20)
\ Gastric cancer PMCs MMT/ERK pathway (21)
miR-21-5p Gastric cancer PMCs MMT/TGF-B pathway (22)
miR-106a Gastric cancer PMCs Apoptosis/SMAD7 (23)
Wnt3a Gastric cancer PMCs Tumor invasion (24)
VEGF, TIMP-1,IL6,IL8,FGF Gastric cancer Endothelial cell Angiogenesis (25, 26)
miR-130a Gastric cancer Endothelial cell Angiogenesis/c-MYB 27)
miR-135b/155 Gastric cancer Endothelial cell Angiogenesis/FOX01/3 (28, 29)
MET Gastric cancer macrophage Proinflammatory environment/ NF-xB /IL-1B (30, 31)
\ Gastric cancer PD1+TAMs Immunosuppression/IL10 32)
\ Gastric cancer MSCs Inflammatory environment/ NF-xB (33)
miR-107 Gastric cancer MDSCs Immunosuppression/DICER1,PTEN (34)
miR-451 Gastric cancer Th17 Angiogenesis/mTOR (35)
HMGB1 Gastric cancer neutrophils Migration/ NF-xB (36)
\ Gastric cancer CD8+Tcell Immunosuppression/cytokine (37)
\ CAF Gastric cancer Invasion/MMP2 (38)
\ Gastric cancer PMCs Adhesion/fibronectin,laminin gamma10 (39)
CD44H,CD44v6 Gastric cancer Gastric cancer Growth,angiogenesis (40)
Let-7 miRNA AZ-P7a Gastric cancer ,Tumorigenesisi, PM 41)
TGF-B,Wnt3,HIFa,Src Gastric cancer Stromal cell MMT (42)
miR-139 CAF Gastric cancer Growth and metastasis/MMP11 (43)
ApoE TAMs Gastric cancer Migration/PIBK-AKT (44)
IL6,IL8,ICAM1,GRO Omentum Gastric cancer Progression/metastasis (45-48)
miR-544-5p PLF PMCs MMT/PLZF (49)
\ MA PMCs/GC Metastasis/ MMT, EMT (60, 51)
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NyOne

CTC positive patients: fraction (%) 16/44 (36.4)
CTC count per patient: mean (SD) 0.89 (1.57)
CTC count according to adjuvant chemotherapy

CTX+: mean (SD) 1.50 (2.28)
CTX-: mean (SD) 0.60 (1.04)

CK20 RT-qPCR

CTC positive patients: fraction (%) 33/41 (80.5)
CTC count per patient: mean (SD) 3.11 (3.81)
Patients > cut-off: fraction (%) 15/41 (36.6)
CTC count according to adjuvant chemotherapy

CTX+: mean (SD) 2.43 (2.42)
CTX-: mean (SD) 3.40 (4.26)

ns

ns

t1

12/22 (54.5)
1.18 (1.39)

260 (1.34)
0.76 (1.03)

19/22 (86.4)
3.55 (6.17)
8/22 (36.4)

2.00 (1.85)
414 (7.13)

ns

ns

12/22 (54.5)
1.50 (2.61)

225 (3.28)
1.07 (2.16)

17/22 (77.3)
3.08 (3.19)
11/22 (50.0)

3.21(3.98)
3.00 (2.81)

ns

ns

9/20 (45.0)
1.00 (1.69)

0.86 (0.90)
1.08 (2.02)

16/20 (80.0)
2.41(1.62)
10/20 (50.0)

1.74 (1.45)
276 (1.64)

ns

ns

t4

7/12 (58.9)
1.33 (1.67)

0.83 (0.98)
1.83 (2.14)

7/12 (58.9)
1.61 (1.95)
2/12 (16.7)

1.21 (1.49)
2,01 (2.41)

ns

ns

t5

6/8 (75.0)
4.25 (10.01)

7.75 (14.17)
0.75 (0.50)

8/8 (100.0)
4.16 (5.66)
3/8 (37.5)

1.86 (0.55)
6.45 (7.77)

0.015

ns

All p values in bold are regarded as statistically significant. UICC, Union internationale contre le cancer; SD, standard deviation; CTC, Circulating tumor cells; CTX, chemotherapy;

ns, not significant.
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Total N (%) NYONE N (%) CK20 N (%)

49 (100) 44 (100) 47 (100)

Gender

Male 30(61.2) 26 (59.1) 29 (61.7)

Female 19 (38.8) 18 (40.9) 18 (38.8)
Age
Median (range) 67 (45-89) 66 (45-89) 67 (45-89)

<65 21 (42.9) 18 (40.9) 21 (44.7)

>65 28 (57.1) 26 (59.1) 26 (55.3)
Tumor site

Colon 32 (65.3) 32 (72.7) 30 (63.8)

Right 16 (50.0) 16 (50.0) 15 (50.0)

Left 16 (50.0) 16 (50.0) 15 (50.0)

Rectum 17 (34.7) 12 (27.3) 17 (36.2)
UICC stage

| 14 (28.6) 12 (27.3) 14 (29.8)

I 9(18.4) 9 (20.5) 8(17.0)

il 19 (38.8) 18 (40.9) 18 (38.3)

v 7(143) 5(11.4) 7 (14.9)
Neoadj. treatment

Yes 10 (58.8) 6 (50.0) 10 (58.8)

No 7(412) 6 (50.0) 7(41.2)
Adjuvant treatment

Yes 18 (36.7) 14 (31.8) 17 (36.2)

No 31(63.9) 30 (68.2) 30 (63.8)

The subset of patients who received neoadjuvant treatment solely comprised of patients
with rectal carcinoma. UICC, Union internationale contre le cancer.
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Co-variate Dicothomization  Median survvals  No. ofevents/patients  Patunivariate  HR  95%Cl P atmulivariate

Age <6515 265y 1535183 1247 vs 1357 090 060 026196 040
Gender MsF 153v517.3 1351 vs 1253 092 105 037207 o091
Sido. LR 17545160 21505 29064 083 157 048512 044
Motastatic involvment 1510 45 >1 206vs 110 370w 17744 0005 416 125137 0001
Response to firs-live CT O 15 70 0C 2831596 22771 w5 2843 002 211 178426 008
KRAS ovolution MitinPT - MARMT 961 NR 2058 4110 <0001 02 008081 00001

MutinPT - WTiaMT

WInPT—WIaMT 275w 121 18275 1124 om0 270 111656 oo

w

WTPT — Mt i MT

Ci Confionce tervat G, Dsuase Contot F, Fomalo HR, Hazar Rt . Lof M, Mol T, MoasttsTumors: T, Primery Tumers: e, KRAS madatoc NP, Not Roached: R, Rgnt
WT, Weo-Proe.
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KRAS status Total Age Gender Grading Side of primary T Lymph nodes

inprimary tumor tumor involvement (pN)*

s 65 M F  GUG 63 Lt Rgt T2 T T4 0 13 >3
pG12D e 7 12 n 8 5 1w 8 1" s 9 7 2 5 o
pG13D 5 4 3 6 1 8 4 5 1 71 7 1
pGI2V. 3 4 3 4 1 6 2 5 ts 1o 5 2
pGI2A 3 s 3 3 1 5 2 4 T4 1o 3 3
pGi2C 4 2 3 3 o & 1 5 2 3 1 1 3 2
pAI4GT 3 2 3 2 1 a2 3 o 3 2 o 2 3
pG12S. 18 2 2 o 4 o 4 T2 1 3 o
pAIdGY o o 2 o 2 1 1o o 2 0
PGIIR o 2 o 2 o 2 1 1 2 o o 1 o 1
pGIAC o 1 1 o 1 o ] o 1 1o 1 1
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Characteristics KMO expression P-value

Low(n=99)  High (n = 143)

Age
<60 35(35.4) 42(29.4) 0330
>60 64 (64.6) 101 (70.6)

Gender

Female 323239 52(36.4) 0583
Male 67 67.7) 91(63.6)

Location

Left 55(55.6) 87 (60.8) 0428
Right 44 (44.9) 56 (39.2)

Pathology

Adenocarcinoma 92 (929 139(97.2) 0.194
Carcinoma 0(0.0) 107

Mucinous adenocarcinoma 6(6.1) 3(2.1)

Signet ring cell carcinoma 1(1.0) 0000

AJCC

| 6(6.1) 1(7.7) 0.107
[ 34(34.3) 33(23.1)

i 32329 41(8.7)

% 27(27.9) 58 (40.6)

High grade

No 90(90.9) 125 (87.4) 0495
Yes 704 1408)

NA 2(2.0) 428

Metastasis

No (AJCC I-1I) 72(72.7) 85 (59.4) 0.040
Yes (AJCC IV) 27 (27.9) 58 (40.6)
Lymphovascular invasion

No 76 (76.8) 98 (68.5) 0.115
Yes 17(172) 38(26.6)

NA 6(60) 749

MSI status

Mss 90(90.9) 136 (95.1) 0292
MSI-H 9(9.1) 749

The cutoff value of the H-score of KMO was selected as 184.5.

AJCC, American Joint Commission on Cancer; CRC, colorectal cancer; KMO, kynurenine
3-monooxygenase; MSI, microsatelite instable; MSS, microsatelite stable; MSI-H,
microsatellite instable-high; NA, not available.
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Factors

Age
Sex (Female vs male)
T stage (13-4 vs T1-2)
N stago (N1-2 v NO)
M stage (M1 vs MO)
Prognostic model

R

1.008
1074
2541
5784
781
1,083

Univariate COX analysis
os%cl

09991016
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00560

0.4839
<0001
<0001
<0001
<0001

HR
1012

09519

196
3185
3070
1045

Mltivariate COX analysis
os%cl

1.004-1021
0778-1.165
14252705
25123963
18874994
1.005-1.085.

Pvaluo

00046

028
<0000t
<0001
<0001
<00001





OPS/images/fonc-11-620361/crossmark.jpg
©

2

i

|





OPS/images/fonc.2021.661040/table1.jpg
Characteristics

No. of case
Survival status (%)
Dead
Aiive
Survival time (year)
Age (year)
Sex (%)
Male
Fomalo

Train cohort
82(709)

271318
581 (682)
401(1.71)
598 (124)

478 (56.1)
374 (439)
637 (159)

165 (6.18)

238(7.74)
367(1.12)
3.71(197)
207 (1.89)
2.16(3.90)
16.7 (502)
238 (1.43)

20652
162 (19.0)
549 (64.4)
11030

87 (982)
15018

443(520)
264310
145 17.0)

Tost cohort
360 (29.1)

122(349)
228(65.1)
412(1.72)
603 (125)

192 (54.9)
158 (45.1)
628(115)
164 (0.48)
230(3:30)

363(1.07)
382(2.06)
231 (208)
1.74(300)
155 (5.00)
-224(169)

1440
a7 (13.4)
242(69.1)
a7 (13.4)

346989
a0

177(506)
110(31.4)
63(180)

P value

0339

0287
059
0740

0336
0004
0068
0590
0379
0060
0070
0608
0.165
0.140

0590

0882

BM, body mass index; PLNS, positve hmph nodes; DLNs, dissected hmph nodes;

LODOR. ing ockls of Doalive Aevioh nodes schame.





