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Editorial on the Research Topic 


Advanced molecular targets in the diagnosis and treatment of gastrointestinal cancers, volume II


In our Research Topic entitled “Advanced Molecular Targets in the Diagnosis and Treatment of Gastrointestinal Cancers, volume II”, we managed to publish 15 articles, original researches, case studies and reviews of the literature. This editorial synthesizes advances across 15 studies, highlighting innovative diagnostic and therapeutic strategies in gastrointestinal oncology. Case studies emphasize targeted approaches for rare cancers, such as SMARCA4-deficient tumors and metastatic hepatocellular carcinoma, underscoring precision medicine’s role. Some of the original researches unveils promising biomarkers like cuproptosis and angiogenesis markers in colorectal cancer, methylation subtypes predicting immunotherapy response, and novel imaging techniques distinguishing gastric tumors. Studies on socioeconomic factors reveals organized screening’s role in reducing gastric cancer disparities. A systematic review of guanylate cyclase-C signaling suggests new colorectal cancer therapies. Together, these research papers advance precision oncology and health equity in gastrointestinal cancers (Figure 1).




Figure 1 | Graphical representation of the Research Topic.



Liang et al. reviews the efficacy and safety of zolbetuximab, a monoclonal antibody targeting Claudin 18.2, for first-line treatment of advanced gastric and gastro-esophageal junction (G/GEJ) adenocarcinoma. A meta-analysis of three randomized controlled trials involving 1,402 patients found that zolbetuximab combined with chemotherapy significantly improved overall survival and progression-free survival compared to chemotherapy alone, especially in patients with high Claudin 18.2 expression. Although associated with more grade 3+ adverse events, primarily nausea and vomiting, these side effects were generally manageable. This combination therapy offers a promising new treatment option for CLDN18.2-positive G/GEJ adenocarcinoma.

Piroozkhah et al. systematically reviews the guanylate cyclase-C (GC-C) signaling pathway’s role in colorectal cancer (CRC) as a potential target for diagnosis, prognosis, and therapy. The GC-C receptor, activated by endogenous peptides guanylin and uroguanylin, regulates intestinal fluid homeostasis and may influence CRC development. Disruption of GC-C signaling is linked to tumorigenesis and reduced cell differentiation. Targeting GC-C through novel treatments, such as vaccines and chimeric antigen receptors, shows promise in preclinical trials. The study underscores GC-C as a significant therapeutic and diagnostic marker, proposing it as a viable target for future CRC treatments.

Zhou et al. reports two cases of gastrointestinal neuroendocrine carcinoma (GI NEC) with SMARCA4 deficiency, a rare genetic alteration associated with aggressive cancer behavior. Both cases, one in the duodenal papilla and the other in the stomach, presented as poorly differentiated tumors with high proliferation indexes. Despite receiving chemotherapy and anti-PD-1 immunotherapy, the outcomes were poor: one patient died within nine months, while the other showed no disease evidence for ten months post-surgery. SMARCA4 deficiency, marked by loss of BRG1 expression, emerges as a potential prognostic and therapeutic biomarker, warranting further investigation.

Li et al. in their study investigates colorectal cancer (CRC) recurrence prediction through a model based on cuproptosis and angiogenesis markers. Using long non-coding RNAs (lncRNAs) related to copper-induced cell death (cuproptosis) and angiogenesis, researchers developed a Cox regression model to identify high-risk CRC patients for recurrence post-surgery. Results showed strong prediction accuracy, validated across different datasets. Additionally, the study highlights a negative correlation between cuproptosis and angiogenesis, supported by differential immune cell compositions in high- and low-risk groups. This model potentially aids in personalized therapy, identifying patients likely to benefit from more intensive treatment strategies.

The corrigendum by Du et al. addresses a funding statement error in a previous article on cardiac tamponade, a rare complication following gastric cardia cancer resection combined with neoadjuvant chemotherapy and immunotherapy. The corrected funding source is “Key Projects of Medical Science Research of Hebei Province (20230795)” rather than “(2023079).” This amendment does not affect the scientific conclusions or findings discussed in the original publication.

Lin et al. presents two cases of SMARCA4-deficient gastric carcinoma, a rare and aggressive cancer variant marked by the loss of SMARCA4 expression. Both cases exhibited poor differentiation with distinct histological characteristics, including rhabdoid cells, and showed poor response to conventional therapies. A review of 29 reported cases emphasizes high mortality rates and poor prognosis, with a median survival of eight months. The study categorizes SMARCA4-deficient gastric carcinomas into three subtypes based on histological features and immunophenotype, advocating for precise diagnosis and potentially exploring targeted therapies like EZH2 inhibitors for these challenging cases.

Chen et al. by their study investigates the prognostic value of preoperative plasma fibrinogen (PF) and C-reactive protein/albumin (CRP/Alb) ratio in pancreatic carcinoma patients. Analyzing 250 patients, it finds that higher PF and CRP/Alb levels correlate with poor overall survival (OS) and advanced clinical stages. Particularly, in patients with pancreatic ductal adenocarcinoma (PDAC), combining high PF and CRP/Alb levels serves as a stronger predictor of OS compared to each marker alone. The findings suggest that the PF and CRP/Alb ratio could help identify high-risk patients who might benefit from more aggressive treatment strategies.

Wojakowska et al. explores proteomic and metabolomic markers in rectal cancer to predict patient response to preoperative radiotherapy (neo-RT). By analyzing tissue samples, researchers identified proteins and metabolites associated with good and poor responses to treatment. Key differences were found in energy metabolism, amino acid degradation, and immune-related pathways. Proteins like CEACAM5 and metabolic shifts, such as elevated glycolysis in poor responders, were highlighted. The findings suggest that multi-omic panels can serve as biomarkers to predict and monitor radiotherapy efficacy, potentially guiding personalized treatment strategies for rectal cancer patients.

One of the researches made by Cao et al. studies a randomized controlled trial protocol for using the Yiqi Wenyang Jiedu prescription (YWJP), a traditional Chinese medicine (TCM) formula, to prevent recurrence and metastasis in gastric cancer (GC) patients post-surgery. Involving 212 patients who completed adjuvant chemotherapy, the trial will assess the effectiveness of YWJP in enhancing disease-free survival (DFS) compared to a placebo. Secondary outcomes include overall survival, recurrence rates, quality of life, and adverse reactions. This study aims to provide robust evidence for YWJP’s role in GC management, potentially aiding in the development of integrative postoperative therapies.

Xu et al. identifies DNA methylation-dr class="Text_T"iven subtypes of colon cancer to predict immunotherapy responsiveness. Using multi-omics data, researchers identified a specific cluster (Cluster 1) with distinct immune characteristics, such as high tumor mutational burden (TMB), CD8+ T-cell infiltration, and immune checkpoint expression, suggesting better outcomes with immunotherapy. The study also highlights three methylation markers—PCDH20, APCDD1, and COCH—as effective indicators for this immunotherapy-beneficial subtype. Validation showed these markers’ strong predictive capability, supporting their use in expanding immunotherapy eligibility beyond microsatellite instability status. The findings provide a promising approach for precision immunotherapy in colon cancer.

Liu et al. in their case report describes a rare malignant glomus tumor of the esophagus with metastases to the lungs and liver in a 49-year-old patient. The treatment combined Anlotinib, a multi-target anti-angiogenic agent, with Tislelizumab, an immunotherapy drug, based on genetic testing. This personalized approach achieved significant clinical improvement, including tumor size reduction and improved quality of life. However, the disease ultimately progressed, leading to the patient’s death due to gastrointestinal bleeding. This case underscores the potential of precision medicine, especially the role of next-generation sequencing, in treating rare malignancies with targeted therapies.

Zhao et al. in their retrospective study developed a diagnostic model to differentiate gastric schwannomas from gastrointestinal stromal tumors (GISTs) using computed tomography (CT) imaging features. A nomogram was constructed based on factors such as growth pattern, absence of necrosis, presence of tumor-associated lymph nodes, and contrast differences across CT phases. The model, validated in multiple centers, demonstrated high diagnostic accuracy with an area under the curve (AUC) of 0.937 in the training set and 0.921 in the validation set. This non-invasive tool supports accurate preoperative identification, helping inform surgical decisions and improve patient.

Esmaeili et al. identifies the role of RNA modification, specifically N6-methyladenosine (m6A), in the progression of chronic inflammation-induced colorectal cancer (CRC) via the JAK-STAT3 and STAT5 signaling pathways. m6A modification impacts RNA stability, splicing, and translation, influencing gene expression linked to cancer cell proliferation and metastasis. Dysregulation of m6A and STAT pathways is shown to promote CRC by altering inflammatory responses, immune regulation, and epithelial integrity. The study emphasizes m6A’s potential as a therapeutic target, proposing that targeting m6A and JAK-STAT interactions could offer new avenues for CRC treatment.

The last case report by Cui et al. discusses a patient with advanced hepatocellular carcinoma (HCC) and extrahepatic metastasis achieving complete remission through a combination of sintilimab (an immune checkpoint inhibitor) and sorafenib (an anti-angiogenic agent), followed by liver resection. After six cycles of the combination therapy, significant tumor reduction and metastasis resolution were observed, enabling surgical resection. Post-surgery, the patient has remained disease-free for over two years. This case suggests that combining immunotherapy and targeted therapy could downstage advanced HCC to allow curative resection, potentially leading to prolonged survival even in metastatic cases.

Luu et al. analyzes socioeconomic inequalities in gastric cancer (GC) screening in Korea, using data from the Korean National Cancer Screening Survey (2009–2022). Organized GC screening rates increased significantly, from 38.2% in 2009 to 70.8% in 2022, while opportunistic screening rates declined. Socioeconomic disparities were minimal in organized screenings, indicating equitable access across different income and education levels. However, substantial inequalities persisted in opportunistic screenings, with higher rates among wealthier and more educated individuals. The findings emphasize the role of organized screening programs in reducing inequalities and improving cancer screening accessibility across socioeconomic groups.

Our Research Topic highlights significant strides in precision oncology. Through innovative biomarkers, genetic profiling, and targeted therapies, these studies illustrate how molecular insights are reshaping diagnosis, treatment, and screening strategies, particularly for challenging cases like rare SMARCA4-deficient cancers and advanced-stage hepatocellular carcinoma. Research on socioeconomic disparities in gastric cancer screening also reveals the importance of equitable healthcare access, aligning molecular advancements with public health goals. Collectively, this Research Topic reinforces the critical role of molecular targets in transforming gastrointestinal cancer care toward personalized and accessible approaches by publishing 15 extremely valuable articles.




Author contributions

ZK: Conceptualization, Data curation, Writing – original draft. CB: Supervision, Writing – review & editing. SG: Supervision, Writing – review & editing.





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.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.





Generative AI statement

We acknowledge AI for the preparation of Figure 1.





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 © 2024 Kovacs, Braicu and Gurzu. 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: 09 October 2023

doi: 10.3389/fonc.2023.1258347

[image: image2]


Efficacy and safety of zolbetuximab for first-line treatment of advanced Claudin 18. 2-positive gastric or gastro-esophageal junction adenocarcinoma: a systematic review and meta-analysis of randomized controlled trials


Zhanpeng Liang †, Liwen Liu †, Wenxia Li, Huiqin Lai, Luzhen Li, Jiaming Wu, Huatang Zhang and Cantu Fang *


Department of Oncology, Zhongshan Hospital of Traditional Chinese Medicine Affiliated to Guangzhou University of Traditional Chinese Medicine, Zhongshan, China




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

Reviewed by: 

Juan Du, Nanjing Drum Tower Hospital, China

Zahra Hosseini-khah, Mazandaran University of Medical Sciences, Iran

Ziv Radisavljevic, Harvard Medical School, United States

*Correspondence: 

Cantu Fang
 3568076269@qq.com










†These authors share first authorship



Received: 13 July 2023

Accepted: 15 September 2023

Published: 09 October 2023

Citation:
Liang Z, Liu L, Li W, Lai H, Li L, Wu J, Zhang H and Fang C (2023) Efficacy and safety of zolbetuximab for first-line treatment of advanced Claudin 18. 2-positive gastric or gastro-esophageal junction adenocarcinoma: a systematic review and meta-analysis of randomized controlled trials. Front. Oncol. 13:1258347. doi: 10.3389/fonc.2023.1258347






Objective

Zolbetuximab is a “first-in-class” chimeric lgG1 monoclonal antibody targeting Claudin18.2 (CLDN 18.2). In recent years, several important trials have been published showing that zolbetuximab is associated with improved prognosis in patients with advanced gastric or gastro-esophageal junction (G/GEJ) adenocarcinoma. This promises great change to the current treatment landscape. Therefore, we conducted a systematic review and meta-analysis to evaluate the efficacy and safety of zolbetuximab for first-line treatment of advanced CLDN 18. 2-positive G/GEJ adenocarcinoma.





Methods

The following databases were searched for relevant studies: PubMed, EMBASE, and Cochrane library (updated 10 June 2023). All randomized trials comparing zolbetuximab plus chemotherapy versus first-line chemotherapy alone for first-line treatment of advanced CLDN 18. 2-positive G/GEJ adenocarcinoma were eligible for inclusion. Data were analyzed using Review Manager 5.4.1 (Cochrane collaboration software). Primary outcomes and measures included overall survival (OS), progression-free survival (PFS), objective response rate (ORR), and adverse events (AEs).





Results

This systematic review and meta-analysis included three randomized controlled studies involving 1,402 patients (699 receiving zolbetuximab plus chemotherapy and 703 receiving chemotherapy alone). Compared with chemotherapy alone, zolbetuximab plus chemotherapy significantly improved OS (HR = 0.73; 95% CI: 0.68–0.84) and PFS (HR = 0.64; 95% CI: 0.50–0.82), but did not result in a higher ORR (RR = 0.92; 95% CI: 0.82–1.03). Further analysis of CLDN 18.2 expression showed a more significant benefit for OS (HR = 0.69; 95% CI: 0.55–0.87; p = 0.002) and PFS (HR = 0.61; 95% CI: 0.44–0.84; p = 0.003) from zolbetuximab in patients with high expression, while there was significant benefit in patients with lower expression. In terms of AEs, zolbetuximab plus chemotherapy was associated with higher risk of grade 3 and higher AEs, but increased risk of nausea and vomiting were more common.





Conclusion

This systematic review and meta-analysis revealed that the effect of zolbetuximab plus chemotherapy was superior to that of chemotherapy alone for first-line treatment of advanced CLDN 18.2-positive G/GEJ adenocarcinoma. Thus, zolbetuximab plus chemotherapy represents a new first-line treatment for these patients. Zolbetuximab plus chemotherapy was associated with higher risk of grade 3 and higher AEs, but was generally manageable.





Systematic Review Registration

https://www.crd.york.ac.uk/prospero, identifier (CRD42023437126).





Keywords: zolbetuximab, Claudin18.2, gastric or gastro-oesophageal junction adenocarcinoma, targeted therapy, meta-analysis




1 Introduction

Gastric and gastro-esophageal junction (G/GEJ) adenocarcinoma is an aggressive form of malignant tumor, and its occurrence has been increasing year-over-year. This not only threatens human health, but also exerts immense financial costs on society. Surgery is a common and effective treatment for resectable G/GEJ adenocarcinoma, but most patients have early local recurrence or distant metastasis after surgery. Advanced metastatic G/GEJ adenocarcinoma is a refractory tumor with poor prognosis, and a median overall survival of 9–14 months (1–5). At present, the first-line standard treatment is guided by three types of molecular characteristics: HER2-positive, HER2-negative, and dMMR/MSI-H. Anti-HER2-targeted therapy and immunotherapy have greatly improved the survival of HER2-positive and PD-L1 highly expressed gastric cancer patients (4, 5). However, it is difficult for HER2-negative patients with low PD-L1 expression to benefit from anti-HER2-targeted therapy and immunotherapy, resulting in its treatment being limited to chemotherapy, which is not an effective way to control the disease (6, 7). Changes in claudin at tight junctions are associated with tight adhesion impairment and epithelial cells’ polarity. These structural abnormalities can lead to increased cell proliferation, epithelial–mesenchymal transformation, invasion, and metastasis (8–10). Despite significant advances in systemic treatment in recent years, the unmet need remains significant. As tumor therapy gradually transitions towards the macromolecular era, target selection for Claudin 18.2 (CLDN 18.2) has become the focus of new drug research and development. Studies have shown that gastric cancers with positive CLDN 18.2 expression (defined as more than 40% of tumor cells with IHC staining intensity ≥2+) account for approximately 49%–85% of gastric cancers (11–13), while gastric cancers with high CLDN 18.2 expression account for approximately 24%–36% of gastric cancers (14, 15). On account of its specificity and high expression in patients with gastric cancer, CLDN 18.2 has become an emerging target for developing new gastric cancer drugs, providing a new direction for targeted gastric cancer therapy. Zolbetuximab is a “first-in-class” chimeric lgG1 monoclonal antibody targeting CLDN 18.2 (16, 17), which is currently being developed for first-line treatment with HER2-negative CLDN 18.2 strongly positive locally advanced unresectable or metastatic G/GEJ adenocarcinoma. Recently, several important trials have been published, showing that first-line treatment with zolbetuximab plus chemotherapy can improve prognosis in patients with advanced G/GEJ adenocarcinoma (18–20). Therefore, we conducted a systematic review and meta-analysis to evaluate the efficacy and safety of zolbetuximab plus chemotherapy for first-line treatment of advanced CLDN 18. 2-positive G/GEJ adenocarcinoma.




2 Methods

This study was registered in the PROSPERO database (CRD42023437126) and was conducted according to the preferred reporting project for systematic review and meta-analysis (PRISMA) statement (21). The purpose of this study was to compare the efficacy and safety of zolbetuximab plus chemotherapy and chemotherapy alone for first-line treatment of advanced CLDN 18. 2-positive G/GEJ adenocarcinoma.



2.1 Eligibility criteria

The studies were screened independently by two authors. The inclusion criteria for selecting studies in this meta-analysis were as follows: (1) patients with advanced CLDN 18.2-positive G/GEJ adenocarcinoma diagnosed cytologically or pathologically; (2) patients older than 18 years; (3) prospective phase II or III, randomized clinical trials evaluating the efficacy and safety of zolbetuximab; and (4) studies reporting at least one of the following outcomes: overall survival (OS), progression-free survival (PFS), objective response rate (ORR), and adverse events (AEs). CLDN 18.2 positivity was defined as moderate (2+) or strong CLDN18.2 staining (3+) in ≥40% of tumor cells. CLDN 18.2 high expression was defined as moderate (2+) or strong CLDN18.2 staining (3+) in ≥70% of tumor cells.

Exclusion criteria were as follows: (1) patients with early G/GEJ adenocarcinoma; (2) non-randomized controlled studies, basic studies, retrospective studies, case reports, duplicate publications, and studies for which no relevant data could be extracted; and (3) randomized controlled trials (RCTs) that were based on overlapping patients.




2.2 Search strategy

RCTs evaluating the efficacy and safety of zolbetuximab for first-line treatment of advanced CLDN 18. 2-positive G/GEJ adenocarcinoma were identified by a computerized search of PubMed, Embase, and Cochrane Library, using the following search terms: gastric cancer, gastro-esophageal adenocarcinoma, zolbetuximab, claudin 18.2, and IMAB362. The relevant bibliography of candidate articles was manually searched to identify additional studies. The proceedings of the American Society of Clinical Oncology (ASCO) and the European Society of Medical Oncology (ESMO)/European Cancer Congress (ECC) annual meetings were searched for abstract reports of relevant studies. If there was any overlapping data, the most complete and updated report was selected for inclusion in this meta-analysis. Additionally, the references from all eligible studies were manually reviewed to identify any other relevant studies.




2.3 Study selection and data extraction

Two experienced investigators independently screened the records for eligibility. Differences were resolved by consulting a third investigator. Titles and abstracts were browsed to complete an initial selection, followed by a full review of potentially eligible articles and the selection of eligible articles based on pre-established criteria.

Extracted data included baseline characteristics, sample size and interventions used, number of assessable patients, PFS, OS, ORR, grade 3, and higher AEs. Two investigators independently extracted relevant data and resolved any differences by consulting a third investigator. When multiple articles contained overlapping patient series, we prioritized the extraction of outcome data from the primary articles with the largest sample size for early outcomes and the articles with the longest follow-up duration for the late outcomes.




2.4 Outcome

The results of this review include OS, PFS, ORR, and AEs. OS is defined as the time from randomization to death. PFS is defined as the time from randomization to death or disease progression, whichever occurs first. ORR reflects the proportion of patients with complete response and partial response. AEs, graded according to National Cancer Institute Common Terminology Criteria for Adverse Events version 4.03, included all grades of AEs and grade 3 or higher AEs.




2.5 Risk of bias

Two investigators independently assessed the quality of the included trials using the Cochrane Collaboration tools with respect to randomized sequence generation, assignment concealment, blinding, incomplete outcome data, and selective outcome reporting (22). Any differences in quality assessment were resolved by consulting a third investigator.




2.6 Statistical analysis

Data were analyzed using Review Manager 5.4.1 (Cochrane Collaboration Software). These measures were either extracted directly from the articles or calculated. ORR and AEs were reported as risk ratio (RR) with corresponding 95% confidence intervals (95% CI). PFS and OS were reported as hazard ratio (HR) and had 95% CI. p < 0.05 was considered statistically significant. For effectiveness or side effects, HR or RR > 1 favored chemotherapy alone (control), while HR or RR < 1 favored zolbetuximab plus chemotherapy (experimental). Heterogeneity was tested with an I² statistic. Unless heterogeneity was high, in which case a random-effects model was used, a fixed-effects model is used for data synthesis (23, 24). Funnel plots and an Egger test were adopted to investigate the potential for publication bias (25). Subgroup analysis was conducted for age, sex, region, previous gastric cancer surgery, Lauren classification, tumor location, and number of metastatic sites.





3 Results



3.1 Study identification and quality assessment

A total of 255 articles were retrieved from PubMed, EMBASE, and the Cochrane Library. One additional article was retrieved from ASCO. Duplicates were excluded in 61 cases, and 180 cases were excluded by reading the title and abstract. Fifteen articles were read in full. Three RCTs (18–20), involving 1,402 patients, were included. A PRISMA flow chart describing study identification and selection is shown in Figure 1. Since all studies included were randomized, selection and loss bias were minimized. In one trial (18), blinding was not applied, which could have resulted in some bias.




Figure 1 | PRISMA flow diagram. RCT, randomized controlled trial.






3.2 Study and patient characteristics

FAST (18) was an open-label, randomized controlled, phase II clinical trial that enrolled 252 eligible patients between July 2012 and June 2014. SPOTLIGHT (19) is a multicenter, randomized, double-blind, phase III trial that enrolled 565 eligible patients between June 2018 and April 2022. GLOW (20) is also a multicenter, randomized, double-blind, phase III trial that enrolled 507 eligible patients between November 2018 and February 2022.

All three trials evaluated the prognostic effect of zolbetuximab plus chemotherapy as a first-line treatment for HER2-negative, CLDN 18.2-positive, locally advanced, unresectable or metastatic G/GEJ adenocarcinoma. However, the chemotherapy regimens differed among the three trials. The EOX regimen (epirubicin, oxaliplatin, and capecitabine) was used in FAST (18). In SPOTLIGHT (19), patients received chemotherapy with the mFOLFOX6 regimen (modified folinic acid [or levofolinate], fluorouracil, and oxaliplatin regimen). Patients were treated with chemotherapy with the CAPOX regimen (oxaliplatin and capecitabine) in GLOW (20).

FAST (18) evaluated two different doses of zolbetuximab. One was administered at a loading dose of 800 mg/m2 in Cycle 1 followed by 600 mg/m2 in subsequent cycles, which was the same as that used in SPOTLIGHT (19) and GLOW (20). The other was administered at 1,000 mg/m2 per cycle. All three trials included patients with strong CLDN 18.2 positivity, with similar, but non-identical, definitions. The FAST (18) study enrolled advanced G/GEJ adenocarcinoma patients with moderate-to-strong CLDN18.2 expression in ≥40% tumor cells. SPOTLIGHT (19) and GLOW (20) enrolled advanced G/GEJ adenocarcinoma patients with moderate-to-strong CLDN 18.2 expression in ≥75% tumor cells. The baseline characteristics of the patients included in the study are detailed in Table 1.


Table 1 | Characteristics of included studies and patients.





3.3.1 Overall survival

Results for OS came from three studies (18–20) involving a total of 1,402 patients. The results showed that zolbetuximab plus chemotherapy further increased OS and reduced the risk of death by 27% (HR = 0.73; 95% CI: 0.68–0.84; p < 0.00001) (Figure 2). Additionally, low heterogeneity was found among the trials (χ2 = 3.35; df = 3 [p = 0.34]; I2 = 11%). No significant benefit was found in the high-dose study, but the results still favored zolbetuximab plus chemotherapy after excluding the high-dose study (HR = 0.72; 95% CI: 0.62–0.83; p < 0.00001) (eFigure 1). Further analysis of CLDN 18.2 expression revealed that zolbetuximab plus chemotherapy was associated with significant OS benefit in patients with high expression, reducing the risk of death by 31% (HR = 0.69; 95% CI: 0.55–0.87; p = 0.002), but no significant benefit was found in patients with lower expression (eFigure 2).




Figure 2 | Assessment of overall survival. The diamond indicates best estimate of the true (pooled) outcome (with width indicating 95% CI); HR, hazard ratio; experimental stands for zolbetuximab plus chemotherapy; control stands for chemotherapy alone. Since there is low heterogeneity, a fixed-effects model is used.






3.3.2 Progression-free survival

Results for PFS were extracted from three studies (18–20), which included a total of 1,400 patients. Zolbetuximab plus chemotherapy was associated with higher PFS (HR = 0.68; 95% CI: 0.60–0.78; p < 0.00001), and it reduced the risk of disease progression by 32%. Moderate heterogeneity was found among the trials (χ2 = 5.24; df = 3 [p = 0.16]; I2 = 43%) (Figure 3). Significant benefit was found in the high-dose study, and the results still favored zolbetuximab plus chemotherapy after excluding the high-dose study (HR = 0.64; 95% CI: 0.50–0.82; p = 0.0005) (eFigure 3). Further analysis of CLDN 18.2 expression showed that zolbetuximab plus chemotherapy was associated with a significant PFS benefit in patients with high expression, reducing the risk of death by 39% (HR = 0.61; 95% CI: 0.44–0.84; p = 0.003), but no significant benefit was found in patients with lower expression (eFigure 4).




Figure 3 | Assessment of progression-free survival. The diamond indicates best estimate of the true (pooled) outcome (with width indicating 95% CI); HR, hazard ratio; experimental stands for zolbetuximab plus chemotherapy; control stands for chemotherapy alone. Since there is moderate heterogeneity, a fixed-effects model is used.






3.3.3 Objective response rate

ORR results were extracted from three studies (18–20) involving a total of 1,231 patients. Zolbetuximab plus chemotherapy did not result in a higher ORR (RR = 0.92; 95% CI: 0.82–1.03; p = 0.016) (Figure 4). Moderate heterogeneity was found among the trials (χ2 = 3.15; df = 2 [p = 0.21]; I2 = 37%).




Figure 4 | Assessment of objective response rate. The diamond indicates best estimate of the true (pooled) outcome (with width indicating 95% CI); RR, risk ratio; experimental stands for zolbetuximab plus chemotherapy; control stands for chemotherapy alone. Since there is moderate heterogeneity, a fixed-effects model is used.






3.3.4 Adverse events

Data on AEs were extracted from three studies (18–20) involving 1,394 patients. In terms of AEs of all grades, there was no statistical difference between zolbetuximab plus chemotherapy and chemotherapy alone due to the higher incidence of AEs (Table 2). In all of grade AEs by preferred terms, zolbetuximab plus chemotherapy was associated with a higher incidence of nausea, vomiting, neutropenia, decreased appetite, and peripheral edema. On the other hand, zolbetuximab plus chemotherapy resulted in a higher risk of grade 3 and higher AEs, including nausea, vomiting, neutropenia, decreased appetite, and weight loss. Further analysis showed that zolbetuximab plus chemotherapy significantly increased nausea and vomiting in patients who did not undergo gastrectomy compared with chemotherapy alone. In patients who had undergone gastrectomy, zolbetuximab plus chemotherapy increased vomiting, but not nausea (eFigures 5, 6). However, owing to the small amount of data included, the data on AEs were not yet mature.


Table 2 | Results of adverse events.







3.4 Subgroup analysis of patients with CLDN 18.2 high expression

Overall, we found differences in subgroup analysis of age, region, number of metastatic sites, primary sites, and Lauren classification. However, no differences were observed in subgroup analyses of sex or previous gastrectomy. In the ≤65 years old, Asian, 0–2 metastatic sites, stomach, diffuse, and intestinal subgroups, zolbetuximab significantly improved OS and PFS. However, in the > 65 years old, non-Asian, ≥3 metastatic sites, GEJ, and mixed or other subgroups, zolbetuximab did not lead to higher OS or PFS (Table 3 and eFigures 7, 8).


Table 3 | Results of subgroup analysis.






3.5 Sensitivity analyses and publication bias

Sensitivity analysis via study-by-study removal showed that no study affected the overall effect of the efficacy and safety endpoints, meaning that all of the results were stable. Qualitative assessment was performed by assessing various measures for each individual study using the Cochrane Risk of Bias Tool. Overall, these trials were considered to have low risk of bias. The main source of bias was the lack of blinding in one study (18). Funnel plot asymmetry is not obvious to any efficacy endpoints (eFigures 9–11). Egger regression test results showed that OS (p = 0.579), PFS (p = 0.233), and ORR (p = 0.243) had a low potential for publication bias.





4 Discussion

In unresectable G/GEJ adenocarcinoma, first-line treatment consists of chemotherapy plus either immunotherapy for HER2-negative CPS-PDL1-positive (≥5) tumors (5) or trastuzumab for HER2-positive disease (4). However, the prognosis for HER2-negative and CPS-PDL1 positive (<5) advanced gastric cancer patients treated mainly by chemotherapy is still not optimistic. This indicates an urgent need for new and more efficient therapies for advanced gastric cancer indications in the clinic. CLDN 18.2 is a membrane protein involved in maintaining intercellular adhesion and connection. It has two subtypes: Claudin 18.1 and CLDN 18.2. The former is mainly expressed in normal lung cells, while the latter is only expressed in the differentiated epithelial cells of gastric mucosa (26). Jovov et al. (27) recently described how CLDN18.2 is activated during the metaplastic transition from the stratified squamous cell epithelium of the esophagus to the specialized columnar epithelium. This occurs in the context of gastro-esophageal reflux and predisposes subjects to distal esophageal adenocarcinoma, suggesting that ectopic activation of CLDN 18.2 may be an early event of esophageal adenocarcinoma. Moreover, various Claudins in human cancers have a wide range of expression patterns. CLDN3, 4, and 7 are highly expressed in most normal epithelial cells and their corresponding tumors (28). In contrast to CLDN 18.2, these claudins are widely expressed in healthy tissues. Therefore, therapy targeting of these claudins inevitably leads to significant toxicity. In contrast, other studies have shown that CLDN 18.2 is absent in the stem cell region of gastric cancer, but its exclusive expression in differentiated gastric cells, combined with transient gastrointestinal toxicity, is a common and manageable adverse event (13), making this molecule an effective drug target for G/GEJ adenocarcinoma. Zolbetuximab is highly selective against CLDN 18.2, both in vivo and in vitro. It binds to cancer-specific targets expressed primarily in tumor cells, and mediates tumor cell death through antibody-dependent cell-mediated cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC) (29). Recent clinical trials have shown that zolbetuximab is associated with significant improvement in the prognosis of patients with advanced G/GEJ cancer. This verifies the druggability of the CLDN 18.2 target (18–20). Therefore, we performed a meta-analysis to evaluate the efficacy and safety of zolbetuximab in advanced CLDN 18. 2-positive G/GEJ adenocarcinoma. The pooled results showed that zolbetuximab plus chemotherapy for first-line treatment significantly improved PFS and OS in patients with advanced unresectable G/GEJ adenocarcinoma compared to chemotherapy alone.

A phase I study in Japan evaluating zolbetuximab monotherapy in previously treated Japanese patients with CLDN 18.2-positive locally advanced G/GEJ adenocarcinoma showed that 11 of 17 patients achieved stable disease (30). MONO, a phase II study, showed that zolbetuximab monotherapy in recurrent/refractory CLDN 18.2-positive gastric cancer had an ORR of 9% and a clinical benefit rate of 23% (31). The finding that the single drug zolbetuximab has certain anti-tumor activities is not novel. Preclinical studies found that chemotherapy agents upregulated CLDN 18.2 expression and enhance zolbetuximab-induced ADCC (17, 29). These results suggest that zolbetuximab combined with chemotherapy may have superior efficacy. Additionally, the ILUSTRO trial showed that zolbetuximab plus mFOLFOX6 for first-line treatment showed positive results (32). These data support further development of zolbetuximab as a first-line treatment. FAST is the first RCT to evaluate the efficacy of zolbetuximab, compared to zolbetuximab plus EOX and EOX alone. OS and PFS showed significant improvement in the combined treatment group, indicating that zolbetuximab may be an effective supplement to chemotherapy (18). Stratified analysis of CLDN 18.2 expression intensity showed that patients with high CLDN 18.2 expression benefited more from zolbetuximab, but patients with lower CLDN 18.2 expression did not benefit. Therefore, two phase III trials, SPOTLIGHT and GLOW, only included patients with advanced G/GEJ cancer with high CLDN 18.2 expression (19, 20). Our meta-analysis also stratified CLDN 18.2 expression intensity, and the results were consistent with those of the FAST trial. However, since only one study reported survival data in patients with lower CLDN 18.2 expression, further clinical trials are needed to explore CLDN 18.2 expression’s effect on zolbetuximab efficacy. On the other hand, FAST evaluated two different doses of zolbetuximab. Interestingly, high doses of zolbetuximab did not improve survival in CLDN 18.2-positive patients with advanced gastric cancer (18). Our meta-analysis showed that the pooled results were still favorable for zolbetuximab after excluding studies with high doses of zolbetuximab, possibly because high doses of zolbetuximab led to higher discontinuation rates and reduced treatment duration, thus curbing its efficacy. The included studies used different chemotherapy regimens, but they were all approved for first-line treatment of gastric cancer, and their benefits in first-line gastric cancer treatment were similar. In addition, baseline characteristics were balanced in both groups of patients enrolled in the trial. Notably, zolbetuximab plus chemotherapy reduced the risk of death similarly in the SPOTLIGHT (19) and GLOW (20) trials, and low heterogeneity was observed in the outcomes of PFS and OS in our study. Therefore, different chemotherapy regimens have little effect on the efficacy of zolbetuximab. On the other hand, chemotherapy duration does affect zolbetuximab efficacy. Since chemotherapy can boost zolbetuximab’s effectiveness, the longer the chemotherapy treatment duration, the more effective zolbetuximab may be. The median exposure times for chemotherapy in the three trials included in our study were similar (18–20), and thus, the difference in this effect was small.

In the analysis of 523 cases of G/GEJ cancer tissue samples, COATI et al. (33) found that the difference in CLDN 18.2 expression was related to tumor location, Lauren classification, and Epstein–Barr virus infection. In addition, studies (14, 34) have shown that the CLDN 18.2 expression is also correlated with age, tumor stage, peritoneal metastasis, and liver metastasis. In contrast, other studies (11, 33) have shown that CLDN 18.2 expression is not associated with race, age, sex, or tumor stage. To further explore baseline characteristics’ effects on zolbetuximab efficacy, we performed a subgroup analysis. In the ≤65 years old, Asian, 0–2 metastatic sites, stomach, diffuse, and intestinal subgroups, zolbetuximab plus chemotherapy significantly improved OS and PFS. However, in the > 65 years old, non-Asian, ≥3 metastatic sites, GEJ, and mixed or other subgroups, zolbetuximab did not lead to higher OS or PFS. Our meta-analysis indicated that zolbetuximab’s efficacy appeared to be correlated with age, region, number of metastatic sites, primary sites, and Lauren classification. It is worth noting that the results of subgroup analysis should be interpreted with caution because the subgroup analysis data are still immature.

For AEs, owing to the numerous side effects of chemotherapy, the incidence of adverse events of all grades for chemotherapy alone and zolbetuximab plus chemotherapy were high, and there was no statistical difference between the two groups. Thus, it was difficult to evaluate zolbetuximab’s safety. Therefore, we conducted a summary analysis of grade 3 and higher AEs. Zolbetuximab plus chemotherapy were found to be associated with higher risk of grade 3 and higher AEs, but mainly with an increased risk of nausea and vomiting, which can be alleviated with preventative drugs and with treatment. Patients in the combination treatment group were associated with longer drug treatment duration, leading to longer exposure to chemotherapy, which may have contributed to the increased risk of nausea and vomiting. Overall, the adverse effects of zolbetuximab were manageable. Further analysis showed that zolbetuximab plus chemotherapy significantly increased nausea and vomiting in patients who had not undergone gastrectomy compared with chemotherapy alone. In patients with previous gastrectomy, zolbetuximab plus chemotherapy increased the incidence of vomiting, but not nausea. Looking at incidence alone, in the three included trials, patients treated with zolbetuximab who had not undergone gastrectomy had a higher incidence of nausea and vomiting than patients who had previously undergone gastrectomy (18–20). Target-specific organ toxicity based on a drug-related pharmacodynamic mechanism, a higher antigen load in the stomach with the primary tumor still present, or the absence of an intact stomach as an effector organ for vomiting may be explanations for this (31). In FAST (18), no treatment-related fatal AEs occurred, and in SPOTLIGHT, five and four treatment-related fatal AEs were reported in the zolbetuximab plus chemotherapy and chemotherapy alone groups, respectively (19). In addition, treatment-related fatal AEs in the GLOW trial were reported in six and seven cases in the zolbetuximab plus chemotherapy and chemotherapy alone groups, respectively (20). Treatment-related fatal AEs were not statistically different between the two groups.

As a target that has attracted much attention from the global industry in recent years, CLDN 18.2 has been shown to be expressed in various cancer types, including gastric, pancreatic, and esophageal cancer (13). Although zolbetuximab is the first monoclonal antibody to target CLDN 18.2, a major limitation of its efficacy is that it can only be used in patients with high Claudin18.2 expression and is very limited in patients with low CLDN 18.2 expression. Osemitamab (TST001) is a monoclonal antibody with a higher affinity for CLDN 18.2 (35). ASCO recently published a prospective phase II clinical study of Osemitamab to explore the safety and efficacy of TST001 in combination with capecitabine and oxaliplatin (CAPOX) as a first-line treatment for advanced G/GEJ cancer. A total of 42 patients had measurable lesions, of which 28 (66.7%) achieved a partial response (36). Of note, G/GEJ cancer patients with low CLDN18.2 expression (≥10% of tumor cells with CLDN18.2 membrane staining intensity ≥1+) still benefitted from Osemitamab. However, this was a phase II clinical study with a small sample size, and more large RCT s are needed for further verification. In SPOTLIGHT, patients showed significant improvements in OS and PFS regardless of the PD-L1 expression level (19). The combination of anti-CLDN 18.2 drugs and anti-PD-1 drugs may also become a new therapeutic direction. An ongoing phase II study (ILUSTRO) is evaluating zolbetuximab in combination with nivolumab for first-line treatment of gastric cancer. It is expected that the results will provide a meaningful reference for clinical practice.

Our meta-analysis has some limitations. First, we only included a small number of trials. Second, in one trial, blindness was not used, which may have introduced some bias. Third, there were insufficient data to assess zolbetuximab’s efficacy in patients with lower CLDN18.2 expression. Thus, the benefit of zolbetuximab was still limited to patients with high CLDN18.2 expression. Fourth, we did not have access to individual data for logistic regression to adjust the variables such as age, tumor site, previous gastrectomy, etc.




5 Conclusion

Our meta-analysis showed that zolbetuximab plus chemotherapy for first-line treatment significantly improved PFS and OS in patients with advanced CLDN 18.2-positive G/GEJ adenocarcinoma compared to using chemotherapy alone. Patients with high CLDN 18.2 expression were more likely to benefit from additional zolbetuximab. Zolbetuximab was associated with higher risk of grade 3 and higher AEs, but mainly with an increased risk of nausea and vomiting, which can be alleviated with drug prevention and treatment. Additional studies are needed to evaluate the effect of CLDN 18.2 expression and baseline characteristics on zolbetuximab’s efficacy.
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Objectives: This study aimed to evaluate the socioeconomic inequality in gastric cancer (GC) screening in Korea. Socioeconomic inequality was assessed using both organized and opportunistic screening according to income and educational level.

Methods: GC screening data were obtained from the 2009–2022 Korean National Cancer Screening Survey. The final analysis included 47,163 cancer-free men and women. The weighted cancer screening rate was estimated using joinpoint regression. The inequality indices were measured in terms of both the absolute slope index of inequality (SII) and the relative index of inequality (RII) using the Poisson regression model.

Results: The organized screening rate for GC increased from 38.2% in 2009 to 70.8% in 2022, whereas the opportunistic screening rate decreased from 18.8 to 4.5%. Regarding educational inequality, a negative SII value was observed [−3.5, 95% confidence interval (CI), −7.63–0.83%] in organized screening, while a positive SII (9.30%; 95% CI, 6.69–11.91%) and RII (1.98%; 95% CI, 1.59–2.46) were observed in opportunistic screening. Furthermore, income inequality was not found in organized GC screening; however, overall SII and RII for opportunistic screening were 7.72% (95% CI, 5.39–10.5) and 1.61 (95% CI, 1.42–1.81), respectively.

Conclusion: Organized screening rates have grown gradually over time and account for the majority of GC screenings in South Korea. While no socioeconomic inequalities were found in organized screening, significant socioeconomic inequalities were found in opportunistic screening.

KEYWORDS
 gastric cancer, Korea, socioeconomic inequality, organized screening, opportunistic screening


1. Introduction

Gastric cancer (GC) has large regional variations worldwide (1). More than 60% of the incidence of GC cases occur in Eastern Asia, with an age-standardized rate (ASR) of 22.4 cases per 100,000 (1). This figure was much lower in Western countries and regions where the ASR was about 7 per 100,000 in Southern Europe, Central America, and only 4.6 in Northern Europe (1). The differences are due to the various socio- demographic characteristics, dietary behaviors, prevalence of Helicobacter pylori infection, and genetic factors (2–4). Although its incidence rate has recently been decreasing, GC remains the fourth leading cause of cancer-related deaths worldwide (1). In Korea, GC has been decreasing constantly, with an annual percentage change (APC) of −4.8; however, it still ranks as the fourth most common cancer, with 26,662 new GC cases in 2020 (an ASR of 25.7 cases per 100,000) according to the Korea Central Cancer Registry (KCCR) (5). Almost two-thirds of cancer cases were prevalent in men, and people aged between 60 and 69 years had the highest GC burden (6). In addition to regional differences in GC burden, significant inequalities in GC incidence and outcomes within the country have also been reported (7–9). Using data from Korea Central Cancer Registry, a study found that the ASR of GC was lower in the metropolitan areas (6). In the US, compared to non-Hispanic White people, other ethnic groups have a higher risk of GC and GC mortality; it could be up to 1.89 times higher among non-Hispanic Asian/Pacific Islanders for GC incidence and 2.6 times higher among non-Hispanic Black people for GC mortality (8). The uneven distribution of the GC burden can be explained by not only ethnic/regional factors but also an individual’s socioeconomic status (SES) and health related systems, such as accessibility to healthcare services, low health literacy, and financial difficulties (7, 10–12).

Some Asian countries have introduced GC screening programs (13–16). Organized screening programs are known to contribute not only to reducing the cancer burden but also to reducing inequality in disease burden (11, 12). However, inequality issues in cancer screening, wherein advantaged people had a higher participation rate (11, 12, 17, 18), have been reported. In Korea, the Korean National Cancer Screening Program (KNCSP) offers either an upper gastrointestinal series (UGIS) or upper endoscopy as the primary GC screening test for people aged ≥40 years biannually (19). GC screening, particularly endoscopy, has been demonstrated to have a positive impact on the survival of patients with GC and significantly decrease GC mortality (20–22). Since the introduction of GC screening in Korea, the overall GC screening rate, including organized and opportunistic screening, has steadily increased from 39.2% in 2004 to 72.8% in 2018 (23). Specifically, the participation rate of the KNCSP for GC increased significantly from 7.4% in 2002 to 62.9% in 2019 (24). As one of the main goals of the KNCSP is to eliminate socioeconomic inequality, some studies have been conducted to assess this aspect (18, 25, 26). However, these studies focused only on investigating the inequality in the overall screening rate (18, 26) or were conducted during the early phase of the KNCSP (25). Thus, an updated and comprehensive evaluation of inequalities in GC screening is required, particularly when comparing organized and opportunistic screening approaches.

Therefore, this study aims to evaluate the socioeconomic inequality in GC screening in Korea. Socioeconomic inequality was assessed in both organized screening and opportunistic screening according to income and educational level.



2. Materials and methods


2.1. Study material

This study used data from the Korean National Cancer Screening Survey (KNCSS), a national survey conducted annually since 2004, to investigate cancer screening behaviors among Korean men and women. The KNCSS was designed using a stratified multistage sampling method based on the area, age, and sex of the population. The study data were collected through face-to-face interviews that were conducted by a professional research agency. In case of any missing information, a trained staff member contacted the respondent via telephone to ensure the completeness of the records. After conducting the survey for over two decades, the study sample size has been adjusted and expanded to improve the survey quality and to reflect the change in the screening policy. During the early years of the KNCSS, the overall survey sample size was approximately 2,000 men aged 40–75 years and women aged 30–75 years, which was later increased to 4,100 in 2010 and 4,500 in 2014. The detailed sampling method for the KNCSS has been previously described (19, 23). The current study analyzed the KNCSS data from 2009 to 2022 to compare the annual trend of the screening rate according to socioeconomic factors. Since the main concern of the current study was GC screening, only individuals aged 40–75 were included according to the protocol of the KNCSP in Korea. The final dataset comprised 47,163 men and women aged 40–75 with no history of any type of cancer.

This study was approved by the Institutional Review Board of the National Cancer Center of Korea (IRB Number: NCC-2019-0233). All participants were informed of the purpose and use of the data before enrollment in the study, and the requirement for written informed consent was waived.



2.2. Measurements

According to the KNSCP protocol, both upper endoscopy and UGIS are recommended for examining and visualizing the entire upper GI tract every 2 years for men and women aged 40 years or above (23). During the upper endoscopy procedure, if any abnormal tissue (recorded as possible GC, early GC, advanced GC, or others where the physician deemed it necessary) is detected, a biopsy may also be performed for investigation. In the case of those who chose UGIS, if suspicious findings were observed, the patient was referred for follow-up procedure with upper endoscopy and biopsy for the final laboratory confirmation.

Recommendation-based GC screening was defined based on the question, “Have you ever undergone gastric cancer screening by [UGIS/upper endoscopy]?” and “When was the last screening round you had with this test method?” Individuals who underwent screening with the recommendation were defined as those who underwent screening by either UGIS or upper endoscopy within the past 2 years, according to the recommendation of GC screening in Korea. Furthermore, screening types were divided into organized and opportunistic groups using questions about the source of their payment. Organized screening is a systematic and planned program that targets a specific population. In Korea, the government introduced the KNCSP as an organized cancer screening program, and screening costs are largely covered by the National Health Insurance System (NHIS). Opportunistic screening is sporadic and occurs when individuals seek medical care or when healthcare providers offer screening tests based on an individual’s demographics, risk factors, or symptoms and generally require individuals to pay. Therefore, those who responded that the government or NHIS paid for GC screening were classified as organized screened, and those who reported that they paid for themselves were classified as opportunistic screened. The demographic characteristics included age, sex, and residential area. Socioeconomic factors included education level and household income. There were four subgroups based on the highest completed educational level: elementary school or no formal education, middle school, high school, and college/university or higher. Monthly household income contained three labels: low, middle, and high, which were divided based on the tertile distribution of the 13 original categories, ranging from approximately 1,000 USD to 10,000 USD or more. Owing to the change in the SES of the population over the study period, different cut-off points were applied for the original income categories to illustrate the income distribution of the target population. The household income was divided as follows: <2000, 2000–3,499, ≥3,500 for 2009; <2,500, 2,500–3,999, ≥4,000 from 2010 to 2012; <3,000, 3,000–4,499, ≥4,500 for 2013; <3,500, 3,500–4,499, ≥4,500 from 2014 to 2018; and < 3,500, 3,500–4,999, ≥5,000 from 2019 to 2022.



2.3. Statistical analysis

The weighted screening rate was reported by the type of screening (organized or opportunistic screening) for each survey year from 2009 to 2022. The trend in the screening rate was assessed using the joinpoint regression model. Based on the real pattern of the screening rate, the model produced the best-fit line(s), which could be either single or multiple segments. To summarize and compare the trends in screening rates, the average annual percentage change (AAPC) of GC screening rates over the past 14 years is reported.

Inequality indices are measured in both absolute and relative terms to obtain a comprehensive view of inequality. The absolute inequality was reported as the slope index of inequality (SII). The weighted sample for each year of the survey was ranked in consecutive order from the lowest education/income level to the highest education/income level. The weighted rankings accounted for the distribution of the target population in each subgroup. Subsequently, based on the cumulative proportion of the ranked socioeconomic variables and the midpoint of this socioeconomic variable, a new socioeconomic variable was generated and input into the Poisson regression model to estimate the regression coefficient (SII). A zero SII indicates no inequality; a positive SII reflects higher screening participation among advantaged people; and a negative value indicates the opposite. The relative index of inequality (RII) was estimated using the same procedure, in which RII is the ratio of the screening rate in the most privileged SES group to the least privileged SES group. A RII of one indicates no inequality. A RII value of >1 is interpreted as the fold change in the screening rate between the most privileged individuals and the least privileged individuals, and the opposite is true for an RII value of <1. The pooled SII and RII over 14 years of study were estimated using a random-effects meta-analysis model. The time trend was estimated by fitting the meta-regression model, wherein the survey year was treated as an independent variable. Further, a subgroup analysis was conducted to investigate the issue of inequality by sex and residential area.

Descriptive analyses and estimations of the SII and RII were performed using Stata version 16 (Stata Corp., College Station, TX, United States). The Joinpoint Regression Program, version 4.9.1.0 (Statistical Research and Applications Branch; National Cancer Institute, Rockville, MD, United States), was used for the trend analysis of the screening rate. Statistical significance was set at a p-value <0.05.




3. Results

Table 1 shows the weighted baseline characteristics of the KNCSS over 14 years of study. Except for the 2009 survey, most surveys included information from approximately 3,500 men and women eligible for GC screening. The unweighted baseline characteristics of the study are presented in Supplementary Table S1. The overall screening rate with the recommendation increased constantly from 57.0% in 2009 to more than 75.2% in 2022, where organized screening had a similar pattern and contributed to the majority of the GC screening rate (Figure 1). The GC screening rate rapidly increased in the period 2009–2014, with an APC of 4.81% (p < 0.001); however, it fluctuated in the subsequent years (Supplementary Figure S1). Supplementary Table S2 shows the overall screening rate by subgroup according to trend.



TABLE 1 Baseline characteristics of the study population in the Korean National Cancer Screening Survey, 2009–2022.
[image: Table1]
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FIGURE 1
 Gastric cancer screening rate by type of screening from 2009 to 2022.


The organized screening rate for GC has nearly doubled, increasing from 38.2% in 2009 to 70.2% in 2022, with an AAPC of 4.2 (p < 0.001) (Table 2). The sharpest increase in organized screening rate was observed between 2009 and 2015, with an APC of 6.7% (p < 0.001) (Supplementary Figure S1). A statistically significant increase in organized screening rates was observed in almost all the subgroups (Table 2). The opportunistic screening rate fluctuated between 2009 and 2014 and subsequently experienced a significant decrease to only 4.5% in 2022, with an AAPC of −4.9% (p < 0.001) (Table 3 and Supplementary Figure S1). The steepest decrease in the opportunistic screening rate was observed among older individuals, high school graduates, those with lower levels of education, and people with low household income (Table 3).



TABLE 2 Organized screening rates for gastric cancer according to socioeconomic status in the Korean National Cancer Screening Survey 2009–2022 (%).
[image: Table2]



TABLE 3 Opportunistic screening rates for gastric cancer according to socioeconomic status in the Korean National Cancer Screening Survey 2009–2022 (%).
[image: Table3]

Figure 2 illustrates the absolute and relative inequalities in terms of educational level for both organized and opportunistic GC screenings. Negative SII values were observed in eight of the 14 years of the study, while significant positive SII values were recorded only in 2019 and 2022 (Figure 2A). The pool estimate of SII for organized GC screening was −3.5% (95% CI, −7.63–0.83%). Similarly, the RII was mostly below 1, and no significant inequality was observed in the overall estimate of the index (RII 0.93; 95% CI, 0.86–1.01) (Figure 2B). In contrast, the SII for opportunistic screening remains significantly positive in almost all years of the survey except for 2009 and 2014, given the pooled SII of 9.3% (95% CI, 6.69–11.91%) for the whole period of 14 years (Figure 2C). The RII for educational inequality in opportunistic screening ranges from approximately 1 in 2014 to 7.25 in 2022. The overall RII was 1.98 (95% CI, 1.59–2.46), indicating that university graduates are about two times more likely to engage in opportunistic screening compared to those who completed elementary school or lower.

[image: Figure 2]

FIGURE 2
 Absolute and relative educational inequalities in organized (A,B) and opportunistic (C,D) gastric cancer screening from 2009 to 2022. SII, absolute slope index of inequality; RII, relative index of inequality; 95% CI, 95% confidence interval.


No significant income inequality in either absolute or relative terms was observed in 12 of the 14 years of the study period (Figures 3A,B). The overall SII and RII for income inequality in organized GC screening were 0.79% (95% CI, −2.38–3.96%) and 1.02 (95% CI, 0.96–1.08), respectively (Figure 3B). In contrast, the opportunistic screening showed significant income inequality with positive SII in most years, and the overall SII was 7.72% (95% CI, 5.39–10.5) (Figure 3C). The RII of income inequality ranged from 1.18 (95% CI, 0.95–1.47) in 2013 to 2.47 (95% CI, 1.28–4.79) (Figure 3D). Overall, the high-income group had 1.61 times (95% CI, 1.42–1.81) higher opportunistic screening rate compared to the low-income group (Figure 3D).

[image: Figure 3]

FIGURE 3
 Absolute and relative income inequalities in organized (A,B) and opportunistic (C,D) gastric cancer screening from 2009 to 2022 SII, absolute slope index of inequality; RII, relative index of inequality; 95% CI, 95% confidence interval.


In the subgroup analysis by sex, educational inequality was more evident among men in both the absolute (men: SII of 12.3, 95% CI, 8.08–16.18; women: SII of 5.89, 95% CI, 2.85–8.93) and relative measures (men: RII of 2.22, 95% CI, 1.68–2.93; women: RII of 1.65, 95% CI, 1.27–2.14) of inequality for opportunistic screening (Supplementary Figures S2, S3). Notably, a significant increasing trend was observed in relative educational inequality for opportunistic screening in women (p for trend = 0.017). The pattern was relatively similar for income inequality between both sexes with no significant trend observed (Supplementary Figures S4, S5). For the organized screening method, no inequalities were found in the overall estimates for both education and income. By residential area type, there were no obvious differences between people living in metropolitan and nonmetropolitan areas; educational inequality was also in good agreement with the main analysis (Supplementary Figures S6, S7). There was a significant decreasing trend for income inequality in SII for opportunistic screening (p for trend = 0.033); however, no trend was observed in RII (Supplementary Figures S9C,D).



4. Discussion

This study indicated a noteworthy increase in the GC screening rate, primarily driven by higher participation in organized screening. In contrast, opportunistic screening experienced a significant decrease in the overall rate and among specific subgroups. While certain years of the study showed education and income inequalities, no socioeconomic inequality was observed in the overall estimates of both absolute and relative indices for organized GC screening. However, socioeconomic inequality was frequently observed in opportunistic screening throughout each year of the study as well as in the pooled estimates, suggesting that individuals with lower SES encounter barriers or inequalities in accessing and utilizing opportunistic screening for GC. However, these barriers or inequalities were not observed in organized screening.

Income and educational level have been well addressed as the main socioeconomic factors influencing participation in GC screening (27–29). Using data from the Korean National Health and Nutrition Examination Survey, Kwon et al. and Chang et al. reported significant differences in GC screening attendance, wherein higher educational qualifications or higher income were positively associated with GC screening (27, 29). An analysis of more than 15,000 Japanese women reported that those with a lower SES were less likely to participate in GC screening in urban areas (28). Lee et al. found socioeconomic inequality in GC screening for both education and income (18). Unfortunately, this study did not investigate the inequality by screening type. In the context of cancer screening, inequality is reportedly less serious in regions with organized screening than in countries without screening programs (30, 31). A nationwide survey in Korea reported that the educational inequality index in organized screening moved toward zero (no inequality) between 2005 and 2009, whereas inequality in opportunistic screening persisted and tended to increase (25), suggesting that organized screening programs play a positive role in reducing socioeconomic inequality during cancer screening, which is consistent with our findings.

In the current study, an organized screening program appeared to be more effective in achieving equitable utilization of GC screening across different socioeconomic groups, highlighting the importance of organized screening programs to reduce SES-related inequalities in GC screening. Organized screening, with its structured and systematic approach, may have been effective in reaching and engaging individuals of lower SES. Furthermore, alleviating the individual cost burden of GC screening by providing 100 or 90% of the screening costs in the public sector is believed to have significantly contributed to mitigating the inequality associated with the financial burden of screening. Opportunistic screening for GC primarily involves an upper endoscopic screening test, which is also included as a primary screening test in the KNCSP (13). Through the promotion and implementation of a screening invitation system, more individuals have become aware of the KNCSP. Additionally, the screening units in the KNCSP have extended their operating hours, offering services until 9 p.m. on specific days of the week and even opening on weekends. As a result, the overall participation rate in GC screening, particularly organized screening, has increased to over 70% in recent years.

Notably, the screening rate can also be influenced by external factors, such as the COVID-19 pandemic (32, 33). In 2021, when COVID-19 was serious and several social distancing policies had been implemented, the opportunistic screening rate had increased to 18% from approximately 10% in previous years. This increase can be attributed to individuals’ fear of contracting COVID-19 in crowded and high-risk areas such as hospitals or general clinics. Consequently, some individuals are willing to pay for opportunistic screenings. Since socioeconomic inequality is significantly associated with opportunistic screening participation, the rise in opportunistic screening participation during the COVID-19 pandemic could potentially lead to broader inequalities.

Based on our findings, we note that a well-organized screening program is essential for reducing the inequality in cancer screening and the overall cancer burden. While both opportunistic and organized screening facilities are available for the general population, policy makers should consider adopting/revising the appropriate screening policy to maximize participation in organized screening policies. Some insights that can be taken from the implementation of GC screening in Korea include the offering of high-quality screening tests, conducting mass media campaigns for screening, a comprehensive invitation/follow-up system, and individualized strategies for the lower SES groups (23, 25, 29). Similarly, for GC burden, Japan has been implementing a national cancer screening program since the 1980s. Currently, both radiographic and endoscopy tests are being recommended for GC screening in Japan. However, compared with Korea, the participation rate has remained low, and this relates to the different aspects of the guidelines and management system (34). There is a lack of regulation for quality assurance in screening programs in Japan (34). In contrast, the KNCSP’s quality assurance system is governed by law, and the results of all cancer screenings are collected and linked to other national databases such as the cancer registry and death certificates for the process of continuous monitoring and evaluation of the KNCSP (16, 19, 34). Further, as the issue of inequality is subjected to change by the internal and external factors of the screening program, continuous monitoring/evaluation of the program indicators and the inequality issue will help the program to have on-time action for a good quality screening program. The GC screening program contributes significantly toward improving the survival of GC cancer patients and eventually reducing the GC mortality rate (21, 22). Thus, the equal delivery of organized screening has a positive effect on the inequality in the GC cancer burden as well, where people, especially in the low SES group, have an equal opportunity to screen and detect cancer at the early stage with a much lower cost of treatment and a higher survival or cure rate.

The current study has some limitations. First, the use of survey data might impose some recall bias on the reported information. However, we used non-clinical information such as sociodemographic characteristics, which has been reported to have good accuracy (35, 36). For the screening history, when comparing the self-reported history and clinical records, the sensitivity ranged from 96.5% in Tsuruda et al.’s study and up to 100% in the results reported by Hoffmeister et al. (35) and Tsuruda et al. (36) Therefore, the use of self-reported GC screening information, especially within the last 2 years, is highly accurate in our study. Second, the use of SII and RII requires ordinal variables; therefore, only education and income levels were used in our analysis. Future studies should also consider including the other variables in sensitivity analysis for a more comprehensive assessment. Despite these limitations, this study has several strengths. Our study offers a comprehensive and updated evaluation of the inequality in GC screening, encompassing both organized and opportunistic screenings. Additionally, as we have used data from a high-quality national survey designed to monitor screening behavior, our results are highly representative and generalizable.

In conclusion, the KNCSP has played a crucial role in increasing the rate of organized screening while simultaneously reducing the prevalence of opportunistic screening. Over the 14-year study period, no socioeconomic inequalities were observed during the organized screening. Overall, our study sheds light on the positive impacts of the KNCSP and highlights the importance of addressing socioeconomic inequalities in accessing screening services. These findings have implications for improving cancer screening programs and promoting equitable healthcare delivery. Future studies should continue to monitor the issue of GC inequality carefully not only in the screening services but also a comprehensive evaluation of the cancer incidence and outcomes using additional factors besides income and education.
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Introduction

Colorectal cancer (CRC) is a devastating disease that affects millions of people worldwide. Recent research has highlighted the crucial role of the guanylate cyclase-C (GC-C) signaling axis in CRC, from the early stages of tumorigenesis to disease progression. GC-C is activated by endogenous peptides guanylin (GU) and uroguanylin (UG), which are critical in maintaining intestinal fluid homeostasis. However, it has been found that these peptides may also contribute to the development of CRC. This systematic review focuses on the latest research on the GC-C signaling axis in CRC.





Methods

According to the aim of the study, a systematic literature search was conducted on Medline and PubMed databases. Ultimately, a total of 40 articles were gathered for the systematic review.





Results

Our systematic literature search revealed that alterations in GC-C signaling compartments in CRC tissue have demonstrated potential as diagnostic, prognostic, and therapeutic markers. This research highlights a potential treatment for CRC by targeting the GC-C signaling axis. Promising results from recent studies have explored the use of this signaling axis to develop new vaccines and chimeric antigen receptors that may be used in future clinical trials.





Conclusion

The findings presented in this review provide compelling evidence that targeting the GC-C signaling axis may be an advantageous approach for treating CRC.





Keywords: Guanylate cyclase-C Signaling Axis, Guanylyl cyclase C, guanylin, uroguanylin, colorectal cancer, therapeutic target





Highlights

	1. The progression of colorectal cancer (CRC) is attributed to GC-C, GN, and UG peptides.

	2. In CRC, the GN and GU expression is lost due to abnormal APC-β-catenin-TCF transcriptional regulation in the early phase of tumor formation. This impairs the GC-C signaling axis and disrupts intestinal homeostasis, contributing to tumor initiation.

	3. When the GC-C axis is blocked, there is excessive cell growth, increased crypt size, and reduced cell differentiation in the secretory lineage.

	4. Targeting GC-C with CAR-T cells could be an innovative and practical approach to treating advanced stages of CRC or those resistant to traditional therapies.

	5. The repurposing of GC-C signaling axis-targeted treatments developed for other diseases is a promising strategy for CRC treatment. Further research is needed to investigate their safety and efficacy.






1 Introduction

Globally, colorectal cancer (CRC) is the third most prevalent form of cancer and has the second-highest mortality rate among all cancers. The CRC mortality rate has been decreasing at a rate of around 2% each year during the last decade. Projections indicate that by the end of 2023, there will have been over 150,000 new cases and about 53,000 fatalities (1). Population-wide shifts toward better lifestyles (e.g., less consumption of red and processed meat) and increased participation in the cancer screening program have been attributed to a decline in colorectal cancer incidence (2, 3). However, this improvement has been made since the early 2000s, primarily because of increased colonoscopy screening methods and the removal of precursor lesions. The primary prevention of colorectal cancer continues to be the most efficient way of reducing the rising global burden of this disease (4–7).

Symptoms of CRC in its early stages are unspecific, which might lead to missed diagnoses or mistaken assessments. Therefore, most cases of CRC are detected in the late stages (8). Surgical resection, radiation therapy before surgery (for rectal cancer), chemotherapy after surgery (for stages III/IV and high-risk stage II colon cancer), and targeted therapy are the most common therapies for CRC (9, 10). Although development in anticancer therapy, particularly immune checkpoint inhibitors (ICIs), has revolutionized CRC treatment, only a fraction of patients respond to these treatments appropriately, and the reason for failure in other patients has not yet been known properly (7, 11). Thus, understanding the molecular mechanism in cancers is crucial for creating reliable diagnostic and prognostic biomarkers in both practice and research (12). Significant advancements in microarray and high-efficiency sequencing technologies like next-generation sequencing have accelerated the exploration and identification of the essential genetic or epigenetic modifications in carcinogenesis, tumor growth, disease recurrence, and metastasis in CRC as well as the discovery of cancer biomarkers with the potential for the development of novel diagnostic, prognostic, and therapeutic techniques (13, 14). Over the past few decades, key driver and passenger genes in CRC have been recognized (15). Auspiciously, apart from the main oncogenes leading to CRC, numerous other genes implicated in CRC development and progression are being discovered and may be exploited as new biomarkers in clinical settings to predict prognosis or therapy response in the future (16).

The transmembrane receptor GC-C is selectively expressed from duodenal to rectal intestinal epithelial cells (17). GC-C is activated by endogenous peptides GN and UG, as well as exogenous ligands such as heat-stable enterotoxins (STs), which are secreted by diarrhea-producing enterotoxigenic E. coli (ETEC) (18).

GN and UG are very close in structure and biological functions. The GC-C signal transduction controls the equilibrium of liquid and electrolyte transport and secretion in the digestive tract (19, 20). However, new findings indicate that these novel peptides have diverse physiological roles alongside those previously documented for the control of homeostasis and might contribute to the tumorigenesis of colorectal adenocarcinoma (21–25). The coincidence of the emergence and development of CRC with the presence of GC-C, GN, and UG proteins, along with their encoding genes GUCY2C, GUCA2A, and GUCA2B, respectively, has piqued the interest of researchers. Particularly, GUCY2C has been found to play a regulatory role in intestinal inflammation and inflammatory bowel disease pathology. Studies of intestinal inflammation in Gucy2c knockout mice have reported the impairment of the epithelial barrier, increased invasiveness of pathogenic bacteria, and alterations in the intestinal microbiota (26, 27). Overall, these data suggest that IBD susceptibility may be mediated by alterations in the intestinal microbiota caused by changes in intestinal ion transportation regulated by GC-C. As a result, we have undertaken a comprehensive review of the literature to explore the relationship between these genes and CRC. Our systematic review not only examines how these genes contribute to CRC development but also emphasizes their potential uses in diagnosing and treating the disease, illustrated as schematic abstract (Figure 1).




Figure 1 | 
Graphical abstract. (A) CRC epidemiology. Global impact of colorectal cancer. (B) Gene expression in CRC. suppressed expression in GUCY2C, GUCA2A, and GUCA2B in Cancerous vs. Normal Enterocytes. (C) GC-C role in CRC. Here, we also explored the molecular mechanism and role of this pathway in the pathogenesis of colon cancer. (D) Future prospects. Our study highlights the potential of the Guanylate cyclase-c (GC-C) signaling pathway as a diagnostic biomarker, prognostic indicator, and target for new therapeutic strategies in colorectal cancer. GUCY2C, Guanylate Cyclase 2C; GUCA2A, Guanylyl cyclase-activating protein 2A; GUCA2B, Guanylate Cyclase Activator 2B; GC-C, Guanylate Cyclase-C; CRC, Colorectal Cancer. Created with BioRender.com.






2 Materials and methods



2.1 Search strategy and data extraction

This study presents a systematic review focusing on the role of the Guanylate cyclase-C Signaling Axis CRC. The search for relevant articles was conducted until May 27, 2023, extensively utilizing the Medline and PubMed databases. The search algorithm incorporated key terms related to the Guanylate cyclase-C Signaling Axis, including Guanylyl cyclase C, Guanylin, uroguanylin, their associated genes, and colorectal cancer. Meta-analyses, reviews, case reports, correspondences, and personal opinions studies were excluded (Table 1).


Table 1 | Search strategy performed in PubMed.






2.2 Inclusion and exclusion criteria, population, intervention, and outcomes

During the initial screening process, duplicate articles and those published before 2018 were excluded. Additionally, only articles written in English were included to mitigate potential language and publication biases. Two experts (MEP and AA) independently evaluated article content, demographics, research methodologies, and outcomes to identify potentially eligible studies. Inclusion criteria encompassed studies involving human, animal, in vivo, and in vitro colorectal cancer samples, focusing on applying the guanylate cyclase-c signaling axis for diagnostic, prognostic, therapeutic targeting, and survival assessment purposes. Studieswith inadequate research designs or misaligned outcomes were excluded from consideration. The search terms and methodologies applied (including database searches, screening, selection, and inclusion criteria) were consistently employed to ensure comprehensive coverage of relevant articles, adhering to the PRISMA statement of 2020 (28).




2.3 Risk of bias

Two assessors (MEP and AA) conducted independent assessments to evaluate potential bias. In cases of disagreement, a third assessor (PJ) was consulted. The evaluation of bias employed the Risk Of Bias In Non-randomized Studies - of Interventions (ROBINS-I) tool, which encompassed eight domains: bias arising from confounding; bias in participant selection; bias in classification; bias due to deviations in intended interventions; bias resulting from missing data; bias due to outcome measurement; bias in the selection of reported results; and overall bias. This rigorous approach ensured a comprehensive assessment of potential biases in the included studies (29).





3 Results

Figure 2 is a flowchart of the searching, screening, and process of the references we selected from the literature. According to the search strategy, 138 published papers were found in each database. After omitting 69 papers as duplicate articles, two separate team members screened 69 titles and abstracts. Twenty-nine articles were eliminated after the title and abstract screening (Review n=20) (Not CRC n=1) (Not Guanylate cyclase axis n=8), and the remaining 40 articles were evaluated for eligibility. All full-text original articles are obtained via open access or institutional subscription. All papers were in English, and none were excluded during the full-text screening stage. Ultimately, a total of 40 articles were gathered for the systematic review. There were 21 papers focused on GUCY2C (Table 2), eight papers on GUCA2A (Table 3), eight more papers on GUCA2B (Table 4), and finally, three papers that covered both GUCA2A and GUCA2B.




Figure 2 | Flow chart of the literature search for Guanylate cyclase-C signaling pathway related to colorectal cancer.




Table 2 | GUCY2C-associated studies included in the systematic review.




Table 3 | GUCY2A-associated studies included in the systematic review.




Table 4 | GUCY2B-associated studies included in the systematic review.





3.1 GUCY2C

The GUCY2C gene encodes the GC-C receptor, a membrane protein composed of various domains, including extracellular binding, transmembrane, juxta-membrane, kinase homology, linker, guanylyl cyclase, and C-terminal domains (Figure 3) (69, 70). GC-C is triggered by the guanylin family of peptides, which consists of endogenous peptides, including GN, UG, and lymphoguanylin, and an exogenous peptide toxin produced by enteric bacteria (71, 72).




Figure 3 | Schematic representation of domain organization of the guanylyl cyclase GC-C receptor. GC-C is predicted to be a transmembrane receptor homodimer with seven functional domains. These domains include the extracellular domain responsible for binding peptide ligands such as STs, guanylin, uroguanylin, and the FDA-approved ST analog, Linaclotide. Additionally, there is a transmembrane domain, a juxta membrane domain, a kinase-homology domain, and a linker region that may facilitate catalytic subunit dimerization and regulate its function. GC-C, Guanylate Cyclase-C; ST, heat-stable enterotoxins. Created with BioRender.com.



Growing evidence suggests a close association between CRC and dysbiosis of gut microbiota. Recent studies have shed light on the specific roles of intestinal microorganisms in initiating and facilitating the development of CRC. Notably, our review demonstrates that ETEC produces a substance called ST, which binds to the GC-C receptor with high affinity. ETEC is an important cause of diarrheal disease, particularly in low- and middle-income countries (73). Conversely, the incidence of CRC in developed countries is up to ten times higher than in underdeveloped countries (74). Intriguingly, an inverse epidemiological correlation exists between diarrheal diseases caused by ST-producing ETEC and colorectal cancer. This inverse correlation may be attributed to the involvement of GUCY2C as a tumor suppressor in CRC pathophysiology, particularly in developing countries. A recent study in mice has revealed that chronic colonization with ST-producing Escherichia coli counters the development of colorectal tumors. These findings suggest that bacterially produced ST reinstates GUYC2C signaling, which in turn opposes the tumor transformation (75). Additionally, more research is needed to investigate the potential of using ST as a possible prophylactic or therapeutic approach for preventing or treating CRC. These studies could pave the way for developing novel strategies for CRC prevention and treatment.

Moreover, the activation of the GC-C signaling axis is pH-dependent, meaning that different parts of the gastrointestinal (GI) tract have different regulatory effects (28, 29). The distribution of GC-C receptors throughout the GI tract is widespread, but their activation patterns depend on the location and type of activator. In the upper small intestine, GC-C receptors are more strongly activated at lower pH levels (~ pH 5.5) by UG. On the other hand, in the lower small intestine and colorectum, these receptors are activated at higher pH levels (~ pH 8.0) by GN (Figure 4) (76, 77).




Figure 4 | The differences in pH and GC-C signaling axis parts throughout the gastrointestinal tract. (A) The pH of the small intestine increases gradually while the pH of the caecum decreases due to microorganism populations. (B) UG expression is at its maximum in the distal jejunum and at its lowest in the colon. (C) GN concentrations rise along the distal small intestine, peak in the caecum, and then drop rapidly in the distal colon. (D) The expression of GC-C receptors is constant throughout the intestine. GC-C, Guanylate Cyclase-C; UG, Uroguanylin; GN, Guanylin. Created with BioRender.com.



Upon binding of agonist peptides to the extracellular domain of the GC-C receptor, the intracellular catalytic domain converts guanosine triphosphate into cyclic guanosine monophosphate (cGMP). This second messenger then activates cGMP-dependent protein kinases G (PKG), cyclic-nucleotide-gated (CNG) channels, and cGMP-regulated cyclic-nucleotide phosphodiesterase (78). In intestinal cells, protein kinase G II (PKGII) phosphorylates the cystic fibrosis transmembrane conductance regulator (CFTR), leading to increased efflux of chloride (Cl−) and bicarbonate (HCO−) ions from intestinal cells into the lumen. The resulting anion efflux causes a net osmotic increase, driving water into the GI tract and promoting fluid secretion (Figure 5A) (78, 79).




Figure 5 | Signaling pathways of the GC-C/cGMP axis that regulate fluid-ion homeostasis and cellular proliferation in the intestine. (A) The binding of ligands to GC-C catalyzes the formation of cGMP from GTP. Increased intracellular cGMP levels result in the activation of cGMP-dependent PKGII. Reduced intestinal sodium absorption is caused by PKGII-mediated inhibitory phosphorylation of NHE3. PKGII phosphorylated and activated the CFTR anion channel, increasing intestinal chloride and water secretion. Increased cGMP activates CNG ion channels, promoting Ca2+influx, which recruits CaR to the plasma membrane. (B) Cyclic GMP production activates PKGII and p38 MAPK, resulting in phosphorylation of the Sp1 transcription factor. Sp1 upregulates the expression of p21 and mediates cytostasis. PKGII-mediated signaling opposes pro-survival and pro-proliferative phenotypes mediated by the β-catenin/TCF and Akt pathways. GC-C, Guanylate Cyclase-C; PKGII, Protein kinase G II; Protein kinase; NHE3, Na+/H+ exchanger isoform 3; CFTR, Cystic fibrosis transmembrane conductance regulator; CNG, Cyclic nucleotide-gated; CaR, calcium-sensing G-protein coupled receptors; MAPK, Mitogen-activated protein kinases; TCF, T cell factor. Created with BioRender.com.



GC-C also controls the balance between proliferation and differentiation by increasing p21 expression under normal physiological circumstances (77, 80). It has been shown that GC-C mediates antitumorigenic processes in addition to p21-mediated cytostasis. One prominent instance is the GC-C signaling-mediated attenuation of β-catenin-mediated TCF transcriptional activity. PKGII-mediated signaling opposes β-catenin/TCF-mediated proliferative and promigratory phenotypes (81, 82). β-catenin/TCF signaling, in turn, suppresses the GC-C axis by inhibiting the transcription of its ligands, GN and UG. Additionally, GC-C blocks PTEN-mediated pro-tumorigenic Akt signaling (Figure 5B) (78, 83–85). As a tumor suppressor, GC-C regulates the migration and differentiation of stem cells at the base of intestinal crypts into enterocytes and other cell types (23). In fact, inhibiting the GC-C axis results in hyper-proliferation, hyperplasia of proliferating crypts, accelerated migration, diminished differentiation along the secretory lineage, and decreased apoptosis (77).

Another noteworthy aspect of GC-C is its potential as a tumor biomarker for CRC detection. While guanylyl cyclase family members are typically only expressed in normal intestinal cells, GC-C is found in approximately 95% of colorectal and some other gastrointestinal cancers, such as pancreatic tumors. In contrast, GC-C expression is rare in non-intestinal tissues and tumors. This suggests that GC-C could be a valuable and novel biomarker for identifying CRC (17, 86, 87).

In a study conducted by Jimenez-Luna et al. (43), the potential of GUCY2C, PTGS2, JAG1, and PGF circulating RNAs as biomarkers in metastatic CRC (mCRC) was investigated. The researchers collected 59 serum and blood samples from mCRC patients, divided into two groups: one receiving chemotherapy plus antiangiogenic treatment and the other receiving only chemotherapy. Additionally, 47 healthy control samples were included. The samples were then analyzed using digital polymerase chain reaction (PCR). The study revealed a significant correlation between GUCY2C and GUCY2C/PTGS2 expression in the bloodstream and the response to anti-angiogenic agents. These results suggest that evaluating genes involved in the process of angiogenesis could serve as a promising non-invasive diagnostic tool for metastatic colorectal cancer and predict its response to anti-angiogenic therapy (43) (Table 2).

Blomain et al. (38) contributed significantly to understanding intestinal tumorigenesis by uncovering the crucial role of the GN hormone and GC-C receptor signaling in tumor initiation and progression. Specifically, their study revealed that the loss of GN hormone expression, but not the GC-C receptor, occurs at the earliest stages of adenomatous polyposis coli (APC)-dependent tumor transformation in both humans and mice. This loss of GN expression results from mutant APC-β-catenin-TCF transcriptional regulation, which suppresses GC-C signaling and perturbs intestinal homeostatic mechanisms, contributing to tumor progression. The authors proposed that the replacement and reconstitution of GC-C signaling could prevent tumorigenesis by restoring the GN hormone expression (38). This finding provides a potential therapeutic target for preventing the development and progression of intestinal tumors.

Recent studies have focused on the extensive utilization of GUCY2C biology in experimental cancer immunotherapy, including developing vaccines, immunotoxins, and chimeric antigen receptor (CAR) T cells (88). Developing cancer vaccines that can activate the immune system to identify and destroy cancer cells holds immense potential (89). One approach that has recently piqued interest is targeting the GC-C receptor to create effective cancer vaccines. For example, the promising results in preclinical and clinical trials suggest that GC-C-based therapies could effectively treat cancer. In the study by Flickinger et al. (48), a prime-boost strategy was investigated that involved the use of a chimeric adenoviral vector (Ad5.F35) that is resistant to pre-existing immunity, followed by recombinant Listeria monocytogenes (Lm) to amplify immunity to the GI cancer antigen GUCY2C. It was found that the combination of Ad5.F35 and Lm-GUCY2C enhanced the quantity, avidity, polyfunctionality, and antitumor efficacy of GUCY2C-specific effector CD8+ T cells in mice. The results suggest that Lm-GUCY2C could be used to increase GUCY2C-specific immunity in patients who are given adenovirus-based GUCY2C vaccines that are currently being tested in clinical trials to prevent or treat recurrent GI cancer (48).

In another study, Lin et al. (32) demonstrated the potential of non-thermal, atmospheric pressure plasma (NTP) in inducing immunogenic cell death in an animal model of CRC. The study included assessments of cell viability, anti-tumor vaccination assays, and ELISpot analysis. The findings suggest that NTP treatment can enhance T-cell responses targeting the CRC-specific antigen GC-C, potentially enhancing the immune system’s ability to recognize and eliminate cancer cells. The study sheds light on the possible role of non-thermal plasma in stimulating immunogenic cell death for future clinical applications in cancer immunotherapy and vaccine manufacturing, particularly for CRC.

CAR T-cell therapy is a promising treatment method by engineering T cells to express CARs that can target cancer cells. By doing this, the immune system can selectively attack and eliminate tumors (90). A highly optimistic target for this therapy is the GC-C receptor. In an investigation, Magee et al. (33) engineered a human-specific single-chain variable fragment (scFv) directed toward GC-C to engineer CAR-T cells for the treatment of colorectal cancer metastasis. The CAR-T cells were tested in preclinical murine models and provided long-term protection against murine colorectal cancer cells expressing human GUCY2C lung metastases. The study also demonstrated the ability of the CAR-T cells to recognize and kill human colorectal cancer cells expressing GUCY2C in a xenograft model in immunodeficient mice. These findings suggest the potential of human GUCY2C-specific CAR-T cell therapy for the treatment of metastatic colorectal cancer expressing GUCY2C (33). GUCY2C-targeted CAR T cells could offer a novel and effective strategy for treating CRC, particularly those in advanced stages of cancer or refractory to conventional therapies.




3.2 GUCA2A

The Guanylate Cyclase Activator 2A (GUCA2A) gene encodes Guanylin (GN), which is a bioactive peptide synthesized in the intestinal mucosa and acts as an endocrine ligand for GC-C. GN serves crucial functions in maintaining intestinal fluid homeostasis and preserving gut physiology (91). The mature form of guanylin consists of 15 amino acids derived from the C-terminus of a longer pre-proguanylin peptide. This longer peptide includes a signal sequence and a proguanylin sequence span residues 1-21 and 22-115, respectively (92). Although some studies indicate that proguanylin is the primary form of the peptide that is secreted, the specific enzymatic pathway that processes proguanylin into its bioactive GN form has not been entirely understood yet (93). The GN peptide comprises four cysteine residues, enabling the assembly of two intramolecular disulfide bonds. The disulfide bonds in the peptide are essential for keeping the peptide in its proper shape, which is required for binding to the GC-C receptor (Figure 6A) (94). The GC-C receptor is additionally stimulated by the enteric bacterial ST peptides, which comprise 19 amino acids and three disulfide bonds and are homologs of GN (93, 95). The 3-disulfide structure of ST peptides significantly enhances their potency at the GC-C receptor, surpassing that of endogenous GC-C agonists (94). GN exists in two isoforms, a right-handed and a left-handed spiral form, which exhibits different biological activities and has varying affinities for binding to GC-C (95). The bioactive isomer of GN binds to the extracellular domain of GC-C, leading to the activation of the receptor’s intracellular domain. The biological relevance and mechanism of the interconversion of these isomers remain unknown (95). Research efforts have aimed to identify the cellular source of guanylin, with early studies proposing that enteroendocrine cells, such as goblet cells, paneth cells, tuft cells, and enterocytes, were responsible for producing these peptides due to their proposed hormonal function. However, discrepancies between studies and techniques have made it difficult to determine a definitive source (93, 96, 97). Although the stimuli that trigger proguanylin secretion remain poorly characterized, evidence suggests a strong association with the salt consumption (98).




Figure 6 | Amino acid structures of guanylin and uroguanylin. Guanylin (A) and uroguanylin (B) The cysteine residues are shown by the different colors of the amino acid and by the disulfide bonds. Created with BioRender.com.



The loss of GN has been shown to have detrimental effects on the intestinal epithelial cells that produce GC-C, disrupting the homeostatic mechanisms necessary for organizing the crypt-villus axis. The GC-C expression remains consistent across the crypt-to-villus axis. However, the endogenous ligands GN and UG are secreted in an ascending gradient, with the highest concentration in the differentiated villus compartment and the lowest in the proliferating crypt compartment. This gradient restricts proliferation and reprograms metabolism in crypts, contributing to maintaining a healthy intestinal epithelium (99) (Figure 7). The perturbation of GN production leads to deficiencies in cellular proliferation, sensing and repair of DNA damage, and metabolic programming, collectively contributing to the development of tumors (85, 100). GN stands out as a frequently absent gene product in the context of colorectal tumorigenesis and is regarded as one of the initial occurrences in the progression of intestinal tissue transformation (101, 102). In an investigation involving a cohort of patients diagnosed with stage I-III CRC, it was observed that both GUCA2A mRNA and peptides exhibited a loss or substantial reduction in cancerous tissues when compared to adjacent healthy tissues in more than 85% of the cases (102). Moreover, lower circulating levels of proguanylin were observed in individuals with obesity, and levels increased following Roux-en-Y gastric bypass surgery, suggesting potential links to metabolism or food intake (103). Consistent with these results, GN expression and peptide levels were reduced in mice fed a high-fat diet. Conversely, the risk of developing colon cancer due to obesity was decreased when GN was forcibly re-expressed (100).




Figure 7 | GC-C signaling regulates crypt-villus proliferation. While the GC-C receptors are expressed along the crypt-surface axes, the endogenous ligands GN and UG are produced by differentiated cells bordering the lumen and are absent in crypts. GC-C signaling opposes the proliferative gradient along that vertical axis by restricting cell growth in the crypts and promoting the maturation of differentiated cells. GC-C, guanylate cyclase c; GN, Guanylin; UG, Uroguanylin. Created with BioRender.com.



Bashir et al. (51) found that GUCA2A expression was lost in both tubular and serrated adenomas compared to their corresponding normal colon tissues. The study also suggested that this loss may silence GUCY2C, which could lead to the development of microsatellite instability tumors (51) (Table 3). Blomain et al. (38) reported a similar finding, demonstrating that the loss of GN expression occurs early in APC-dependent tumors in both humans and mice, whereas the GC-C receptor remains intact. In 2022, Liu et al. (60) conducted an integrated bioinformatics analysis to identify hub genes associated with colorectal adenocarcinoma and assess their prognostic significance. They collected colon adenocarcinoma (COAD)/rectum adenocarcinoma (READ) data from the Cancer Genome Atlas (TCGA) database (https://www.cancer.gov/ccg/access-data). Additionally, they utilized the gene expression profile of GSE25070 from the Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/). This data collection aimed to explore differentially expressed genes between colorectal adenocarcinoma and normal tissues. Their analysis led to the identification of a GUCA2A-CLCA1-CLCA4 gene signature that could accurately predict the prognosis of CRC patients (60). Another study by Ming Li et al. (59) utilized three microarray datasets (GSE23878, GSE33113, and GSE41328) to investigate the relationship between gene expression and patient outcomes in CRC. They identified four differentially expressed genes (DEGs), including GUCA2A, ADH1C, CLCA4, and CXCL8, all of which were associated with significantly lower overall survival in CRC patients (59). Chen et al. (16) analyzed 437 mutation data from colon cancer samples and discovered a positive correlation between GUCA2A expression and patient survival. In a separate study, Hases et al. (55) used data from TCGA database analyzed clinical samples of colorectal tumors, and matched noncancerous adjacent tissue from CRC patients to identify sex-specific biomarkers for CRC. GUCA2A was identified as a prognostic biomarker for CRC, specifically in males (55). Zhang et al. (52) identified GUCA2A as a hub gene significantly correlating with patients’ overall survival (OS). Furthermore, they conducted qPCR analysis and found that GUCA2A is significantly downregulated in tumor and metastatic tissues when compared to adjacent normal tissues (52).




3.3 GUCA2B

The human gene encoding uroguanylin (UG) termed Guanylate Cyclase Activator 2B (GUCA2B), is located on chromosome 1 in humans (1p34.2), which consists of 3 exons. The expression of GUCA2B mRNA resembled that of GUCA2A expression, indicating that GUCA2A promoter-proximal and upstream super-enhancer elements synchronize the expression of both genes (49). UG peptide comprises 16 amino acids and, equal to GN, consists of two disulfide bonds between positions seven and 15 (Figure 6B) (93). This peptide is produced and expressed in enterochromaffin cells predominantly in the proximal part of the small intestine (76, 104). Plasma UG circulates as both propeptide (proUG) and active forms, while plasma GN circulates mainly as proGN (105). Renal tubular brush border membrane-associated enzymes convert the inactive proUG through a proteolytic process into the bioactive UG, resulting in high amounts of UG in the urine (106). Of significance, the expression of UG is invariably lost early during neoplastic transformation in the intestine (107, 108). By the oral administration of human UG, Shailubhai et al. (22) demonstrated that the number of polyps was reduced by 50% in ApcMin/+ mice (mice carrying mutations in the APC gene) as well as the progression of polyps into adenocarcinoma was decreased. In agreement with this finding, Basu et al. (80) showed that oral administration of UG prevented ApcMin/+ mice from forming adenomas, their progression to colon tumors, and the development of inflammation-induced colonic tumors in ApcMin/+ mice. As a bioinformatics research sample, Chu et al. (109) used prediction analysis of microarray (PAM), artificial neural network (ANN), classification and regression trees (CART), and C5.0 to identify gene expression profiles of CRC and normal mucosa. They pooled 16 datasets containing 88 normal mucosal tissues and 1186 CRCs and identified the top eight differential genes in CRCs, including suppressor genes GUCA2B, CA7, IL6R SPIB, CWH43, and AQP8; and oncogenes TCN1 and SPP1 (109).

Recently, Yang et al. (67) performed a comprehensive in silico analysis and discovered that patients with DNAH7 missense mutations might benefit more from ICIs (Table 4). Through establishing the protein-protein interaction (PPI), they identified the top key genes associated with the DNAH7 mutation, including GUCA2B, AQP8, MS4A12, and ZG16 (67). These results may shed light on the possible role of the GUCA2B gene as a predictor of ICIs response in CRC patients, which requires further studies in this regard. Ebadfardzadeh et al. (56) conducted a comprehensive analysis of gene expression patterns in four microarray datasets (GSE113513, GSE10950, GSE25070, and GSE37182) available in GEO, as well as miRNA expression profiles. After analyzing the data, the researchers identified a total of 43 DEGs, including ten hub genes; GUCA2B, GUCA2A, CLCA4, SLC26A3, KRT20, CLCA1, MAOA, MS4A12, AQP8, and ADH1A. Additionally, the team identified four differentially expressed miRNAs that compromise miR-502-3p, miR-552, miR-490-5p, and miR-423-5p. Based on their bioinformatics analysis, the DEGs identified in this study could serve as significant biomarkers in the molecular mechanisms of CRC development, potentially aiding in developing novel strategies for predicting, screening, and diagnosing CRC patients (56). In another study, the GSE41258 and GSE81558 microarray datasets were analyzed by Han et al. to search for specific molecular targets for diagnosis and prognosis in CRC patients (63). A total of 53 DEGs were identified between CRC and normal colorectal tissues. The list was narrowed to ten hub genes, including GUCA2A, GUCA2B, GCG, SST, MS4A12, PLP1, CHGA, PYY, VIP, and CLCA4. However, just CLCA4 and MS4A12 expression levels had a statistically significant effect on CRC patients’ OS (63). In the same vein, the GSE50760 and GSE104178 datasets were further mined to identify potential target genes correlated with CRC pathogenesis. There were 53 overlapped DEGs in these three datasets. The researchers utilized the String-db online tool to assess the possible interaction of the shared DEGs (110). Ultimately, they identified a significant sub-network of ten genes, including GUCA2B, GUCA2A, GCG, BEST4, UCN3, SST, NPY, PYY, OTOP2, and TMEM82. However, expression levels of GUCA2B and GUCA2A have no correlation with the OS of patients with CRC in this study either (58). Nomiri et al. (66) sought to identify a potential target for CRC therapy using Weighted Gene Co-expression Network Analysis (WGCNA) to investigate key modules, hub genes, and mRNA-miRNA regulatory networks correlated with CRC. The study found 372 genes to be considerably positively associated with CRC (r = 0.98, P-value = 9e-07) and determined 22 hub genes through survival and differential expression analyses. Among these hub genes, GUCA2B, C2ORF88, and CCDC68 were found to play crucial roles in the overall survival rate of CRC patients. The expression analysis was consistent with RT-qPCR results, demonstrating a significant reduction in the expression of GUCA2B in CRC tissues. In addition, the study identified top microRNAs correlated with GUCA2B, and receiver operating characteristic (ROC) analyses indicated that GUCA2B has a high diagnostic performance for CRC (66). In 2022, Rappaport et al. (49) examined a GUCY2C ligand transcriptional silencing mechanism by β-catenin/TCF signaling. In this regard, they performed RNA sequencing analysis of conditional human colon cancer cell lines of β-catenin/TCF signaling to map the core Wnt-transcriptional program. As an important result of this investigation, a novel locus control region regulated by APC-β-catenin-TCF silences GUCA2A and GUCA2B transcription was discerned. With this discovery, they introduced a unique opportunity to reverse GUCY2C ligand silencing and oppose tumorigenesis in the context of mutant Wnt signaling (49). A former study by Pucci et al. (111) has established that higher B4GALNT2 gene expression in CRC patients strongly predicts a good prognosis for their cancer outcome. In another study, to further illustrate the biological importance of this gene in CRC, Pucci and her group obtained gene expression data of 626 COAD/READ samples from the TCGA database and divided CRC patients based on B4GALNT2 expression into two different groups, including higher and lower expressers. Patient stratification revealed that the higher expression cohort displayed a concomitantly high level of other genes associated with a favorable prognosis, such as GUCA2B, ZG16, ITLN1, and BEST2 (64).





4 Discussion and future prospects

Early detection of colorectal cancer is crucial, as it enables access to a broader range of therapeutic interventions and significantly impacts patient survival. Our review study highlights the critical involvement of the guanylate cyclase-c signaling pathway in the early stages of colon carcinogenesis. Investigating the signaling pathway expression in individuals with high-risk colon polyps or early stages of colon carcinoma may be beneficial. This could assess the GC-C axis as a diagnostic marker in a cohort study.

To our knowledge, no studies have yet measured the levels of guanylin and uroguanylin in the serum of patients with CRC. Further investigation is needed to fill this gap by examining the serum levels of these proteins in diverse patient cohorts, as well as their correlation with the cancer stage. This information could provide valuable insights into the severity of CRC and help predict disease progression.

In light of the promising advancements in immunotherapy for cancer treatment, investigating the immune roles of GUCA2A, GUCA2B, and GUCY2C genes could provide valuable insights into their potential as targets for immunotherapy. Specifically, GUCY2C has been found to play a regulatory role in intestinal inflammation and inflammatory bowel disease pathology. At the same time, GUCA2A has been associated with the immune signature of CRC. Therefore, further investigations into the immune-related functions of these genes could pave the way for developing more effective immunotherapies for treating CRC.

Recent studies have suggested that targeting GUCA2A, GUCA2B, and GUCY2C genes could be a promising approach for treating CRC. For instance, linaclotide (a GC-C receptor agonist) has been used in previous studies for the prevention of CRC (112), and is currently being evaluated in phase I (NCT01950403) and phase II (NCT03796884) clinical trials for the treatment of CRC. Further research into the use of drugs targeting the GC-C receptor or those that affect these genes could lead to developing more effective and targeted treatments for CRC patients. Many studies have examined the effects of GC-C receptor agonists in treating CRC. However, there is a shortage of drugs specifically targeting the expression of GUCA2A and GUCA2B genes related to CRC. Although research on GN and UG has mainly been done through bioinformatics, it is crucial to carry out in vivo, in vitro, and human studies on GUCA2A and GUCA2B to better comprehend how these genes contribute to CRC growth and advancement.

Finally, the future prospects for the Guanylate cyclase-C signaling pathway in oncology are hopeful, with potential applications in the diagnosis, prognosis, and treatment of CRC. Further research and clinical trials are demanded to fully realize these peptides’ potential and develop novel drug delivery systems that enhance their therapeutic efficacy.

Although research studies have unveiled the significance of the GC-C signaling pathway in colorectal cancer, its practical application in clinical oncology remains constrained. To address this limitation, we propose some future directions for integrating this pathway into clinical settings. Achieving a comprehensive understanding of the GC-C signaling pathway in gastrointestinal cancer, particularly colon cancer, necessitates a comprehensive evaluation of all its constituent components (GUCY2C, GUCA2A, and GUCA2B). Recognizing the transformative impact of systems biology approaches in elucidating complex biological phenomena, we advocate for a multi-layered assessment encompassing this pathway’s transcriptomics, proteomics, metabolomics, and metagenomics, employing high-resolution methods.




5 Conclusion

To sum up, this systematic review provides a comprehensive summary of the current state of knowledge on the potential role of the guanylyl cyclase-c receptor (GC-C) and its endogenous ligands, Guanylin and Uroguanylin, in the development and progression of colorectal cancer (CRC). Clinical studies have shown that GC-C expression and its activators are associated with patient outcomes, suggesting their potential as prognostic tools. The review also underscores the therapeutic potential of GC-C targeted therapies in CRC treatment. The findings suggest that combining GC-C targeted therapies with other treatment modalities could enhance their effectiveness and overcome drug resistance. Hopefully, these results will serve as a valuable resource for researchers and clinicians developing new and effective therapies for CRC patients, ultimately leading to improved patient outcomes. Further research is warranted to determine the efficacy and safety of GC-C targeted therapies, and the reviewed literature provides a foundation for future studies in this field.
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Background

Gastrointestinal neuroendocrine carcinoma (GI NEC) is a rare but highly malignant neoplasm with an aggressive clinical course. SMARCA4 is one of the subunits of the SWI/SNF chromatin remodeling complex. SMARCA4 deficiency can occur rarely in subsets of NECs. Reports of the clinicopathological features of GI NECs with SMARCA4 deficiency are limited.





Methods

In this study, we retrospectively reported two rare cases of GI NEC with SMARCA4 deficiency and described the clinicopathological, radiographic and histopathological features.





Results

Case 1 was a 43-year-old male with a stage cT3NxM1, IV tumor. Case 2 was a 64-year-old female with a stage cT4aN1M0, IIIA tumor. Both tumors presented as ulcerated masses with infiltration. Pathological examination indicated a solid architecture with poorly differentiated morphology, and complete loss of SMARCA4 (BRG1) was found. Immunohistochemical staining showed positivity for Syn, CgA and CD56. The Ki-67 index was 90% and 70%, respectively. None of the cases had mismatch repair (MMR) deficiency. Case 1 received treatment with chemotherapy and anti-PD-1 immunotherapy. He did not respond to treatment, and died 9 months later. Case 2 received neoadjuvant chemotherapy before surgical treatment, and the tumor showed TRG3 in response to neoadjuvant chemotherapy, chemotherapy and anti-PD-1 immunotherapy were continued after surgical resection. There was no evidence of disease for 10 months.





Conclusions

GI NEC with SMARCA4 deficiency is a rare entity of gastric NEC. SMARCA4 may be a promising targetable and prognostic biomarker. BRG1 immunohistochemical staining could be performed for GI NECs. Further studies with a larger cohort will be needed.





Keywords: SWI/SNF, SMARCA4, BRG1, gastric cancer, neuroendocrine carcinoma





Introduction

Gastric cancer (GC) is one of the most common malignancies globally and has poor outcomes, especially in Asia (1, 2). Neuroendocrine neoplasms are epithelial neoplasms with neuroendocrine differentiation. Gastrointestinal neuroendocrine carcinoma (GI NEC) is a rare but highly malignant neoplasm with an aggressive clinical course (3). Chemotherapy has been the mainstay of treatment in unresectable or advanced high-grade GI NEC (4). A randomized clinical trial demonstrated that both etoposide plus cisplatin (EP) and irinotecan plus cisplatin (IP) can be standard first-line chemotherapy options for advanced neuroendocrine carcinoma (NEC) (4).

Recently, switch/sucrose non-fermentable (SWI/SNF) complexes were found to be a highly preserved group of multiprotein complexes that regulate chromatin remodeling and play an important role in proliferation, differentiation and tumor suppression (5, 6). SMARCA4, a tumor suppressor gene and one of the subunits of the SWI/SNF chromatin remodeling complex, encodes Brahma-related gene 1 (BRG1) (6). SMARCA4 mutations were found to be present in a diverse set of cancer types at frequencies of up to 16% in solid tumors from 131,668 cancer patients (7). SMARCA4/BRG1 deficiency has been detected in a wide variety of tumors (8–15), such as small cell carcinoma of the ovary, hypercalcemic type (SCCOHT) and thoracic SMARCA4 undifferentiated tumors.

SMARCA4 mutations have been reported in a few neuroendocrine carcinomas. Germline and somatic alterations in the SMARCA4 gene and loss of BRG1 protein expression have been established as defining events in small cell carcinoma of the ovary, hypercalcemic type (SCCOHT) (8). SMARCA4 deficiency can be present in TTF-1-negative neuroendocrine carcinomas (16). GI NEC with SMARCA4 deficiency may represent a rare phenotype of GI NEC and has not been reported in published English literature. Herein, we report two rare cases of GI NEC with SMARCA4 deficiency and provide insight into the clinicopathological features of this highly aggressive malignant tumor.





Methods and patients




Patient collection

Data from two cases of GI NEC with SMARCA4 deficiency were reviewed between January 2020 and December 2022 from the database of the Department of Pathology, West China Hospital, Sichuan University. Clinical and radiographic features were obtained from patients’ medical records and follow-up. Ethics approval was obtained from the respective ethics committees of West China Hospital, Sichuan University, China (NO.2022317).





H&E and immunohistochemical staining

H&E and immunohistochemical staining was performed on 4-μm-thick unstained sections of representative formalin-fixed paraffin-embedded blocks. Immunohistochemistry was performed with the EnVision detection system. Antigen retrieval and staining were performed using standardized automated protocols in the presence of appropriate controls. Staining for SMARCA4 (anti-BRG1 antibody, 1:200 dilution, clone EPNCIR111A; Abcam, Cambridge, MA) was performed, as well as pancytokeratin (PCK) (clone AE1/AE3, ZSGB-BIO), epithelial membrane antigen (EMA) (clone GP1.4, ZSGB-BIO), CK20 (clone EP23, ZSGB-BIO), CK7 (clone EP16, ZSGB-BIO), CK8/18 (clone 5D3, MXB), p53 (clone D0-7, ZSGB-BIO), RB (clone 13A10, CELNOVTE), synaptophysin (Syn) (clone EP158, ZSGB-BIO), chromogranin A (CgA) (clone LK2H10, ZSGB-BIO), CD56 (clone UMAB83, ZSGB-BIO), Ki67 (clone MIB-1, ZSGB-BIO), LCA (clone 2B11&PD7/26, ZSGB-BIO), MLH1 (clone ES05, ZSGB-BIO), MSH2 (clone RED2, ZSGB-BIO), MSH6 (clone EP49, ZSGB-BIO) and PMS2 (clone EP51, ZSGB-BIO). Staining results were determined by 2 independent pathologists.





In situ hybridization of Epstein−Barr virus-encoded small RNA (EBER)

We stained 4-μm-thick sections for in situ hybridization to examine the Epstein−Barr virus (EBV) infection status. The EBER probe was detected using the PNA ISH Detection Kit (Dako).






Results




Clinical presentation

Detailed clinical features of the two patients of GI NEC with SMARCA4 deficiency are summarized in Table 1.


Table 1 | Clinical features of gastrointestinal NEC with SMARCA4-deficiency.







Case 1

A 43-year-old male patient presented with epigastric pain with yellowness of the skin for seven months. Gastroscopy showed a 1.5-cm thickened lesion in the duodenal papillae (Figure 1A), and a biopsy was performed. A computed tomography (CT) scan of the abdomen showed a 1.5-cm thickened lesion in the duodenal papillae (Figure 1B) and multiple nodules in the liver, indicating metastases of the liver. The clinical stage was cT3NxM1, IV.




Figure 1 | Gastroscopic, radiological, histopathological and immunohistochemical features of case 1 Gastroscopy (A, arrow) and abdominal CT scans (B, arrow) showed a thickened lesion in duodenal papilla. The abdominal CT scan showed multiple liver metastases (C, triangles), intraperitoneal metastases and retroperitoneal lymph node metastases (C, arrows) after chemotherapy. The biopsy showed a solid pattern with poorly differentiated tumor cells with inflammatory infiltration (D, magnification x40; and E, magnification x400). BRG1 was deficient. PCK, CgA, Syn and CD56 were positively stained. The Ki67 index was approximately 90% (magnification x400).



Morphological analysis of the biopsy tissue showed poorly differentiated cells forming a solid architecture of neuroendocrine morphology (Figures 1D, E). The large-sized tumor cells were epithelioid ovoid with abundant cytoplasm. Nuclei were round and pleomorphic. Necrosis was not found in the small biopsy. Lymphocyte, eosinophil, and neutrophil infiltration was observed. Immunohistochemistry (Figure 1) indicated complete loss of BRG1 in the tumor nuclei, with endothelial and inflammatory cells as internal positive controls. CgA, Syn and CD56 were positively stained. The Ki67 index was approximately 90%. The tumor was positive for epithelial markers (PCK, CK8/18 and EMA) and negative for LCA. The expression of INI1, MLH1, MSH2, MSH6 and PMS2 was retained. In situ hybridization for EBER was negative. Due to the small biopsy, there was neither abundant tumor tissue nor sufficient well-preserved nucleic acids for next-generation sequencing (NGS) after immunohistochemistry.

Based on the morphological and immunohistochemical features, the tumor was diagnosed as GI NEC with SMARCA4 deficiency. The patient received chemotherapy (etoposide plus cisplatin) and anti-programmed cell death protein 1 (anti-PD-1) immunotherapy (serplulimab) for three cycles. The CT scan of the abdomen and gastroscopy showed a 3.0-cm thickened lesion in the duodenal papillae, multiple liver metastases (Figure 1C, triangles), and intraperitoneal metastases, and enlarged and partially fused retroperitoneal lymph nodes (Figure 1C, arrows). The tumor did not respond to treatment with chemotherapy and anti-PD-1 immunotherapy, and the patient died 9 months later.





Case 2

A 64-year-old female patient presented with epigastric pain for nine months. Gastroscopy (Figure 2A) and a CT scan of the abdomen (Figure 2B) showed a 2.9-cm irregular ulcerative tumor in the greater curvature of the stomach, and a biopsy was performed. The clinical stage was cT4aN1M0, IIIA. The patient was administered neoadjuvant treatment with chemotherapy (etoposide plus cisplatin) for two cycles. Gastroscopy (Figure 2D) and a CT scan of the abdomen (Figure 2E) showed a larger irregular ulcerative tumor in the greater curvature of the stomach after neoadjuvant chemotherapy. The clinical assessment was progressive disease (PD). Then, surgical resection was performed. On gross examination, there was an ulcerative tumor in the greater curvature of the stomach measuring 2.6 cm×2.5 cmx1.1 cm.




Figure 2 | Gastroscopic, radiological, histopathological and immunohistochemical features of case 2 Gastroscopy (A, arrow) and abdominal CT scans (B, arrow) showed an irregularly thickened area in the greater curvature of the stomach before neoadjuvant treatment. The biopsy showed a solid pattern with poorly differentiated tumor cells before neoadjuvant treatment (C, magnification x100). Gastroscopy (D, arrow) and abdominal CT scans (E, arrow) showed a larger irregular thickened area of the greater curvature of the stomach after neoadjuvant treatment. The resected tumor showed a solid pattern with poorly differentiated tumor cells after neoadjuvant treatment, and there was no obvious response to neoadjuvant therapy (TRG3) (F and G, magnification x400). Both biopsy tissue and surgical resected tumor showed similar immunohistochemical staining. BRG1 was deficient. PCK staining was positive. CgA, Syn and CD56 were positively stained. P53 staining was positive, and RB staining was deficient. The Ki67 index was approximately 70% (magnification x400).



The biopsy tissue and resected tumor showed poorly differentiated morphology with solid architecture (Figures 2C, F, G). Round, pleomorphic nuclei with prominent nucleoli were large and irregular. Mitoses were frequent. The tumor cells in the resected specimen invaded the muscularis propria. Vascular invasion was observed. The pathological stage was yT2N2M0, IIB. Few lymphocytes and neutrophils were present. The tumor regression grade (TRG) was TRG3 (without an obvious response to neoadjuvant treatment) (Figure 2F). The immunohistochemical staining results of the resected tumor were similar to those of the biopsy. Complete loss of BRG1 was observed in the tumor nuclei, which was similar to the result for case 1 (Figure 2). Immunohistochemistry showed positivity for PCK. CgA, Syn and CD56 were positively stained. P53 immunoreactivity was positive. Complete loss of RB was found. The Ki67 index was approximately 70%. Immunohistochemical staining for CK7, CDX2, CK20, HER2 and SSTR2 showed negative results. The expression of INI1, ATRX, MLH1, MSH2, MSH6 and PMS2 was retained. In situ hybridization for EBER was negative. Regrettably, the patient rejected NGS detection of her sample.

Based on the morphological and immunohistochemical features, the tumor was diagnosed as GI NEC with SMARCA4 deficiency. The patient continued to be treated with chemotherapy (cisplatin) and anti-PD-1 immunotherapy (sintilimab) after surgery. There was no evidence of disease for 10 months.






Discussion

Kadoch et al. demonstrated that approximately 20% of all human cancers harbor mutations in SWI/SNF chromatin-remodeling complexes (17). SMARCA4, one of the subunits of the SWI/SNF chromatin remodeling complex, is a tumor suppressor (6). SMARCA4 mutations occurred in 8% (20/258) of gastric cancers in a TCGA analysis and 10% (5/50) of gastric cancers in Takeshima’s study (1, 18). Loss of SMARCA4 is associated with adverse clinical characteristics (19, 20). SMARCA4 (BRG1) deficiency occurs rarely in subsets of NECs, such as SCCOHT (8) and lung neuroendocrine carcinomas (16). The present report describes two rare patients diagnosed with GI NEC with SMARCA4 deficiency, aged 43 and 64 years, who presented with ulcerated and transmural masses with infiltration and were staged as cT3NxM1, IV in case 1 and cT4aN1M0, IIIA in case 2 at the time of diagnosis.

Inactivation of SMARCA4 is more likely to occur in gastric cancer with a solid and undifferentiated morphology, presenting in large and locally advanced tumors (21–23). Aberrant SMARCA4 protein expression was reported to be frequently observed in 49% (25/51) of solid-type poorly differentiated adenocarcinomas and nonsolid-type poorly differentiated adenocarcinomas (7.5%, 3/40) (20). However, GI NEC with SMARCA4 deficiency has not been reported in the published English literature. We reported two rare GI NECs that presented with a solid architecture and poorly differentiated morphology and showed complete loss of BRG1 expression. BRG1 immunohistochemical staining is useful for identifying SMARCA4-deficient tumors. In routine practice, screening BRG1 expression could be performed for GI NEC in pathological diagnosis.

A group of tumors with similar morphological features should be excluded before diagnosing GI NEC with SMARCA4 deficiency. The differential diagnosis includes gastric carcinoma with SMARCA4 deficiency, undifferentiated carcinomas, EBV-associated carcinoma, lymphoma, melanoma, germ cell neoplasms, and so on. GI NEC often diffusely expresses neuroendocrine markers, including chromogranin, synaptophysin and CD56, and tumor cells express epithelial markers. Gastric carcinoma with SMARCA4 deficiency can be distinguished by gland architecture of differentiation. Some undifferentiated tumors with a neuroendocrine-like phenotype may show variable positivity for synaptophysin, but neither of the cases expressed more than one neuroendocrine marker. Decreased expression of PCK was observed in 58.6% (17/29) of gastric SMARCA4-deficient undifferentiated carcinomas (21). Staining for LCA, CD138, CD38, MUM1, and anaplastic lymphoma kinase (ALK) is helpful for diagnosing lymphopoietic system tumors, including plasmablastic lymphoma and ALK-positive large B-cell lymphoma. HMB45, S100, and MART-1 can be helpful for diagnosing melanoma. A combination of antibodies, including Sal-like transcription factor 4 (SALL4), octamer-binding transcription factor 3/4 (OCT3/4) and α-fetoprotein (AFP), have been used to diagnose germ cell tumors.

Poorly differentiated neuroendocrine carcinoma of the digestive system has a dismal prognosis with limited treatment options. Systemic platinum-based treatment is the standard treatment for GI NEC. For high-grade NEC in the GI tract, multiagent chemotherapy was found to be associated with superior survival compared with single-agent chemotherapy, which was superior to no chemotherapy (3). programmed cell death receptor 1/ programmed cell death ligand 1 (PD-1/PD-L1) expression is a frequent occurrence in poorly differentiated neuroendocrine carcinomas of the digestive system. Checkpoint blockade targeting the PD-1/PD-L1 pathway may have a potential role in treatment (24, 25). There are no published studies on a recommended treatment for GI NEC with SMARCA4 deficiency. Patients with SMARCA4-altered GC do not benefit from chemotherapy in stages II and III (P=0.623 and 0.678) (26). SMARCA4 alteration in GC remains a significant unfavorable prognostic factor (median survival 14 versus 26 months, p=0.002) in patients with stage III disease who receive chemotherapy (26). Two patients with tumors localized to the gastroesophageal junction received neoadjuvant chemotherapy and showed no response (TRG3), showing very adverse clinical characteristics and poor survival (19). In the present study, case 1 did not respond to chemotherapy and anti-PD-1 immunotherapy. Case 2 showed TRG3 in response to neoadjuvant chemotherapy. GI NEC with SMARCA4 deficiency may have limited benefit from chemotherapy and anti-PD-1 immunotherapy. SMARCA4 in GI NEC may be a prognostic and targetable biomarker. SMARCA4-mutated cancers have a DNA repair vulnerability that can be exploited therapeutically (27). Future treatments with agents that target the epigenetic machinery, such as inhibitors against enhancer of zeste homolog 2 (EZH2) or histone deacetylase, may prove even more effective (28, 29), which might provide more therapeutic options.





Conclusions

We retrospectively report two rare cases of GI NEC with SMARCA4 deficiency. GI NEC with SMARCA4 deficiency may not benefit from chemotherapy and has poor outcomes. SMARCA4 may be a promising targetable and prognostic biomarker for GI NEC, requiring more exploration for validation in a larger series.
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Up to one-third of colorectal cancer (CRC) patients experience recurrence after radical surgery, and it is still very difficult to assess and predict the risk of recurrence. Angiogenesis is the key factor of recurrence as metastasis of CRC is closely related to copper metabolism. Expression profiling by microarray from two datasets in Gene Expression Omnibus (GEO) was selected for quality control, genome annotation, normalization, etc. The identified angiogenesis-derived and cuproptosis-related Long non-coding RNAs (lncRNAs) and clinical data were screened and used as predictors to construct a Cox regression model. The stability of the model was evaluated, and a nomogram was drawn. The samples were divided into high-risk and low-risk groups according to the linear prediction of the model, and a Kaplan–Meier survival analysis was performed. In this study, a model was established to predict the postoperative recurrence of colon cancer, which exhibits a high prediction accuracy. Furthermore, the negative correlation between cuproptosis and angiogenesis was validated in colorectal cancer cell lines and the expression of lncRNAs in vitro was examined.
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1 Introduction

Colorectal cancer (CRC) is the third most common cancer worldwide, accounting for nearly 10% of all cases (1). Although many react positively to treatment, including surgery, radiotherapy, and chemotherapy, up to one-third of patients experience postoperative recurrence with high mortality when the local tumor is completely controlled (2), and angiogenesis is one of the most critical factors for CRC progression.

Unrestricted invasive growth and metastasis of malignant tumors depend on angiogenesis, and tumors rarely metastasize without angiogenesis (3). When the tumor proliferates a critical amount, it starts the angiogenesis phenotype, produces strong angiogenesis activity, and enters the vascularization stage. New microvessels are the first step of tumor invasion and metastasis (4). The more tumor microvessels there are, the greater the chance of tumor cells entering the blood circulation. The wall of tumor neovascularization lacks structure integrity, in which there is only one layer of endothelial cells and lacks smooth muscle, which makes it easier to be penetrated by tumor cells than normal mature blood vessels (5). Furthermore, angiogenesis has a certain invasion ability, and tumor cells can invade along the collagen cracks attributed to vessels. Inhibition of angiogenesis can significantly suppress the growth of tumors (6). Anti-angiogenesis is a new strategy different from conventional anti-tumor therapy, and it has become a great prospect in tumor research.

In March 2022, Tsvetkov (7) proposed for the first time a copper (Cu)-dependent cell death mode, cuproptosis, which is different from other known cell death modes, such as apoptosis, necroptosis, and pyroptosis, it is a metal ion-induced regulatory cell death (8). Cu is an essential mineral for organisms and the basic element of many biological processes, including mitochondrial respiration, iron absorption, antioxidation, and detoxification. There is also some evidence that copper may play a role in the etiology, severity, and progress of cancer (9). Importantly, Cu can also promote angiogenesis, which is essential for tumor progression and metastasis (10). More and more evidence has shown that Cu can activate many angiogenic factors, such as angiopoietin (ANGPT), and vascular endothelial growth factor A (VEGFA) (11). It has been reported that Cu complexes and nanomaterials display the property of matrix metalloproteinase (MMP) inhibition (12, 13). It has been found that the Cu content in the serum and tumor tissue of cancer patients has changed significantly, which decreased in the serum of patients with CRC (14). Therefore, Cu-dependent cuproptosis may be related to the prognosis of patients.

Since the MOSAIC study (15), adjuvant chemotherapy has been a standard treatment for stage III colon cancer, which can prolong survival time and reduce the risk of recurrence. Only 20% of patients benefit from adjuvant chemotherapy, and 80% of the patients suffer unnecessary toxicity. Although clinical and pathological information is important in predicting prognosis, it is insufficient to determine which patients will benefit from adjuvant chemotherapy. Recently developed molecular markers, such as microsatellite status, BRAF, and KRAS mutations (16), which are instructional for immunotherapy and targeted therapy, are also expected to be important stratification factors for adjuvant chemotherapy. Furthermore, recent studies have emphasized the prognostic value of immune infiltration (17). Whether they are pathological, immunological, or molecular prognostic markers, these predictors can help clinicians stratify patients’ prognostic risks and develop individualized therapy.

Long non-coding RNA (lncRNA), a vast and unexplored region of the human genome, is a member of the non-protein coding RNA family with a length of more than 200 nucleotides. LncRNAs regulate the translation and decay of mRNA in a base-pairing-dependent manner (18) and participate in signal transduction through interaction with protein and lipids (19, 20). LncRNAs can affect signal pathways including WNT/β-catenin, PI3K/Akt, mTOR, and TP53 (21), and participate in many stages of tumor progression, including proliferation, apoptosis, angiogenesis, and metastasis. More and more transcriptome sequencing has identified many lncRNAs with altered expression and tissue specificity in cancer, which are expected to be potential prognostic markers. At present, most prognosis scores only use single-dimensional predictors: pathological data, immunity, or molecular markers. The analysis of large-scale multicenter clinical and molecular data can help integrate these factors into a comprehensive model. In this study, we aimed to verify the predictive ability of angiogenesis-derived cuproptosis-related molecular markers for colon cancer recurrence, and established a risk prediction model for colon cancer recurrence by combining clinical data with molecular biomarkers. This model stratifies the risk after radical resection, predicts the risk of recurrence, and is promising for guiding individual therapy.




2 Materials and methods



2.1 Collection and quality control of expression profiling by microarray

First, two microarray datasets based on GPL570 (Affymetrix Human Genome U133 Plus 2.0 Array) named GSE17536 and GSE17537 were selected from Gene Expression Omnibus (GEO) (22). The two datasets were obtained from expression profiling of colon cancer tissues in two medical centers. GSE17536 contains 177 samples, and GSE17537 contains 55. In this study, the original CEL files of microarray were selected for data analysis. The 232 microarrays were uniformly tested for quality, and the quality control was completed based on the R (version: 4.2.1) package “arrayQualityMetrics” (23), which includes five aspects: array comparison, array intensity distributions, variance mean dependence, Affymetrix specific plots, and individual array quality. Then, the RMA algorithm was used to sequentially perform background correcting, normalization, and summarization (24). RMA algorithm has performed logarithmic processing on gene expression. After the probes of GPL570 were annotated as gene symbols, the gene expression matrix was extracted. In the meantime, clinical information including gender, age, stage, outcome, and disease-free survival (DFS) time was further organized.




2.2 Identification of cuproptosis-related lncRNAs

mRNAs and lncRNAs were distinguished in the gene expression matrix through the annotation file of the UCSC Genome Browser (25). The mRNAs related to cuproptosis were determined through relevant published studies. Pearson’s correlation analysis was performed on cuproptosis-related mRNAs and lncRNAs using R, and the lncRNAs with linear correlation with cuproptosis-related mRNAs were identified as predictors preliminarily included in the model.




2.3 Constructing a prediction model based on the training set

GSE17536 was used as the training set for model construction and predictors screening, while GSE17537 was used as the validation set for subsequent external validation and predictive evaluation of the model. Event was selected as the outcome-related dependent variable, DFS was selected time as the time-related dependent variable, and sex, age, stage, and cuproptosis-related lncRNAs were selected as independent variables of the model. In the training set, the independent variables were tested using univariate Cox regression to evaluate whether they have a significant impact on survival to preliminarily screen the predictors. The screened predictors were used to construct a least absolute shrinkage and selection operator (LASSO)-based Cox regression model and further screened by stepwise selection to prevent the model from overfitting. The package “glmnet” (26) of R was used to construct the LASSO-based Cox regression model, which compresses the coefficients of predictors to 0 by setting the penalty coefficient λ, thus excluding the predictors that have few influences on dependent variables. LASSO regression selects λ with the smallest error in 10-fold cross-validations as the penalty coefficient. On the basis of LASSO regression, further screening was carried out by stepwise selection, which selects the best predictors by gradually deleting or adding predictors from the existing model and evaluating the prediction accuracy of the model.




2.4 Principal component analysis

Principal component analysis (PCA) is a method of inducing and combining multiple variables and distinguishing different samples with the least dimensions. PCA was carried out on the expression of all RNAs, cuproptosis-related mRNAs, cuproptosis-related lncRNAs, and the predictors to distinguish the ability of different biomarkers to predict risks. Meanwhile, scree plots were drawn to calculate the cumulative contribution rate (CCR).




2.5 Evaluation of model stability

The prediction model was constructed using the predictors screened twice and evaluated using influential point, multicollinearity, and the Schoenfeld individual test. The influential point was used to detect whether there was a sample that had a significant influence on the model fitting (that is, the sample had too much influence on the model compared with most samples), which would be eliminated. Multicollinearity refers to the significant correlation between the predictors in the model; that is, the same feature is described from two similar dimensions. This is due to inadequate screening of predictors and may result in model over-fitting. The Schoenfeld individual test was used to test whether there was a correlation between time and coefficient of the predictors, and if there was a correlation, the basic assumption of Cox regression was not established.




2.6 Internal validation and external validation

The number of predictors is greatly reduced after being screened twice, which may lead to the phenomenon of underfitting and decrease the prediction accuracy of the model. Therefore, the model was internally validated and evaluated for accuracy using the area under the curve (AUC), calibration curve, and Brier score. However, an independent dataset for external validation was selected, and the model was also evaluated using AUC, calibration curve, and Brier score. AUC and calibration curve are indicators to evaluate discrimination and calibration, respectively, and the Brier score was used to comprehensively reflect the discrimination and calibration.




2.7 Establishment of the nomogram

We drew a nomogram (27), which clearly manifested the prediction probability of the DFS of the samples. The nomogram scores the predictors according to their coefficients and variable types (classified variables or continuous variables) and outputs the survival probability according to the total score.




2.8 Risk division and survival analysis

The Risk Score (RS) was defined as the linear prediction of the model, and all samples were divided into high-risk and low-risk groups according to the RS median of the training set. Afterward, Kaplan–Meier (KM) survival analysis was carried out to explore whether there were differences in survival probability between high-risk and low-risk groups.




2.9 Enrichment analysis and immune cell infiltration

We performed Gene Set Enrichment Analysis (GSEA) on high-risk and low-risk groups identified using RS to verify the correlation between cuproptosis and angiogenesis. Subsequently, we performed Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis and Gene Ontology (GO) enrichment analysis on cuproptosis-related genes to explore the signal pathway and biological function of their enrichment. CIBERSORT (28) quantified the composition of immune cells in tissues according to standardized gene expression data, and the accuracy of this method was verified by flow cytometry. CIBERSORT calculated p and root mean squared error for each sample, with a default signature matrix at 100 permutations, of which p-values <0.05 were filtered and selected for the next analysis. CIBERSORT demonstrated the difference in immune cell composition between the high-risk and low-risk groups.




2.10 Expression profile of colorectal cancer cell lines from public database

We selected all colorectal cancer cell lines in Depmap [Cancer Cell Line Encyclopedia (CCLE)] and downloaded the expression profile from Expression Public 23Q2, which was then normalized. After dividing the cell lines into two groups according to their sources, we carried out GSEA to find out the differences in angiogenesis and cuproptosis. Furthermore, we drew violin plots of cuproptosis–mRNA expression in colorectal cancer cell lines.




2.11 Cell lines and culture in vitro

The Caco-2 and SW620 cell lines were obtained from the cell bank of the Chinese Academy of Sciences (Shanghai, China). Caco-2 cells were cultured in high-glucose Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS; Gibco, Grand Island, NY, USA), 1% penicillin, and 1% streptomycin (Gibco, Grand Island, NY, USA) and supplemented with 5% carbon dioxide–air of a 37°C humidified incubator. SW620 cell line was cultured in Leibovitz’s L-15 (Corning, Shanghai, China) medium supplemented with 10% FBS, 1% penicillin, and 1% streptomycin.




2.12 Quantitative real-time PCR

Cell/Tissue Total RNA Isolation Kit V2 was used to remove genomic DNA and isolate total RNA. NanoDrop ND-1000 was used to quantify sample RNA, and III RT SuperMix for qPCR was used to further remove gDNA and perform reverse transcription. Real-time fluorescent quantitative was performed by ABI 7500 Instrument (Applied Biosystems, Foster City, CA, USA) using the SYBR Green method, and 2−ΔΔCt was identified as the relative RNA expression. The target primers are shown in Table 1.


Table 1 | Primer sequence.







3 Results



3.1 Quality control and annotation of microarray

By analyzing the original CEL file, the grayscale (Supplementary Figure S1A) of the microarray is displayed, and a statistical analysis was performed to draw a barplot, boxplot, and MA plot (Supplementary Figures S1B–D), which shows the data distribution of the original array. Ideally, the scatter points in the plot are along the M = 0 axis. There may be problems with the microarray with a large interquartile range (IQR). After quality control, the microarrays with quality problems and without clinical data were eliminated. There were 145 samples in GSE17536 and 55 samples left in GSE17537. The probe matrix with 200 columns and 54,675 rows was normalized using the RMA algorithm, as shown in Figure 1A.




Figure 1 | Quality control of microarray and identification of cuproptosis-related lncRNAs. (A) Boxplot of the expression profile of samples. (B) The lncRNAs have linear relationships with cuproptosis-related mRNAs. (C) Heatmap of cuproptosis-related mRNAs and predictors.



There were 54,675 probes in the GPL570. Since there were multiple probes detecting the same gene, we identified 17,202 mRNAs and 1,806 lncRNAs through the annotation file of the UCSC Genome Browser. There were 19 mRNAs (Supplementary Table S1) related to cuproptosis confirmed by relevant published studies, which were included in GeneCards—the human gene database (www.genecards.org) (29). Since the two mRNAs, DLST and LIPT2, were not annotated in GPL570, Pearson’s correlation analysis was performed on 17 mRNAs and 1,806 lncRNAs using R and detected 692 lncRNAs, which had a linear correlation (p < 0.001) with cuproptosis-related mRNAs (Figure 1B), among which there was no lncRNA significantly related to ATP7A.




3.2 Seven predictors after multiple screening

After the correlation test of univariate regression, 666 lncRNAs that had no significant influence on the outcome were excluded. Only “stage” and 26 lncRNAs were used as predictors for the multivariate regression (Figure 2A). In LASSO-based Cox regression, the event was selected as the outcome-related dependent variable and DFS time as the time-related dependent variable, nearly half of the predictors were screened out with λ = 0.243, and there were 13 predictors left in the model, including “stage” and 12 lncRNAs (Figures 2B, C). Through the stepwise selection, seven predictors were finally selected, including a classified variable “stage” and six continuous variables (LINC02754, LINC02043, LINC02510, DLEU1, RNF185-AS1, and LINC02067). The correlation with cuproptosis-related mRNAs is shown in Figure 1C. PCA (Figures 2D–G) manifested that the screening process was beneficial in distinguishing high- and low-risk groups. Scree plots (Supplementary Figure S2) intuitively indicate that the CCR of the top 3 principal components (PCs) gradually elevated with further screening. The CCRs based on all RNAs, cuproptosis-related mRNAs, cuproptosis-related lncRNAs, and the predictors were 30.5%, 45%, 55.6%, and 64.5%, respectively, which also suggest that the discrimination between the two groups based on only three dimensions was insufficient (<80%).




Figure 2 | Screening of predictors and PCA. (A) Establishment of univariate Cox regression based on predictors. (B) The λ with the smallest cross-validation error in LASSO-based Cox regression was selected, and there were 13 predictors remaining in the model. (C) With the increase of the penalty coefficient, the predictors in the model gradually decrease. (D) PCA of all genes. (E) PCA of cuproptosis-related mRNAs. (F) PCA of cuproptosis-related lncRNAs. (G) PCA of predictors. PCA, principal component analysis; LASSO, least absolute shrinkage and selection operator. Red represents the high-risk group, and blue represents the low-risk group.






3.3 Model test and stability evaluation

The test of influential point suggested that no obvious outlier was found in the residual diagram of predictors, and the residual of each predictor in the fitted model was close to 0 (Figure 3A). The multicollinearity analysis of package “rms” indicated that the variance inflation factors (VIFs) of each predictor were 1.083 (stage), 1.035 (LINC02754), 1.069 (LINC02043), 1.062 (LINC02510), 1.124 (DLEU1), 1.035 (RNF185-AS1), and 1.092 (LINC02067). When VIF < 5, it is considered that there is no multicollinearity between the predictors. In the Schoenfeld individual test (Figure 3B), p > 0.05 indicated that the proportional risk assumption was not rejected, and the coefficients of the seven predictors were not time-dependent.




Figure 3 | Model test and stability evaluation. (A) The influential point test is used to detect whether there are abnormal points with a strong influence on the model. The standardized residual for influential points is greater than 3. (B) The Schoenfeld individual test is to check whether predictor coefficients change over time. When p > 0.05, the proportional risk assumption of Cox regression is not rejected.






3.4 Internal validation and external validation confirmed the high accuracy of the prediction model

First, statistical tests from the training and validation sets revealed no differences in “gender” (p = 0.623) and “age” (p = 0.094) between the two sets. After internal validation, the model performed well in the self-prediction of the training set. The AUC values of 1 year, 3 years, and 5 years in the receiver operating characteristic (ROC) curve were 0.863, 0.715, and 0.749, respectively (Figure 4A). On the basis of external validation, the AUCs of 1 year, 3 years, and 5 years in the ROC curve were 0.929, 0.941, and 0.914, respectively (Figure 4B). The longer the time span, the lower the accuracy of prediction. However, the AUC suggested that the discrimination of the model did not obviously decline within 5 years. The 5-year calibration curves of the training set and the validation set were relatively fitted to the ideal curve, with Brier scores of 0.159 and 0.096, respectively (Figures 4C, D). Meanwhile, we tested the accuracy of the model when there was only one predictor, stage, in the model. The stage itself had good discrimination (Supplementary Figures S3A, C) but a poor calibration with a Brier score >0.2 (Supplementary Figures S3B, D).




Figure 4 | Evaluation of the accuracy. (A) ROC of the model in the training set. (B) ROC in the validation set. (C) Calibration plot in the training set. (D) Calibration plot in the validation set. ROC, receiver operating characteristic.






3.5 The difference in survival probability between high-risk and low-risk groups

All samples were calculated using the RS (Supplementary Tables S2, S3), which is the linear prediction based on the model, and the RS median of the training set was 0.822. The samples with an RS higher than 0.822 were classified as a high-risk group, and the rest samples were classified as a low-risk group. In addition, after sorting the validation set according to the RS (Figure 5A), it was found that the number of recurrences in the high-risk group was significantly higher than that in the low-risk group (Figure 5B). The KM survival curve (Figure 5C) indicated that the survival probability of the high-risk group was significantly lower than that of the low-risk group at the same time. The Logrank test suggested that there was a statistical difference (p < 0.001) in the distribution of survival time between the two groups. The nomogram intuitively revealed the predicted survival probability of samples in 1 year, 3 years, and 5 years (Figure 5D), as well as identified protective factors (LINC02754, LINC02043, LINC02510, and DLEU1) and risk factors (stage, RNF185-AS1, and LINC02067).




Figure 5 | Survival analysis of high-risk and low-risk groups. (A) All samples are arranged by Risk Score. (B) Scatter plot of samples and their recurrence event. (C) KM survival curve. (D) Nomogram of the prediction model. The values of the seven predictors correspond to different scores, and the total score corresponds to the probability of DFS in 1, 3, and 5 years. The orange density plots show the distribution of training set data. The red lines represent the scores of predictors, total score, and corresponding survival probability, for the sample as an example. KM, Kaplan–Meier; DFS, disease-free survival.






3.6 The differential expression of angiogenesis genes between high-risk and low-risk groups accompanied by different composition of immune cells

The CIBERSORT analysis (Figure 6A) revealed significant differences in the composition of memory B cells (p = 0.027) and CD8+ T lymphocytes (p = 0.01) between the high-risk and low-risk groups. The proportion and the correlation of immune cells are also displayed in Supplementary Figure S4. Enrichment analysis (Figures 6C, D) showed that the cuproptosis-related genes refer to mitochondrial matrix processes such as acyltransferase activity, tricarboxylic acid cycle, acetyl–CoA metabolic process, acetyl–CoA biosynthetic process, pyruvate metabolism, mineral absorption, amino acid metabolism, carbon metabolism, and platinum resistance in cancer, which are not directly related to angiogenesis. However, GSEA demonstrated that the high-risk group defined by cuproptosis-related lncRNAs is significantly upregulated (enrichment score (ES) = 0.551, normalized enrichment score (NES) = 1.933, p-value <0.001) in the angiogenesis gene set (Figure 6B), suggesting the potential correlation between cuproptosis and angiogenesis.




Figure 6 | Relationship among immune infiltration, angiogenesis, and cuproptosis. (A) Violin plots demonstrate the difference in immune cells between high-risk and low-risk groups. Red represents the high-risk group, and blue represents the low-risk group. Nominal p-values are shown in the plot. (B) GSEA of two groups in the angiogenesis gene set. (C) GO enrichment analysis. Blue, red, and green represent the enrichment analysis of BP, MF, and CC respectively. (D) KEGG enrichment analysis. Red indicates significant enrichment. GO, Gene Ontology; BP, biological process; MF, molecular function; CC, cell component; KEGG, Kyoto Encyclopedia of Genes and Genomes; GSEA, Gene Set Enrichment Analysis.






3.7 Enrichment analysis of angiogenesis and cuproptosis in colorectal cancer cell lines and the expression of predictors in vitro validation

CCLE recruited 56 primary cell lines and 20 metastatic cell lines. GSEA based on normalized expression profile (Supplementary Table S4) demonstrated that, relative to primary cell lines, metastatic cell lines were downregulated (ES = −0.471, NES = −1.510, p-value = 0.019) in cuproptosis gene set and upregulated (ES = 0.332, NES = 1.727, p-value <0.001) in angiogenesis gene set (Figures 7A, B). Violin plots exhibit expression of cuproptosis–mRNAs in different cell lines (Supplementary Figure S5). We cultured CaCo-2, primary colon carcinoma cell, and SW620, metastatic cell, and detected the expression of angiogenesis-related mRNAs and cuproptosis-related lncRNAs in the model by qPCR. It was found that the expression of angiogenesis-related mRNAs in SW620 upregulated significantly, while the expression of protective lncRNAs decreased significantly (Figures 7C, D).




Figure 7 | GSEA focusing on cuproptosis and angiogenesis of colorectal cancer cell lines and relative RNA expression of Caco-2 and SW620 detected by qPCR. (A) GSEA in the cuproptosis gene set. (B) GSEA in the angiogenesis gene set. (C) Angiogenesis–mRNA expression. (D) Cuproptosis–lncRNA expression. ns, p ≥ 0.05; **p < 0.01; ***p < 0.001. GSEA, Gene Set Enrichment Analysis.







4 Discussion

The prediction of tumor recurrence risk is of great significance for guiding prognosis and clinical decision-making of adjuvant therapy. At present, there are three scoring systems based on clinical data and pathological features: Memorial Sloan Kettering Cancer Center (MSKCC) score, ACCENT score, and Numeracy. The predictors include sex, age, carcinoembryonic antigen (CEA), histopathological grade, vascular invasion or lymphatic invasion, lymph node involvement, and adjuvant therapy. However, the prediction accuracy of the scoring systems was relatively low, with a c-index of no more than 0.7 (30, 31). MSKCC score (32) is a linear regression model (c-index = 0.68), which does not take time as a dependent variable, and can only be applied to stage II and stage III. Although Numeracy is a Cox regression model, the accuracy was insufficient (c-index = 0.65) in that it only included three predictors. ACCENT score (33), as a Cox regression model, does not use molecular markers as predictors, so its accuracy was insufficient, and it was only applicable to stage III patients.

However, the prediction model using a single biomarker is also quite defective. CEA, a carcinoembryonic antigen produced by gastrointestinal epithelial tumor cells, has been used as a tumor marker for colon cancer for more than 40 years. As a blood biomarker, CEA is an inexpensive, safe, and non-invasive measure for patients with colon cancer. However, CEA may be elevated for many reasons, including malignant and benign diseases, as well as smoking. Taken together, it is not an effective predictor of early clinical recurrence with a sensitivity of 0.5–0.8.

In this study, the prediction model based on biomarkers and clinical data innovatively integrated the two dimensions. Considering the stability of the Cox model, the recommended minimum events-per-variable (EPV) is 5–15 (34). Since the number of positive events in the training set was 36, the amounts of variables should be no more than 7.2. The pre-screening of potential variables by LASSO regression decreases the problem that the stepwise regression is less effective in the data with large variables. Compared with linear regression and logistic regression, Cox regression takes time as a dependent variable, which can predict the recurrence risk of samples at any time (35, 36). The AUC in the training set was higher than 0.7, the AUC in the validation set was higher than 0.9, and the calibration curve did not deviate from the ideal curve, which indicated a high accuracy of the model.

CD8+ T cells have the ability to detect and eradicate cancer cells. As shown in Figure 6A, there was a statistical difference in the proportion of CD8+ T cells between high- and low-risk groups, but the mean difference was small (approximately 1.56%). Compared with the difference between tumor and adjacent tissue, the difference in CD8+ T cells between high- and low-risk groups was relatively minor. However, risk stratification based on cuproptosis-related lncRNAs suggested a potential interaction between cuproptosis and the immune microenvironment, which also presents a prospect for prognosis prediction. Since the proportion of immune cells was calculated from the expression profile in this study, we could not use the immune infiltration as a predictor in reverse. We believe that the value of immune infiltration for prognosis is the detection of the various subtypes of CD8+ T cells by flow cytometry. In contrast, memory B cells were lower in the low-risk group. More and more evidence indicates that there is no inherent inhibitory effect on infiltrating B cells in tumors, and the induced regulatory B cells derived from the exposure to the tumor microenvironment, which plays an important role in inhibiting anti-tumor response and promoting tumor progress by weakening cytotoxic T lymphocytes and NK cells (37).

Relevant research indicates that DLEU1, as a protective predictor, is a candidate gene of tumor suppressor involved in B-cell chronic lymphocytic leukemia (38). RNF185-AS1, in contrast, has the effect of promoting proliferation and migration in thyroid carcinoma and liver cancer (39, 40). The effect of the two predictors in tumor progression confirmed their influence on the prediction of survival probability. As shown in Figure 5D, the higher the expression of DLEU1, the higher the survival probability, while the higher the expression of RNF185-AS1, the lower the survival probability. Similarly, although there is currently a lack of relevant research on other lncRNAs, we can speculate that LINC02067 has the function of promoting tumor progression, while LINC02754, LINC02043, and LINC02510 have the function of inhibiting tumor progression. This study is based on the widely recognized angiogenesis and new concepts of cuproptosis aiming to develop a more accurate prediction to evaluate the prognosis and recurrence of CRC patients.

However, microarray data derived from two different datasets must undergo unified normalization for comprehensive analysis, which increases the complexity of the study, and large-scale transcriptome sequencing studies should be carried out in the future to construct more adaptive models.




5 Conclusion

In this study, a prediction model for postoperative recurrence of CRC cancer was established, which combines clinical data and molecular markers with high prediction accuracy.
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Supplementary Figure 1 | Raw data of microarray. (A) The original gray scale of microarray. (B) MA-plot. Ideally, the scatter points in the plot are along the M = 0 axis. There may be problems with the microarray with a large IQR. IQR, interquartile range. (C) Histogram of signal intensity of probes. (D) Boxplot of the unnormalized expression profile of samples.

Supplementary Figure 2 | PCA-related Scree plots demonstrate the contribution rate of principal components. (A) Scree plot of all genes. (B) Scree plot of cuproptosis-related mRNAs. (C) Scree plot of cuproptosis-related lncRNAs. (D) Scree plot of predictors. PCA, principal component analysis.

Supplementary Figure 3 | Evaluation of the accuracy when there is only one predictor, stage. (A) ROC of the stage in the training set. (B) ROC in the validation set. (C) Calibration plot in the training set. (D) Calibration plot in the validation set. ROC, receiver operating characteristic.

Supplementary Figure 4 | Immune infiltration by CIBERSORT. (A) Barplot indicates the proportion of different immune cells in each sample. (B) Correlation heatmap of 22 kinds of immune cells.

Supplementary Figure 5 | Expression of cuproptosis-related mRNAs in colorectal cancer cell lines.
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Background

Being the most widely used biomarker for immunotherapy, the microsatellite status has limitations in identifying all patients who benefit in clinical practice. It is essential to identify additional biomarkers to guide immunotherapy. Aberrant DNA methylation is consistently associated with changes in the anti-tumor immune response, which can promote tumor progression. This study aims to explore immunotherapy biomarkers for colon cancers from the perspective of DNA methylation.





Methods

The related data (RNA sequencing data and DNA methylation data) were obtained from The Cancer Genome Atlas (TCGA) and UCSC XENA database. Methylation-driven genes (MDGs) were identified through the Pearson correlation analysis. Unsupervised consensus clustering was conducted using these MDGs to identify distinct clusters of colon cancers. Subsequently, we evaluated the immune status and predicted the efficacy of immunotherapy by tumor immune dysfunction and exclusion (Tide) score. Finally, The Quantitative Differentially Methylated Regions (QDMR) software was used to identify the specific DNA methylation markers within particular clusters.





Results

A total of 282 MDGs were identified by integrating the DNA methylation and RNA-seq data. Consensus clustering using the K-means algorithm revealed that the optimal number of clusters was 4. It was revealed that the composition of the tumor immune microenvironment (TIME) in Cluster 1 was significantly different from others, and it exhibited a higher level of tumor mutation burdens (TMB) and stronger anti-tumor immune activity. Furthermore, we identified three specific hypermethylation genes that defined Cluster 1 (PCDH20, APCDD1, COCH). Receiver operating characteristic (ROC) curves demonstrated that these specific markers could effectively distinguish Cluster 1 from other clusters, with an AUC of 0.947 (95% CI 0.903-0.990). Finally, we selected clinical samples for immunohistochemical validation.





Conclusion

In conclusion, through the analysis of DNA methylation, consensus clustering of colon cancer could effectively identify the cluster that benefit from immunotherapy along with specific methylation biomarkers.





Keywords: colon cancer, DNA methylation, microsatellite status, immunotherapy, specific DNA methylation markers




1 Introduction

Colon cancer, being one of the prevalent malignancies of the digestive system, exhibits the second highest mortality rates globally and ranks third in terms of incidence. This medical challenge poses a significant threat to human health (1). Systemic therapy is the primary treatment for advanced colon cancers. Unfortunately, the five-year overall survival (OS) is currently estimated at only 30% (2). Immunotherapy significantly prolonged the survival of patients with deficiency of mismatch repair (dMMR) or microsatellite instability – high (MSI -H) (3–5). However, the detection rate of dMMR or MSI-H only accounts for 5%-10% in colon cancers (6, 7). Additionally, approximately 25% of detected patients do not benefit from immunotherapy (8). It is worth noting that some patients with microsatellite stability (MSS) also experienced prolonged OS after immunotherapy (9). In a word, microsatellite status had certain limitations as a criterion for predicting the effectiveness of immunotherapy. The current research priorities are focused on identifying additional biomarkers in order to expand the accessibility of immunotherapy.

DNA methylation is a crucial epigenetic modification that plays a substantial function in regulating gene expression (10, 11). DNA methylation is the process of adding a methyl group to the 5’ positions of a cytosine and guanosine (CpG) with the participation of DNA methyltransferase (DNMT). CpGs are typically abundant in the promoter region of CpG islands. Hypermethylation of promoter region always leads to the silencing of tumor suppressor gene expression (12, 13) and DNA methylation plays a regulatory role in tumor antigen presentation and the release of immune factors (14–16). To summarize, aberrant DNA methylation, especially hypermethylation of promoter regions, is frequently associated with altered anti-tumor immune responses, leading to tumor progression.

Currently, diagnostic and prognostic related methylation markers have been identified in colon cancer (17). This study is the first to identify immunotherapy biomarkers for colon cancer from the perspective of methylation. Through the identification of methylation-driven genes (MDGs), performing cluster analysis and verified by clinical samples. We identify a specific cluster of colon cancer that could be benefit from immunotherapy. Furthermore, we discovered beneficial-cluster of specific DNA methylation markers that can be used as a valuable supplement to the microsatellite status.




2 Materials and methods



2.1 Data acquisition and processing

RNA sequencing (RNA-Seq) data, somatic mutation data, clinicopathological data (including microsatellite status) of colon cancers were downloaded from The Cancer Genome Atlas (TCGA) database (https://portal.gdc.cancer.gov). DNA methylation data (Illumina Human Methylation 450) were obtained from the UCSC XENA database (https://xena.ucsc.edu/). For each probe site, methylation levels ranged from 0 (fully unmethylated) to 1 (fully methylated). Firstly, the DNA methylation data was screened, eliminating probes that exhibited missing information in over 70 percent of the samples. Secondary, probes in the sex chromosome and single nucleotide polymorphisms were also excluded. Finally, the K-nearest neighbors (KNN) algorithm was utilized to impute the missing values, implemented through the (knn) imputation procedure. Since DNA methylation in the promoter region could regulate expression of genes, we specifically analyzed the CpGs in the promoter region. The promoter was defined as the upstream 2.5 kb to downstream 0.5kb region of the transcription start site. For the expression data, we focused on analyzing the protein-encoding mRNA.




2.2 Differential analysis and identification of DNA methylation-driven genes

Between tumor and normal tissues, RNA-Seq data was analyzed using the “Deseq2” package implemented in R to detect differentially expressed genes (DEGs). The criteria for DEGs were set at a threshold of P< 0.05 and | log2FC | > 1 (18). On the other hand, methylation data was analyzed using the limma package to identify differentially methylated genes (DMGs), with a set of P< 0.05 (19). The overlapped portion of the DEGs and DMGs, representing differentially expressed genes with aberrantly methylation, which were visualized using a Venn diagram.

The DNA methylation and RNA-Seq data of differentially expressed genes with aberrantly methylation were integrated for correlation analysis using the Pearson coefficient. A threshold of Pearson coefficient< -0.3 and P< 0.05 was set to identify MDGs for further analysis. The scatter plot of MDGs was created using ggplot2 in R (20).




2.3 Analysis of function enrichment construction of the PPI network

The”clusterProfiler”, “org.Hs.eg.db”, and “enrichplot” R package were used to evaluate the most significantly enriched function and pathway. The Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis considered results with P< 0.05 and q< 1 as the differentially enriched (21, 22). These results were visualized using the ‘ggplot2’ R package.

To construct the Protein-Protein interaction network (PPI), the MDGs were uploaded to the Interactive Gene/protein Retrieval Tool Database (STRING) (https://string-db.org/). The identification of key genes and major modules in the PPI network was performed using the Cytoscape software.




2.4 Consensus clustering analysis

Consensus clustering was performed (ConsensusClusterPlus R package) to identify clusters of colon cancer with distinct molecular features (23). The K-means algorithm and Euclidean distance were employed in clustering.

	

The optimal number of clusters (k) were tested from 2 to 9 in this study. The procedure of clustering was conducted over 1000 iterations, in which 80% of the data was sampled in each iteration. The selection criteria for determining the optimal k value included the cluster’s internal consistency, low coefficient of variation, and stability of the area under the cumulative distribution function (CDF) curves. The optimal number of clusters was determined using Principal component analysis (PCA) in this study. The Cumulative Density Function (ECDF) was used to calculate the area between 0.1 and 0.9 of the X-axis, the k value corresponding to the minimum ECDF area was the optimal number of clusters. Subsequently, survival analysis was used to evaluate the prognosis. The statistical significance among the clusters was evaluated using the log-rank test, with P< 0.05 considered significant. The performance of classification was evaluated using the receiver operating characteristic (ROC) curves.




2.5 Evaluation of the immune status among different colon cancer clusters

Unsupervised consensus clustering was performed to identify distinct clusters of colon cancers. Subsequently, we evaluated the immune status of these clusters.

The stromal score and immune score were calculated using the ESTIMATE algorithm based on expression data, which represented the presence of stromal and immune cells. The sum of stromal and immune scores was used as the estimate score to evaluate tumor purity. This evaluation was performed using the R language ‘estimate’ package (24). Immune checkpoint inhibitors (ICIs) could guide the immunotherapy of colon cancers. This study statistically analyzed the expression of the most common ICIs (PD-1, PD-L1, PD-L2, CTLA4, LAG3) among different clusters. Additionally, we quantified the abundance of tumor-infiltrating immune cells (TIICs) using the CIBERSORT algorithm (25). This study analyzed the immune status of clusters to determine if there was statistical difference, with P< 0.05 considered significant.

The Cancer-Immunity Cycle, commonly referred to as the anti-cancer immune response, consists of seven steps. These steps begin with the release of cancer cell antigens and end with the killing of cancer cells (26). The website Tracking Tumor Immunophenotype (TIP) (http://biocc.hrbmu.edu.cn/TIP) specialized in the study of the Cancer-Immunity Cycle and had calculated the immune activity scores for each step through large sample analysis (27). In the present study, we collected immune activity scores of colon cancer samples from the TIP website to analyze the differences in clusters within the Cancer-Immunity Cycle.

In addition, the somatic mutation data of colon cancers were analyzed and visualized using the R language “maftools” package (28). We specifically accessed the mutation frequencies and the level of tumor mutation burdens (TMB) from different clusters. The statistical results were depicted through the boxplots, with P< 0.05 considered significant.




2.6 Prediction of immunotherapy by Tide score

Immune evasion, a key factor in tumor development, significantly contributed to the failure of immunotherapy. There are two mainly mechanisms in the process of immune evasion. Firstly, tumors characterized by a substantial infiltration of cytotoxic T lymphocytes (CTLs) exhibited the induction of T cell inactivation, leading to dysfunction of immune cells. Secondly, in tumors with diminished levels of CTLs, T cell infiltration was prevented and the ability of killing tumor cells was weakened (29, 30). Based on sequencing data, the Tumor Immune Dysfunction and Exclusion (TIDE) algorithm (http://tide.dfci.harvard.edu/) could reveal the characteristics of tumor immune evasion. By utilizing CTLs observed in tumor samples, the TIDE score can be calculated to predict the efficacy of immunotherapy. Specifically, In the case of melanoma, the TIDE score demonstrates greater predictive accuracy compared to biomarkers like PD-L1 (31). Consequently, the present study employed the TIDE score to predict the efficacy of immunotherapy within distinct clusters.




2.7 Identification of specific DNA methylation markers

In our study, we utilized Quantitative Differentially Methylated Regions (QDMR) software to identify the specific DNA methylation CpGs within particular clusters of colon cancer. QDMR was an effective tool developed based on the Shannon entropy model, which allowed for the detection of DMRs across multiple DNA methylation profiles (32). The entropy difference reflected the influence of sample S on the overall methylation difference:

	

When region r is specifically methylated in sample S, the value of   is greater than 0. The categorical sample-specificity   can be defined as:

	

Therefore,   can be utilized to analyze identify specific DNA methylation markers in samples.   greater than 0 indicates specifically hypermethylated, while a value less than 0 indicates specifically hypomethylated.




2.8 Immunohistochemistry

To investigate the prediction of immunotherapy response using specific markers, our study conducted a review of colon cancer patients in our center. We retrospectively collected their follow-up and treatment records, including postoperative recurrence, immunotherapy duration and cycles, and efficacy evaluation. These records successfully helped us to screen out the validation objects. The corresponding tumor paraffin sections were analyzed by immunochemistry. After roasting the sections at 60°C for 20 minutes, they were deparaffinized with xylene and rehydrated. The antigen was then recovered from the sections by heating the EDTA buffer (100°C for 15 minutes) and the endogenous peroxidase activity was inactivated using 3% H2O2 (10 minutes). The sections were treated with 5% BSA and incubated at room temperature for 1 hour. They were then incubated overnight at 4°C with primary antibodies (APCDD1, 1:20, Thermo, PA535063; PCDH20, 1:25, Thermo, PA598605). After washing the sections with PBS, secondary antibodies (1:500) were added to sections and incubated at room temperature for 1 hour. Finally, color development was achieved using the DAB kit (CWBIO-CW0125), and hematoxylin solution was used for counterstaining the paraffin sections. An open-source biological image analysis platform (Fiji/ImageJ) was utilized for analyzing the sections. The evaluation of immunohistochemical was based on both the staining intensity and the percentage scores. Staining intensity was graded on a scale of 0 (absent), 1 (weak), 2 (moderate), and 3 (marked), while the percentage scores was determined by the proportion of stained cells in a chosen field: 1 (0-25%), 2 (26-50%), 3 (51-75%), and 4 (76-100%). Each tumor sample was independently scored by two observers, and the results were reported as the mean score (ranging from 0 to 14).




2.9 Statistical analysis

The statistical analyses in this study were performed by R software (4.13 version) and GraphPad Prism 8 (GraphPad Software, La Jolla, CA, USA). The correlation between the two variables was assessed by the Pearson coefficient. For continuous data, the independent Student’s t-test was conducted. Additionally, the chi-square test was applied to analyze categorical data. To compare non-normally distributed variables across clusters, we utilized the Wilcoxon test. The Kruskal–Wallis test was used for multiple groups. Statistical significance was determined based on a two-tailed P-value of less than 0.05 and we also reported the hazard ratios (HRs) and 95% confidence intervals (CIs).





3 Results



3.1 DNA methylation-driven genes

The flow diagram and analytic procedure are shown in Figure 1. The data of colon cancers were downloaded from the relevant database. A total of 301 samples had both DNA methylation and RNA-seq data (282 tumor and 19 normal). For RNA-seq data, we selected mRNA (19,938 genes) for differential analysis, detecting a total of 4830 DEGs at last. The expression of DEGs between colon cancers and normal samples was showed in the heatmap (Figure 2A). In the case of DNA methylation data, we selected CpGs (164,610 sites) and corresponding genes (18,510 genes) in the promoter region for difference analysis. If multiple CpGs correspond to the same gene, the mean value of β was selected to represent the methylation level of that gene. Similarly, a total of 8547 DMGs were detected. The heatmap showed the methylation of DMGs between colon cancers and normal samples (Figure 2B). Subsequently, 2217 differentially expressed genes with aberrantly methylation were identified by overlapping DEGs and DMGs (Figure 2C, Table S1).




Figure 1 | Flow diagram and analytic procedure of our study.






Figure 2 | Screening for DNA Methylation-Driven Genes (MDGs). (A) Heatmap of Differentially Expressed Genes (DEGs) in normal samples and colon cancer samples. (B) Heatmap of Differentially Methylated Genes (DMGs) in normal samples and colon cancer samples. (C) Venn diagram for overlapping of DEGs and DMGs. (D) Gene Ontology (GO) enrichment results of three ontologies (including biological processes, cellular components, and molecular functions) of MDGs. (E) Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of MDGs. (F, G) Protein-Protein Interaction (PPI) network of MDGs.



We conducted correlation analysis by integrating the DNA methylation and RNA-seq data of 2217 differentially expressed genes with aberrantly methylation in colon cancers. The Pearson coefficient was utilized to access the correlation. Finally, we identified 282 MDGs for further analysis based on a Pearson coefficient< -0.3 and P< 0.05 (Table S2).




3.2 Function enrichment and PPI network construction

We conducted GO and KEGG analyses on 282 MDGs to analyze their potential functions and pathways. The results of GO analysis were significantly enriched in fibroblast growth factor receptor binding, digestive system process, etc(P<0.05, Figure 2D). Additionally, KEGG pathways analysis revealed significant enrichment in virus infection (Herpes simplex virus 1, Staphylococcus aureus), intestinal immune network for IgA production, etc(P<0.05, Figure 2E).

A PPI network was conducted to illustrate the interactions and connections of 282 MDGs in colon cancers. The degree algorithm was employed to determine the significance of different genes in the PPI network, while the size and color of nodes were utilized for visualization. Among these genes, IL-10 and FGF2, as core genes, playing a crucial role in the interconnection network (Figure 2F). By employing the MCODE plugin in Cytoscape, we identified key sub-networks within the PPI network, which included genes such as IL-10, CD3E, MET, and others that were associated with anti-tumor immune response (Figure 2G).

Overall, our findings indicated that strong interconnections among the 282 MDGs in colon cancers, with IL-10 and FGF2 acting as core genes that are closely linked to tumor angiogenesis and anti-tumor immune response.




3.3 Consensus clustering in colon cancers

In this study, we performed consensus clustering based on the β values of the 282 MDGs to identify distinct DNA methylation molecular clusters of colon cancers. Subsequently, 282 samples were randomly divided into training (n = 197) and validation cohorts (n = 85) in a 7:3 proportion. The Chi-square test indicated that the clinicopathologic features of the training and validation cohorts were evenly distributed (Table S3).

The K-means algorithm was utilized for consensus clustering. According to the relative alteration observed under the CDF curve, the PCA method was finally employed to ascertain the optimal number (Figures 3A, B, Figure S1A, B). It was found that K = 4 was the optimal clustering with best stability (Figure 3C, Figure S1C). Which were termed Cluster 1 (44 patients, 22.4%), Cluster 2 (70 patients, 35.5%), Cluster 3 (52 patients, 26.4%) and Cluster 4 (31 patients, 15.7%), respectively. The K-M survival analysis revealed significant difference among the four clusters (P<0.05, Figure 3D, Figure S1D). The heatmaps displayed the significant differences among the clusters in terms of gene expression and methylation levels for 282 MDGs (Figures 3E, F). Moreover, both the training cohort and the validation cohort exhibited excellent performance in discriminating the clusters of colon cancer using the MDGs, with an AUC of 0.984 (95%CI 0.970-0.999) and 0.990 (95%CI 0.976-1.000), respectively (Figures 3G, H). The chi-square test revealed significant differences in clinicopathological characteristics among these clusters. Patients in Cluster 1 were found to be associated with age (P<0.001) and microsatellite status (P<0.001). The remaining clinicopathological characteristics showed no distribution differences among clusters (Table S4). Similar distribution was found in the validation cohort (Table S5).




Figure 3 | Consensus analysis for DNA methylation based on 282MDGs. (A) Consensus cumulative distribution function (CDF) of different clusters for colon cancer. (B) Delta area curve of consensus clustering. (C) Consensus clustering matrix for colon cancer at k = 4. (D) The survival curves in four DNA methylation clusters. (E) Heatmap of gene expression levels of 282 MDGs in the four clusters. (F) Heatmap of methylation levels of 282 MDGs in the four clusters. (G) Receiver operating characteristic (ROC)curves of the 282 MDGs in distinguishing four clusters in the train cohort. (H) ROC curves in the validation cohort.






3.4 Distinct immune status among colon cancer clusters

Through a series of analyses, significant differences in the immune status of different clusters were revealed. First, the composition of tumor immune microenvironment (TIME) was analyzed. Significant differences were observed in the immune score, stromal score, and tumor purity among clusters of colon cancer (P<0.001, Figures 4A, B, Figure S1E, F). Cluster 1 exhibited with a relative higher immune score and lower tumor purity, indicating a greater infiltration of immune cells. Subsequently, the expression levels of several common ICIs (PD1, PDL1, PDL2, CTLA4, LAG3) were compared among clusters. The findings illustrated that the ICIs expression in cluster 1 exhibited a significantly greater level compared to cluster 2 and 3 (P<0.001, Figure 4C, Figure S1G). Finally, the CIBERSORT algorithm was employed to visualize the infiltration abundances of TIICs in colon cancers. In cluster 1, there was a significant abundance of CD8+T cells, activated natural killer cells and M1 macrophages, which were associated with anti-tumor immune response, compared to other clusters. The abundant of immunosuppression-related Tregs cells in cluster 1 was relative lower (P<0.05, Figure 4D, Figure S2A).




Figure 4 | Analysis of tumor immune microenvironment and immune status during four clusters. (A, B) Comparisons of stromal score, immune score, ESTIMATE score and tumor purity during four clusters. (C)The expression level of immune checkpoints (PD1, PDL1, PDL2, CTLA4, LAG3) in the four clusters of colon cancer. (D) The abundance of immune cells in the four clusters of colon cancer patients evaluated by CIBERSORT algorithm. (E, F) Comparisons of the immune activity score from Tracking Tumor Immunophenotype (TIP) database in four clusters. ‘ns’ means P > 0.05, * means P< 0.05, ** means P< 0.01, *** means P< 0.001.



The immune activity scores of colon cancers were used to evaluate the Cancer-Immunity Cycle. The results showed significant differences in the procedure of Cancer-Immunity Cycle among the clusters. The mean scores of Step1 (release of specific cancer cell antigens), Step 3 (priming and activation) and Step 7 (killing cancer cells) were significantly higher in Cluster 1, compared to Cluster 2 and 3 (P<0.01, Figure 4E). Additionally, Step 4 (trafficking of immune cells to tumors), which played a major role in the Cancer-Immunity Cycle, showed a higher abundance of CD8+ T cells, macrophages, and natural killer cells in Cluster 1 (P<0.05, Figure 4F).

These results indicated that the composition of the TIME in Cluster 1 was significantly different from others, and it exhibited a higher level of immune infiltration and stronger anti-tumor immune activity.




3.5 Somatic mutation landscape of clusters

In previous research, the critical involvement of genetic mutations in the initiation and progression of colon cancers has been investigated. Consequently, we conducted an analysis of somatic mutation information to investigate the genomic variations within distinct clusters. Among these clusters, APC, TP53, and PIK3CA were the most common gene aberrations (Figures 5A-D). This study specifically focused on the distribution of the mutation frequency of KRAS and BRAF genes across different clusters, which were important for targeted therapy in patients with colon cancer. Interestingly, the prevalence of BRAF mutations was significantly higher in Cluster 1 compared to other clusters, and a similar trend was observed for KRAS mutations in Cluster 3 (P<0.05, Figure 5E, Figure S2B). In addition, we also assessed the TMB, a predictive biomarker for immunotherapy. It was found that patients in Cluster 1 had a significantly higher level of TMB compared to other clusters (P<0.001, Figure 5F, Figure S2C). This suggested that Cluster 1 may exhibit a better response to immunotherapy (33).




Figure 5 | Somatic variations features during clusters of colon cancer and predicting the response to immune therapy based on Tumor Immune Dysfunction and Exclusion (TIDE) score. (A–D) Waterfall plots showed somatic mutation landscape and the top 10 mutated in four clusters. (E) Comparisons of mutation status of APC, KRAS, BRAF, TP53 and PIK3CA during different clusters of colon cancer patients. (F) Comparisons of Tumor Mutation Burdens (TMB) level of the four clusters. (G) Comparisons of cytotoxic T lymphocytes (CTL) level of the four clusters. (H) Comparisons of Tide score for predicting the likelihood of response to immune therapy of different clusters. ** means P< 0.01, *** means P< 0.001.






3.6 Prediction of immunotherapy response among colon cancer clusters

The TIDE score was calculated to predict the efficiency of immunotherapy by analyzing the correlation between gene expression and CTLs infiltration level. In this study, the average expressions of CD8A, CD8B, GZMA, GZMB, and PRF1 genes were used to represent level of CTL in colon cancers. Based on the findings, it was observed that the Cluster 1 exhibited noticeably higher level of CTLs compared to Cluster 2 and 3 (P<0.001, Figure 5G, Figure S2E). Furthermore, a higher Tide score indicated a greater likelihood of immune evasion and no benefit from immunotherapy. It was found that Cluster 1 was more likely to benefit from immunotherapy as its score was significantly lower compared to Cluster 2 and 3 (P<0.05, Figure 5H, Figure S2F).

In this study, we compared the immune status of different clusters and found no statistical difference between Cluster 1 and Cluster 4 in the composition of TIME and the expression of ICIs. However, there were significant differences in the TMB level between Cluster 1 and Cluster 4. In addition, we used the TIDE score to predict immunotherapy responses in different clusters and found that Cluster 1 had a significantly lower score compared to Cluster 2 and 3. While, Cluster 4 exhibited a TIDE score that did not exhibit significant difference from that in Cluster 2 and 3 (P>0.05).




3.7 Comparison of immune status among different clusters of MSS patients

The study has confirmed that Cluster 1 was more likely to benefit from immunotherapy. It was observed that the distribution frequency of dMMR/MSI-H in Cluster 1 was significantly higher (50%) compared to other clusters (P<0.05, Figure 6A, Figure S2D). To investigate whether the distinct distribution of dMMR/MSI-H contributed to the varying immune status of each cluster, data from MSS patients from clusters were collected for further analysis.




Figure 6 | Analysis of immune status during microsatellite stability (MSS) patients from the four clusters. (A) The distribution frequency of microsatellite status during four clusters. (B, C) Comparisons of stromal score, immune score, ESTIMATE score and tumor purity during MSS patients from different clusters. (D) The expression level of immune checkpoints (PD1, PDL1, PDL2, CTLA4, LAG3) during MSS patients from different clusters. (E) Comparisons of the abundances of immune cells evaluated by CIBERSORT algorithm during MSS patients from different clusters. (F) Comparisons of Tumor Mutation Burdens (TMB) level of the four clusters. (G) Comparisons of cytotoxic T lymphocytes (CTL) level of the four clusters. (H) Comparisons of Tumor Immune Dysfunction and Exclusion (TIDE) score for predicting the response of immune therapy during MSS patients. ‘ns’ means P> 0.05, * means P< 0.05, *** means P< 0.001.



It was found that the stromal, immune score and tumor purity were significantly different among clusters (P< 0.01, Figures 6B, C). Cluster 1 exhibited higher immune score with increased immune cell infiltration, while having relatively lower tumor purity. The expression level of ICIs in cluster 1 were significantly higher than cluster 2 and 3(P<0.05, Figure 6D). Among the clusters, Cluster 1 showed significantly higher abundance of CD8+T cells compared to others (P<0.001, Figure 6E). Moreover, the abundance of immunosuppression-related Tregs cells among clusters varied statistically among clusters, with Cluster 1 showing relatively lower infiltration (P<0.05, Figure 6E). Although there was no significant difference in the TMB levels among clusters of colon cancer (P=0.051, Figure 6F), the average of TMB in Cluster 1 was higher than in other clusters. Finally, the Tide score was calculated using CTL levels to predict immunotherapy response. The CTL levels of each cluster showed significant differences (P<0.05, Figure 6G), with cluster 1 having the highest CTL level. According to the Tide score, it was anticipated that Cluster 1 patients had a higher probability of experiencing favorable outcomes with immunotherapy, even among those with MSS status (P<0.05, Figure 6H).

In summary, Significant differences in the TIME of MSS patients were observed from different clusters. MSS patients in Cluster 1 exhibited a better immune status, making them more suitable for immunotherapy.




3.8 Identification specific DNA methylation markers

The QDMR software was used to identify the specific methylation genes that characterized distinct DNA methylation clusters of colon cancers. The average DNA methylation level of samples for all 282 MDGs was calculated, resulting in a 282*9dimensional matrix which was then input into QDMR. A standard deviation (SD) parameter of 0.3 was set to identify the specific markers for each cluster. Ultimately, 56 specific methylation genes were identified (Table S6). A heatmap was generated based on these specific methylation genes, clearly illustrating the differentiation among clusters (Figures 7A, E). Each cluster had its own unique set of specific methylation genes. Of particular interest were the three specific hypermethylation genes that defined Cluster 1 (PCDH20, APCDD1, COCH). Pearson correlation analysis indicated that methylation in the promoter region regulated the gene expression level of specific markers. The correlation coefficients for PCDH20, APCDD1, and COCH were -0.335 (P<0.001, Figure S3A), -0.309 (P<0.001, Figure S3B), and -0.329 (P<0.001, Figure S3C), respectively. The Cluster 1 could be clearly distinguished from the other clusters by three specific makers (Figures 7B, F). The boxplot analysis revealed significant differences in methylation levels between Cluster 1 and the remaining clusters (P<0.001, Figures 7C, G). Finally, ROC analysis showed an AUC of 0.947 (95% CI 0.903-0.990)for distinguishing Cluster 1 in the training cohort (Figure 7D) and the specific markers also had an excellent performance in the validation cohort, with an AUC of 0.912 (95% CI 0.8557-0.966) (Figure 7H). These findings indicated that the specific methylation genes (PCDH20, APCDD1, COCH) could effectively distinguish Cluster 1 from other clusters. Additionally, we aimed to investigate the relationship between these specific markers and prognosis. Patients were categorized into two groups based on the average expression and methylation levels. Survival analysis revealed that high expression of APCDD1 was associated with a better prognosis (P<0.05, Figure S4A), while the expression levels of other genes did not show statistical significance in relation to prognosis (Figure S4B, C). Interestingly, high methylation levels of APCDD1 were associated with a worse prognosis (P<0.05, Figure S4D), whereas the methylation levels of the remaining genes did not exhibit any association with prognosis (Figure S4E, F). Further subgroup analysis revealed a significant increase in the methylation level of APCDD1 in advanced-stage patients (P<0.05, Figure S5A). In contrast, the gene expression level exhibited an opposite trend (P<0.01, Figure S5B).




Figure 7 | Specific methylation sites for each DNA methylation cluster. (A) The heatmap for the specific sites during four DNA methylation clusters in the training cohort. (B) The heatmap for the three specific sites (PCDH20, APCDD1, COCH) of cluster 1 during four clusters in the training cohort. (C) Comparisons of the methylation level for the three specific sites (PCDH20, APCDD1, COCH) during four clusters in the training cohort. (D) Receiver operating characteristic (ROC) curves of the three specific sites (PCDH20, APCDD1, COCH) in distinguishing the Cluster1 from other clusters in the train cohort. (E) The heatmap for the specific sites during four clusters in the validation cohort. (F) The heatmap for the three specific sites of Cluster 1 during four clusters in the validation cohort. (G) Comparisons of the methylation level for the three specific sites during four clusters in the validation cohort. (H) ROC curves of the three specific sites in distinguishing the Cluster 1 from other clusters in the validation cohort. *** means P< 0.001.






3.9 Immunohistochemical validation

After screening, we selected the postoperative tumor paraffin sections of 10 patients for immunohistochemical validation. Based on the efficacy evaluation results, the patients were divided into two groups: the response group (partial response (PR), n=2, stable disease (SD), n =3) and the non-response group (progressive disease (PD), n=5) (Table S7). The results revealed that the expression scores of biomarkers (PCDH20, APCDD1) were significantly downregulated in the response group compared to the non-response group (P<0.05, Figures 8A, B, D, E). The hypermethylation of the promoter region could be responsible for the decrease in gene expression levels. In the beneficial-cluster, the methylation levels of PCDH20 and APCDD1 were considerably increased in the benefit cluster, resulting in the repression of the corresponding genes. However, the results indicated that there was no significant difference in the expression of COCH between response group and non-response group (P = 0.75, Figures 8C, F).




Figure 8 | Immunohistochemical validation of colon cancers. (A-C) The expressions of (PCDH20, APCDD1 and COCH) in response group and non-response group. (D, E) Compared to non-response group, the expressions of (PCDH20 and APCDD1) were down-regulated in response group. (F) No significant difference of COCH expression between response group and non-response group.






3.10 The potential association linking APCDD1 and immune status

To elucidate the underlying mechanisms between markers and immune status. we utilized bioinformatics data to investigate the association between markers and immune scores, immune cell infiltration (CD8+T cells), and immune checkpoints expression (PD-1, PD-L1). Pearson correlation analysis revealed that the methylation level of APCDD1 was positively correlated with immune score (P<0.001, 0.333) (Figures 9A-D), CD8+T cells infiltration (P<0.001, 0.383), PD-1 (P<0.001, 0.357), and PD-L1 (P<0.001, 0.383). Similarly, the methylation level of COCH exhibited a significant positive correlation with immune scores (P<0.001, 0.233), CD8+ T cells infiltration (P<0.001, 0.203), PD-1 (P<0.01, 0.183), and PD-L1 (P<0.001, 0.280) (Figures S6A-D). Additionally, the methylation level of PCDH20 showed a significant positive correlation with immune scores (P<0.01, 0.192), CD8+ T cells infiltration (P<0.001, 0.228), PD-1 (P<0.05, 0.129), and PD-L1 (P<0.01, 0.185) (Figures S6G, H). These findings indicated a significant correlation between the methylation of markers and the immune microenvironment and we chose to focus our research on APCDD1, which demonstrated the strongest correlation with the immune status.




Figure 9 | The association of APCDD1 and immune status. (A) The methylation level of APCDD1 and immune scores. (B) The methylation level of APCDD1 and CD8 T+ cells. (C) The methylation level of APCDD1 and PD-1 expressions. (D) The methylation level of APCDD1 and PD-L1 expressions. (E) Heatmap of Differentially Methylated Genes (DMGs) in different methylation level of APCDD1. (F) Gene Ontology (GO) enrichment results of three ontologies (including biological processes, cellular components, and molecular functions) of DMGs. (G) Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of DMGs. (H) Gene Set Enrichment Analysis (GSEA) enrichment analysis was carried out on the DMGs between high and low methylation of APCDD1.



Subsequently, APCDD1 was divided into high and low groups based on methylation level for differential analysis with a set of P< 0.05 (Figure 9E). The 2058 of DMGs were then subjected to enrichment and analysis. The results of GO analysis were significantly enriched in T cell activation, immune receptor activity (P<0.05, Figure 9F). Additionally, KEGG pathways analysis revealed significant enrichment in intestinal immune network for IgA production, (P<0.05, Figure 9G). After conducting a comprehensive Gene Set Enrichment Analysis (GSEA) (h.all.v2022.1.Hs.symbols.gmt), we observed a significant positive association between the differentially expressed genes and the Interferon-GAMMA-Response pathway(P<0.05, Figure 9H).





4 Discussion

The emergence of immunotherapy has marked the beginning of a new era in cancer therapy. However, the current situation presents a challenge with the low detection rate of microsatellite status, which is the primary standard used to guide immunotherapy. Not all patients with dMMR or MSI-H had a response to immunotherapy, a subset of MSS patients could also benefit from immunotherapy. It is essential to search for additional immunotherapy biomarkers as a supplement.

Abnormal DNA methylation modifications are closely associated with the tumor immune microenvironment. This study aimed to identify immunotherapy biomarkers for patients with colon cancer from the perspective of DNA methylation. Firstly, the most crucial step in this research is to utilize DEGs for the identification of MDGs. Our concern lies in the fact that the expression of DMGs is regulated by methylation and remains in a low expression state. Upon applying more stringent thresholds, we observed a substantial reduction in the number of DEGs. However, this reduction came at the cost of decreased sensitivity. The stricter thresholds led to the exclusion of potentially relevant MDGs that could play a crucial role in influencing the immune microenvironment. In summary, we experimented with various thresholds and selected one suitable for our study. Although it may impact sensitivity, we believe it is acceptable considering the influence of gene expression regulation by DNA methylation. Subsequently, consensus clustering was conducted to identify distinct molecular clusters of colon cancers based on the methylation data. The patients of colon cancer were then divided into four clusters, and the immune microenvironment of each cluster was further analyzed. Notably, patients in Cluster 1, characterized by stronger antitumor immunoactivity, were predicted to have a better response to immunotherapy based on the Tide score. Finally, we identified the specific methylation markers of Cluster1 (PCDH20, APCDD1, COCH), and ROC curves confirmed their excellent performance in discriminating the clusters.

There were several factors could affect the effectiveness of immunotherapy in colon cancers. The composition and quantity of infiltrating immune cells in the TIME played crucial roles in the process of tumor eradication (34). The infiltration of CD8+ T cells or CTLs had a significant positive association with antitumor immune activity (35). On the other hand, Tregs could induce the apoptosis of cytotoxic T cells, leading to the immunosuppression (36, 37). In the present study, we statistically analyzed the infiltration abundance of immune cells from clusters. It was observed that Cluster 1 had a higher abundance of CD8+ T cells and CTL, while the infiltration of Tregs was found to be the lowest among the clusters (P<0.05). Other factors that affect immunotherapy include the expression of ICIs, TMB, etc. (38, 39) Compared with Cluster 2 and 3, the expression levels of ICIs were significantly higher in Cluster 1. Additionally, patients in Cluster 1 had significantly higher TMB than those in remaining clusters (P<0.05). The Tide scores indicated that Cluster 1 was most likely to benefit from immunotherapy. Notably, the distribution frequency of BRAF mutation (70.9%) and MSI-H (52.3%) in Cluster 1 were significantly higher than that in other clusters. There was a high overlap of 77.2% between these two groups of patients. BRAF is a serine/threonine protein kinase located downstream of RAS/RAF/MAPK pathway (40). The BRAF mutation, (primarily caused by a missense mutation at V600E) was a significant mutation in colon cancers. The relationship between BRAF mutation and MSI-H has been extensively discussed. It has been confirmed that patients with BRAF mutations have a higher rate of MSI-H. This may be due to the tumors with BRAF V600E mutation were associated with a high-level CpG island methylator phenotype (CIMP) and MLH1 promoter methylation (41, 42). However, the impact of BRAF mutation on immunotherapy response in dMMR patients has always been controversial. A recent retrospective study concluded that there were no significant differences in neoantigen tumor burden (NTB), immune score, or T cell infiltration between BRAF wild-type and mutant of colon cancer patients with MSI-H (43). This suggested that both are likely to benefit from immune checkpoint inhibitors. In conclusion, Cluster 1, which has a higher frequency of BRAF mutation and MSI-H, is more suitable for immunotherapy based on the TIME analysis.

We successfully identified specific methylation markers (PCDH20, APCDD1, COCH) of immune-beneficial cluster using the QDMR software. As a tumor suppressor gene, protocadherin 20 (PCDH20) is a member of the cadherin superfamily (44). The previous studies have shown that the expression of PCDH20 was frequently decreased or silenced in multiple cancers, primarily attributed to the methylation of the promoter region. The expression of PCDH20 was restored after the addition of DNMT inhibitors to the corresponding tumor cell lines (45, 46). In addition, it has been observed that inhibition of PCDH20 expression frequently promoted migration and invasion of tumors (47). Notably, PCDH20 plays a crucial role in maintaining the balance and structural integrity of the intestinal epithelium. A decrease in the expression level of PCDH20 can disrupt the integrity of the intestinal mucosa, which can contribute to the development of colitis and Crohn’s disease (48). APCDD1 (adenomatosis polyposis down-regulated 1), a negative regulator of Wnt/β-catenin pathway, its expression was regulated by promotor methylation (49). It has been demonstrated that the methylation of WNT target genes (including APCDD1) could be serve as reliable biomarkers for predicting recurrence in colon cancers (50). As a DNA methylation marker, COCH has shown effectiveness in identifying occult lymph node metastases in non-small cell lung cancer (51). However, the effect of promoter methylation on the expression of COCH has not been extensively studied. In contrast to previous research, this study was the first to discuss the differences in methylation levels of markers (PCDH20, APCDD1, COCH) among different clusters. The methylation levels of the three specific methylation markers in Cluster 1 were found to be significantly distinct from those in the other clusters. In this study, we utilized colon cancer samples (immunohistochemistry) to validate the conclusion. However, we did not observe any significant difference in the expression of COCH between response group and non-response group. This might be attributed to the markers being associated with clustering, while the potential mechanisms related to the TIME remain unconfirmed.

DNA methylation biomarkers exhibited a better sensitivity compared to mutation-based cancer detection (52–54). Currently, DNA methylation markers are predominantly utilized as diagnostic and prognostic markers. The innovation of this study lies in exploring biomarkers of immunotherapy in colon cancers from the perspective of DNA methylation. Ultimately, specific methylation markers (PCDH20, APCDD1, and COCH) were identified as effective markers for identifying cluster that would benefit from immunotherapy in colon cancers. Our study still had some limitations. Firstly, the sample size used in the study was mainly derived from the database, we performed immunohistochemical validation of small samples to verify the research findings. However, for further validation, large sample sequencing data will be required in the future. Secondly, the potential mechanisms linking molecular markers and immune status has not been fully elucidated. Lastly, we will concentrate on assessing the markers’ feasibility in clinical practice and making further enhancements and optimizations.




5 Conclusion

In conclusion, this study successfully identified a specific cluster that benefited from immunotherapy through 282 MDGs of colon cancers. Furthermore, we found beneficial-cluster of specific methylation markers (PCDH20, APCDD1, COCH) that could be used in conjunction with microsatellite status to expand the pool of colon cancer patients eligible for immunotherapy.
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Background

The synergistic effectiveness of combining immune checkpoint inhibitors with targeted therapies has shown promise in improving the conversion rate for unresectable hepatocellular carcinoma (HCC) patients to a potentially resectable status. However, the efficacy of this approach in the context of HCC with extrahepatic metastasis remains to be conclusively determined.





Case presentation

We report a rare case of advanced HCC with extrahepatic metastasis who achieved long-term survival by a combination of systemic therapy (sintilimab and sorafenib) followed by laparoscopic hepatectomy. A 63-year-old man presented at our hospital with discomfort on the right side of his waist. An enlarged right hepatic lobe mass was subsequently revealed by CT scan. The patient’s medical history, including a prior infection with hepatitis B virus, cirrhosis of the liver and an alpha-fetoprotein (AFP) level measuring 41.28 ng/ml substantiated the clinical diagnosis of HCC. On October 30th, 2019, the patient received 200 mg sintilimab intravenously (q3w) plus 200–400 mg BID sorafenib orally, along with antiviral therapy. After six cycles, his disease achieved partial response (PR). On April 26th, 2021, He underwent a laparoscopic hepatectomy. The patient achieved a sustained period of no evidence of disease for 2.5 years and with drug-free survival for 2 years after the resection. His current overall survival is estimated at approximately 4 years.





Conclusions

This case highlights the potential of combining sintilimab and sorafenib in transforming HCC with extrahepatic metastasis into a condition amenable to surgical resection, suggesting that this treatment approach, followed by surgery, may lead to complete remission.
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Background

Hepatocellular carcinoma (HCC), a predominant form of liver cancer, is the third most common cause of cancer-related mortality globally. This cancer type is especially prevalent in China, contributing to almost half of the worldwide cases and deaths (1, 2). Typically diagnosed in its advanced stages, HCC has historically been associated with a median overall survival (OS) of merely nine months for advanced-stage patients (3, 4). Recent developments in treatment, particularly the combination of immune checkpoint inhibitors (ICIs) with anti-angiogenic agents, have emerged as the frontline therapy for advanced HCC. This regime extended the median OS to 20 months (5). The increase in overall response rate (ORR) to 30–40% with this regimen is significant, potentially enabling resection by reducing tumour size or stage, which, in turn, could enhance the conversion rate for HCC treatment.

Here, we present a case of HCC with extrahepatic metastases where a complete remission was achieved through the combination of ICI with an anti-angiogenic agent, followed by a subsequent liver resection, leading to long-term survival.





Case presentation

In October 2019, a 66-year-old male presented with discomfort on the right side of his waist and was admitted to Jiaozhou Renmin Hospital, China. Initial ultrasound revealed hepatic space-occupying lesions. Subsequent contrast-enhanced computed tomography (CECT) and magnetic resonance imaging (MRI) of the abdomen conducted on 2019-10-22 confirmed multiple lesions in the inferior segment of the right liver lobe. Additionally, the CECT identified cirrhosis of the liver. Laboratory investigations revealed a positive hepatitis B virus (HBV) status with a viral load of 5.10 x 10^3 IU/mL and an alpha-fetoprotein (AFP) level of 41.56 ng/mL. No intervention was initiated.

On 2019-10-23, the patient was transferred to our hospital for detailed assessment and subsequent treatment. His medical history of hypertension or diabetes was unremarkable. Physical examination on arrival revealed a flat abdomen with mild right upper quadrant tenderness, although there was no evidence of weight loss or lymphadenopathy. The patient’s Eastern Cooperative Oncology Group (ECOG) score was rated as 1. His liver function was categorised as Child–Pugh class A, with a blood alpha-fetoprotein (AFP) level of 41.28 ng/ml. A positron emission tomography-computed tomography (PET-CT) scan (Figure 1) on 2019-10-28 demonstrated an enlarged right hepatic lobe measuring 95 mm×56 mm. Multiple lymph node metastases around the pancreatic head region, posterior to the bilateral diaphragmatic crus and at T10 and T12 on the right side of the vertebral bodies were identified. Additionally, extrahepatic metastatic involvement was noted in the right erector spinae muscle and the T12 vertebral body. The diagnosis was established as Barcelona Clinic Liver Cancer (BCLC) stage C HCC (equivalent to China Liver Cancer [CNLC] stage IIIb) as shown in Figure 2.




Figure 1 | PET-CT scans at diagnosis and after 6 cycles of systemic therapy.






Figure 2 | A schematic of course of disease management.



Given his unresectable tumour, coupled with a Child–Pugh classification of A, a diagnosis of BCLC stage C and an ECOG-PS score of 1, a first-line treatment regimen was initiated for the patient, involving a combination of immunotherapy and targeted therapy. On 2019-10-30, the patient received 200 mg of sintilimab intravenously (on day one every three weeks) plus 200–400 mg BID of sorafenib orally, along with antiviral therapy (tenofovir disoproxil fumarate: 300 mg orally once a day).

After six treatment cycles, an evaluation conducted on 2020-05-21, revealed a significant therapeutic response. His disease achieved PR with a remarkable 60% reduction in the size of the target lesions, measured at 38 mm×23 mm according to RECIST criteria. Moreover, all extrahepatic metastases had been resolved, with the exception of a solitary lymph node metastasis adjacent to the T12 vertebra, measuring ~ 0.8 cm along its short axis with increased glucose metabolism (Figure 1). The patient’s AFP levels had decreased substantially from 41.28 ng/ml to within the normal range (as shown in Figure 3A), while his liver function remained unimpaired. Furthermore, antiviral therapy had effectively reduced HBV-DNA levels to less than 1.0 x 102 IU/mL, and no adverse events (AEs) were reported during the course of the systemic treatment.




Figure 3 | (A) The changes in AFP levels during the course of treatment. (B) Pathological features of the tumour lesion post-surgery (Hematoxylin and eosin stain, magnification ×200).



The patient continued the therapy for approximately one and a half years. A CT scan conducted on 2021-03-29, revealed a further reduction in the dimensions of liver lesions, now measuring 17 mm×28 mm. This significant response, amounting to a 70% reduction (deep response), along with the resolution of extrahepatic metastasis, prompted the consideration of surgical intervention. On 2021-04-26, a laparoscopic hepatectomy targeting segment 6 (S6) was performed under general anaesthesia. Post-operative pathological assessment confirmed HCC, with post-treatment response evident in the large necrotic area and negative resection margin. A small region of moderately differentiated HCC was encapsulated by fibrous tissue hyperplasia with hyaline degeneration and scattered inflammatory cell infiltration Figure 3B). During the post-operative period, no adverse events or complications were observed, and the patient’s liver function remained within normal limits. The patient had an uneventful recovery, without the need for additional clinical intervention. A subsequent follow-up, including a PET-CT examination on 2021-04-26, revealed no clinical evidence of disease (Figure 4). Concurrently, analysis via CTCBIOPSY® unveiled a circulating tumour cell count of two per 5 mL of blood, which is considered to be at a level indicating less possibility of disease recurrence (Figure 5).




Figure 4 | PET images showing no evidence of disease a month after the surgery.






Figure 5 | Identification of CTCs by CTCBIOPSY®.



From April 2021 to October 2021, the patient sustained a combined regimen of sorafenib and sintilimab for approximately six months. At the follow-up on October 31, 2023, the patient showed no signs of disease recurrence and remained on anti-HBV therapy.





Discussion and conclusion

This report describes a case of HCC with extrahepatic metastasis, achieving complete remission with the combination of immunotherapy and anti-angiogenic therapy followed by laparoscopic hepatectomy. Although promising clinical outcomes have been observed in advanced HCC patients without extrahepatic metastases (6–8), patients with BCLC stage C HCC typically rarely receive this treatment modality. The rationale is that widespread extrahepatic metastasis suggests extensive disease spread, making the successful resection of extra-hepatic metastases unlikely in an initial hepatectomy. In this specific case, the patient’s disease was downstaged to an early phase of HCC, rendering the tumour amenable to R0 resection. Subsequent to the discontinuation of systemic therapy, the patient manifested a sustained period of disease-free and drug-free survival, spanning approximately two years. He has persevered for four years following the commencement of the treatment regimen. This case exemplifies the curative potential for this therapeutic strategy in treating advanced HCC, even in cases with extrahepatic metastasis.

Specific predictive biomarkers have been correlated with the efficacy of this treatment strategy. A deep response to the systemic therapy is of potential as one of the indicators suitable for later liver resection with curative intention. For our case, the systemic therapy led to resolved extrahepatic metastasis, with a notable response denoted by a target lesion reduction to 70%. Furthermore, the presence of pre-existing CD8 cells has been recognised as a promising biomarker for gauging the response to treatment with Lenvatinib in combination with anti-PD-1 antibodies (9). Pathological complete response (pCR) has been correlated with favourable outcomes. In our case, the patient did not achieve a pCR according to the hepatological assessments after surgery, thereby suggesting a relatively elevated likelihood of recurrence compared to patients who achieve a pCR. Consequently, a monitoring method – a CTC test – was applied in our case. It has been reported that the mOS was much shorter in the CTC-positive population with HCC, which was also associated with poorer clinical characteristics (10, 11). In our case, the patient’s CTC test results were negative; according to the study by Zhou (12), this indicates a relatively low possibility of disease recurrence.

In addition, for those achieving pCR, the guidance for resection might be informed by CTC or ctDNA-driven minimal residual disease. Over-extensive resection of non-cancerous liver tissue may result in liver dysfunction, accompanied by associated conditions such as ascites, jaundice and hypoalbuminemia. Using CTC or ctDNA, liver resection might be avoided for this population. A recent study reported that among five patients who had achieved a complete remission, three had undergone an R0 resection and have remained free of disease up to the latest follow-up (13). On the other hand, a ‘watch and wait’ approach was chosen by the other two patients. They have sustained a disease-free condition for 7.6 and 19.7 months, respectively. In addition, a current randomised trial in China is assessing the efficacy of surgical resection following systemic treatment with atezolizumab combined with bevacizumab (14). This trial aims not only to reveal the value of hepatectomy in this treatment strategy but also to discern which patients might benefit most from sequential hepatectomy, thereby reducing unnecessary surgeries.

Further investigation for this treatment strategy in advanced HCC is warranted. First, in future studies, it is imperative to ensure a more heterogeneous participant demographic, particularly given that this treatment approach is not commonly applied to BCLC stage C HCC patients. Expanding the cohort to more comprehensively encompass individuals with advanced HCC will significantly bolster the external validity and generalisability of the research outcomes. Second, more evidence is needed to produce a consensus on the optimal timing for resection following successful conversion. According to recent data, within a median of 3.9 months following the onset of systemic therapy, 23.8% (24 out of 101 patients) underwent curative resection, resulting in an improved overall survival for these patients (15). For our case, the patient’s disease achieved PR after six months of the systemic therapy. The interval to liver resection was notably longer: approximately 18 months after initiating systemic treatment. The decision to proceed with the resection earlier might have reduced the time that patients remained on systemic treatment. To effectively navigate the uncertainties surrounding the timing of surgical resection, it is imperative that forthcoming studies meticulously investigate the various factors that sway the clinical decision towards either an immediate or a postponed resection. Third, there is a need for focused research aimed at standardising the length of adjuvant therapy following resection. While comprehensive data are limited, insights from previous studies on adjuvant therapy suggested a postoperative adjuvant treatment duration exceeding six months. Further investigations should consider undertaking controlled trials to evaluate how varying durations of adjuvant therapy influence long-term patient outcomes. Such research could yield more definitive guidelines for clinicians in managing postoperative care. Last but not at least, not all patients may respond optimally to this primary treatment strategy. Therefore, exploring second-line treatment options will be imperative for those who experience disease progression or have suboptimal responses. It has been suggested that regorafenib and ramucirumab notably extend overall survival in comparison to placebos (16). Additionally, cabozantinib, regorafenib, ramucirumab, brivanib, axitinib and pembrolizumab demonstrated a significant enhancement in progression-free survival relative to placebos. However, given the limited efficacy of the current available second line treatments, further clinical trials are still warranted. A phase Ib/II clinical trial has recently shown promising efficacy: the confirmed ORR and disease control rate were 30% (95% CI, 14.6%‐51.9%) from anti‐ALK‐1 monoclonal antibody plus nivolumab and BB as the second line treatment for relapsed advanced HCC patients (17).

In conclusion, this case presents a treatment strategy that successfully achieved complete remission in advanced HCC with extrahepatic metastasis, thereby extending its therapeutic efficacy to the complex cases involving extrahepatic spread.
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SMARCA4-deficient gastric carcinoma has been reported sporadically since 2016. Only 29 patients have been reported; nevertheless, it is aggressive and highly malignant with poor outcomes. It has an immunohistochemical phenotype showing loss of SMARCA4 expression and can be accompanied by codeletion of other switch/sucrose non-fermentable chromatin-remodeling complex subunits. Microscopically, it displays high-grade undifferentiated histological morphology with rhabdoid cell differentiation. Rarely does the tumor contain a purely or partly adenocarcinoma component. Here, we report two cases to demonstrate these unusual morphologies analyzed using morphological and immunohistochemical techniques. In addition, there is a lack of research on the classification of these morphologies. Therefore, our report will aid the diagnosis and classification of SMARCA4-deficient gastric carcinoma.
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1 Introduction

Undifferentiated gastric carcinoma is a primary tumor without specific cytological or architectural types of differentiation (1). Expression of switch/sucrose non-fermentable (SWI/SNF) chromatin-remodeling complex subunits is reportedly deficient in some cases; these subunits include SMARCA4, SMARCA2, SMARCB1, and ARID1A. SMARCA4-deficient undifferentiated carcinomas (SD-UCs) are rare and were described first in 2016 by Agaimy et al. (2) The morphological features are solid, diffuse sheets of polygonal cells with pleomorphic giant cells. These cells have vesicular nuclei and a high degree of mitosis, which are poorly cohesive. A rhabdoid cell component is common and may be the predominant pattern. Because rhabdoid cells are a diagnostic clue, the terminology undifferentiated/rhabdoid carcinoma was proposed by Chang et al. (3) A few cases of SMARCA4-deficient undifferentiated gastric carcinoma were reported demonstrating glandular differentiation or encompassing adenocarcinoma. According to the fifth World Health Organization (WHO) classification of the digestive system, undifferentiated gastric carcinoma is a malignant epithelial tumor composed of anaplastic cells with no specific cytologic or architectural differentiation, including glandular, squamous, neuroendocrine, and sarcomatoid differentiation (1). In this context, “dedifferentiated carcinoma” was recommended for cases with adenocarcinoma components (3). There are also SMARCA4-deficient adenocarcinomas (SD-ADs), as we and Huang described (4). SMARCA4-deficient gastric carcinoma can be classified as SD-UC, where all components are undifferentiated, except the adenocarcinoma portion, according to the WHO. SMARCA4-deficient dedifferentiated carcinoma (SD-DC) is the term used for tumors with adenocarcinoma components. SD-AD is used for cases comprising purely adenocarcinoma components. These tumors are then categorized as well, moderately, or poorly differentiated based on the percentage of glandular components. Although, the latter two are not included in WHO classification.

The three subtypes have different immunophenotypes; panCK, SMARCA2, and E-cadherin are positive in adenocarcinoma areas; the opposite is true in undifferentiated areas. Attention should be paid to discriminating among the three subtypes to classify these unusual tumors.




2 Methods

Cases from Zhongshan Hospital of Xiamen University were reviewed, and the diagnosis of SD-DC and SMARCA4-deficient poorly differentiated adenocarcinoma was confirmed separately. All specimens were fixed with 3.7% neutral formaldehyde, dehydrated, paraffin-embedded, and cut into 4-μm serial sections. The sections were subjected to hematoxylin and eosin and immunohistochemical staining. The latter was performed using a two-step EnVision method. The primary antibodies included SMARCA4 (BRG1), SMARCB1 (INI-1), broad-spectrum cytokeratin (panCK), vimentin, cytokeratin (CK) 7, E-cadherin, CD34, CD56, synaptophysin (Syn), chromogranin A (CgA), spalt-like transcription factor 4 (SALL-4), Ki-67, p53, alpha-fetoprotein (AFP), and hepatocyte paraffin 1 (Hepa-1) and were purchased from Fuzhou Maixin Biotechnology Ltd. SMARCA2 (BRM) (Clone number ARC59944) was purchased from Abclonal Biotechnology, Ltd.




3 Case presentation



3.1 Case 1

A 65-year-old man presented to the Department of Gastroenterology, Zhongshan Hospital of Xiamen University, with a one-month history of indigestion after meals accompanied by pain in the right upper abdomen without any known inducement. Gastroduodenoscopy revealed a cauliflower-like mass with an ulcer in the cardia of the stomach (Figure 1A), and a biopsy was performed.




Figure 1 | Gastroduodenoscopy showed (A) a cauliflower-like tumor with an ulcer in the cardia. (B) Hematoxylin and eosin staining showed glandular adenocarcinoma gradually transferred from the normal epithelium. High-grade intraepithelial neoplastic was seen with differentiated, moderately differentiated, and poorly differentiated adenocarcinoma. (C) Cells had large round to oval nuclei and coarse chromatin. The degree of mitosis was high (arrow). (D) Immunohistochemical staining revealed that SMARCA4 was lost in tumors while normal epithelium was retained. (E) PanCK, (F) E-cadherin, and (G) SMARCA2 were both positive.



The pathological findings revealed a malignant tumor of epithelial origin. A glandular adenocarcinoma arose from the normal epithelium. High-grade intraepithelial neoplastic was present. There were features of differentiated, moderately differentiated, and poorly differentiated adenocarcinoma (Figure 1B). Cells had large round to oval nuclei and coarse chromatin. The mitosis index was 15/2 mm2 (Figure 1C). None of the tumor expressed SMARCA4 (Figure 1D). However, panCK (Figure 1E), CK7, SALL4, E-cadherin (Figure 1F), SMARCB1, and SMARCA2 (Figure 1G) were strongly positive. Synaptophysin was weakly positive. P53 was diffusely expressed. The tumor was negative for CD34, CgA, CD56, AFP, and Hepa-1. The tumor was finally diagnosed as SMARCA4-deficient poorly differentiated adenocarcinoma.

Computed tomography revealed liver and lymphatic metastases. After careful consideration, the patient and his family chose not to undergo further treatment. Clinical follow-up was available, and the patient was still alive more than 3 months from the date of diagnosis.




3.2 Case 2

A 75-year-old man presented with persistent hematochezia and melena associated with peripheral neuropathy and abdominal pain for over a month. Gastroduodenoscopy revealed a large mass occupying 50% of the antrum. Computed tomography revealed no lymphatic metastases. He was diagnosed with a malignant gastric tumor at another hospital. He was transferred to Zhongshan Hospital of Xiamen University and underwent gastrectomy.

The pathological findings revealed an elevated solid mass measuring 6.3 cm × 5.1 cm × 1.2 cm (Figure 2A) in the antrum next to the pylorus.Microscopically, the tumor invaded the muscularis propria of the gastric wall. It abruptly transitioned from the normal epithelium (Figure 2B). Two components were differentiated. One was a poorly differentiated adenocarcinoma with gland formation (Figure 2C). The other was an undifferentiated carcinoma with diffuse sheets of polygonal and pleomorphic giant cells. Cells were discohesive. Rhabdoid cells were common; these cells had conspicuous vesicular nucleoli (Figure 2D). Both carcinomas lost expression of SMARCA4 (Figure 2E) but were positive for SMARCB1, P53, and SALL4. They were negative for CgA, CD56, and CD34. Synaptophysin was weakly positive. The poorly differentiated adenocarcinoma expressed SMARCA2 (Figure 2F), panCK (Figure 2G), and E-cadherin (Figure 2H) but lost vimentin (Figure 2I). The undifferentiated carcinoma expressed vimentin but lost E-cadherin and showed reduced expression of panCK and SMARCA2. The tumor was finally diagnosed as SD-DC (T2N0M0).




Figure 2 | Gross appearance showed (A) an elevated solid mass, sized 6.3 cm × 5.1 cm × 1.2 cm in the antrum. (B) Hematoxylin and eosin staining showed the tumor abruptly transferred from the normal epithelium. (C) The tumor encompassed two components with a clear-cut surface. Poorly differentiated adenocarcinoma with gland formation and undifferentiated carcinoma with diffuse sheets without epithelial differentiation. (D) Undifferentiated carcinoma of polygonal cells and pleomorphic giant cells. Rhobdoid cells were common with vesicular nuclei and conspicuous nucleoli. (E) Immunohistochemical staining revealed both areas lost SMARCA4. (F) SMARCA2 was positive in poorly differentiated adenocarcinoma and was reduced in undifferentiated carcinoma. (G) PanCK was positive in poorly differentiated adenocarcinoma and was reduced in undifferentiated carcinoma. (H) E-cadherin was positive in poorly differentiated adenocarcinoma and lost in undifferentiated carcinoma. (I) Vimentin was positive in undifferentiated carcinoma and lost in poorly differentiated adenocarcinoma.



He did not receive chemotherapy, immune checkpoint inhibitors, or targeted therapy because of his poor physical condition. Follow-up was performed, and the patient was alive after over five months.




3.3 Literature review

We retrieved data for “(SMARCA4) AND (gastric carcinoma)” on PubMed and found 29 reported patients described in nine studies (2–10) (Table 1), namely, 22 (76%) men and seven (24%) women aged 30–75 years (average: 62.3 years). The neoplasm sites (excluding seven patients with no description) from most to least common were the body (10/22), antrum (7/22), fundus (1/22), cardia (1/22), and angle (1/22); the remaining two involved several sites, including the cardia, fundus, and body. Tumor size ranged from 4 cm to 14 cm (average: 7.3 cm), and nine cases were not described. Metastatic lymph nodes were found in 81% (22/27), and other metastases in 30% (7/23). There were 78% (18/29) stage III or IV cases. The median overall survival was 9 months (2–190.1 months). The histomorphology varied and included diffuse sheets, nests, abortive gland lumens, and tubules of anaplastic epithelioid cell sand scattered rhabdoid multinucleated giant cells. The tumors with sheets were predominant, presenting an undifferentiated pattern in 50% (12/24). Partly glandular or mixed and dedifferentiated carcinoma occurred in 25% (6/24). Tumors with pure nests or diagnosed tubular adenocarcinoma and solid adenocarcinoma occurred in 25% (6/24) (Table 2). These tumors were classified according to histomorphology. Although they were not significantly different in clinical characteristics by existing limited data, they had different histomorphology and immunophenotypes. Interestingly, we found SMARCA2 only strongly expressed in adenocarcinoma, irrespective of subtype (Table 1). Chang (3) and Huang (4) also performed SMARCA2 staining and found it only in the adenocarcinoma areas but not in undifferentiated carcinoma.


Table 1 | Clinical characteristics reported in SMARCA4-deficient gastric carcinoma.




Table 2 | Morphological characteristics of reported SMARCA4-deficient gastric carcinoma.







4 Discussion

SMARCA4 is located on chromosome 19p13 and encodes the transcription activator BRG1. It is an ATP-dependent catalytic subunit of SWI/SNF chromatin-remodeling complexes that regulate chromatin structure and gene expression by supplying energy (11). The SWI/SNF chromatin-remodeling complexes usually consist of 12–15 proteins, including ATPase subunits (SMARCA4 and SMARCA2), core subunits (SMARCB1, SMARCC1, and SMARCC2), and various regulatory subunits (ARID1A, ARID1B, and ARID2). The essential diagnostic criteria of SMARCA4-deficient undifferentiated tumor depend on the detection of SMARCA4 (BRG1) deficiency by immunohistochemistry but not a genetic diagnosis (12). Sequencing can be helpful to clarify the significance of reduced expression of SMARCA4, but it is not necessary for the diagnosis, because immunohistochemistry shows complete loss in most cases and is sufficient to document SMARCA4 deficiency. In addition, the mutation may not be detectable, depending on the limitations of the methods used. Because the second hit often copy-neutral loss heterozygosity (i.e., accompanied by duplication of the mutated allele) (13).

SMARCA4 loss is characteristic of thoracic sarcomas but, now, it represents primarily undifferentiated and dedifferentiated carcinomas rather than primary thoracic sarcomas (13). It has been sporadically identified in human carcinomas in a variety of regions, including endometrioid adenocarcinoma, non-small cell lung carcinoma, carcinoma of the sinonasal tract, and small cell carcinoma of the ovary-hypercalcemic type (14). SMARCA4-deficient carcinoma has an extremely low incidence. A literature search on SMARCA4-deficient gastric carcinoma returned 29 cases. Huang et al. screened SMARCA4 alterations using immunohistochemistry on 1,199 surgically resected gastric carcinomas and, in only six (0.5%), SMARCA4 was completely lost (4).

We reported two cases and reviewed the literature to classify these rare tumors. The clinicopathological features of our cases and reported cases were as follows (1): The tumor often occurred in middle-aged and older patients, 30–75 years old (average age: 62.3 years). Males predominated (77% [20/26]), and the clinical stages were III or IV in 78% (18/23). There was rapid progression and poor outcomes; the median overall survival was 8 months (3–190.1 months). The effect of conventional chemotherapy was poor (2). Histomorphologically, the tumors demonstrated sheets, trabecular, solid, nest, abortive gland, tubular distribution, and large epithelioid or rhabdoid cells with low adhesion. Anaplastic cells had vesicular nuclei, prominent nucleoli, and high mitosis indexes (3). All tumors lost SMARCA4 expression; panCK was negative, and SMARCA2 was reduced or lost in the undifferentiated carcinomas. SMARCA2 was expressed in epithelial differentiation. In our cases, differentiated adenocarcinoma expressed SMARCA2, panCK, and E-cadherin but lost vimentin. The undifferentiated carcinoma expressed vimentin and but lost E-cadherin and showed reduced panCK and SMARCA2.

Considering the histomorphology and histochemistry phenotype, we propose a new category: SMARCA4-deficient gastric carcinoma, which may be divided into three subtypes (1): SD-UC, demonstrating diffuse sheets without epithelioid differentiation. Rhabdoid cells occur frequently and may be prominent. There are discohesive cells with anaplastic features. SMRCA2, E-cadherin, and epithelioid markers are negative or reduced, but vimentin is positive (2). SD-DC, demonstrating partly adenoid differentiation in SD-UC, as Chang (3) recommended. The adenocarcinoma areas express epithelioid markers, E-cadherin, and SMARCA2 but are negative for vimentin. The opposite is seen in the undifferentiated areas (3). SD-AD, encompassing purely gland, abortive glands, or nests like conventional adenocarcinoma without rhabdoid or discohesive cells. Epithelioid markers, E-cadherin, and SMARCA2 are positive.

Vimentin and E-cadherin are markers of epithelial-mesenchymal transition expressed in the undifferentiated and glandular areas, respectively, in SD-DC. In our cases, a novel observation in SD-DC was the notable loss of SMARCA2 in the transition from adenocarcinoma to undifferentiated carcinoma. In the reported literature, we also found SMARCA2 expressed in the adenocarcinoma areas in SMARCA4-deficient carcinoma. This finding suggests that SMARCA2 expression changes in the transition to SMARCA4-deficient carcinomas, as Rekhtman proposed (13).

Diagnosing this rare entity is often challenging and relies on an extensive panel of immunohistochemical stains to exclude various morphologic mimics such as neuroendocrine carcinoma, melanoma, and small cell carcinoma of the ovary-hypercalcemic type.



4.1 Large cell neuroendocrine carcinoma

Tumors are solid with nests or pseudoglandular epithelioid monoclonal and adhesive cells. It expresses epithelioid markers and at least two neuroendocrine markers. SD-UC may express synaptophysin, mainly focal or weakly positive.




4.2 Melanoma

Immunohistochemical detection of HMB45, Melan-A, and S-100 is helpful.




4.3 SMARCA4-deficient malignant rhabdoid tumors

These tumors show substantial overlap in histomorphology and immunohistochemistry. Malignant rhabdoid tumors predominantly occur in children under 3 years old.




4.4 Metastatic small cell carcinoma of the ovary-hypercalcemic type

This tumor displays unique immune features, including the expression of Wilms’ tumor suppressor gene 1, EMA, vimentin, cytokeratin, and neuroendocrine markers.

SMARCA4-deficient gastric carcinoma is aggressive and resistant to traditional chemotherapy. Based on the antagonism of SWI/SNF and polycomb repressive complex2 (PRC-2), SWI/SNF deletion leads to loss inhibition of enhancer of zeste homolog 2 (EZH2) methyltransferase, which accelerates PRC2-mediated tumorigenesis (15). Urgent, efficient therapy is required. Tazemetostat is a small molecule enhancer of the EZH2 inhibitor approved by the U.S. Food and Drug Administration in 2020 for treating INI1-negative or SMARCA4-negative tumors. Tazemetostat reduces the trimethylation of H3K27 and induces durable tumor responses. Data from a phase I clinical trial of EZH2 inhibitors showed clinical activity consisting of objective responses (complete responses and partial responses) or prolonged stable disease (6.4 to > 20 months), which exceeded 2 years in 5 (38%) of 13 patients with INI1-negative or SMARCA4-negative solid tumors (16).

In conclusion, SMARCA4-deficient gastric carcinoma should be divided into three subtypes: SD-UC, SD-DC, and SD-AD, depending on histomorphology and immunophenotype. Even though they have no significant clinical characteristics, they have different histomorphology and immunohistochemistry. We must recognize these subtypes and collect more cases to characterize SMARCA4-deficient gastric carcinoma.
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Background

Neoadjuvant radiotherapy (neo-RT) is widely used in locally advanced rectal cancer (LARC) as a component of radical treatment. Despite the advantages of neo-RT, which typically improves outcomes in LARC patients, the lack of reliable biomarkers that predict response and monitor the efficacy of therapy, can result in the application of unnecessary aggressive therapy affecting patients’ quality of life. Hence, the search for molecular biomarkers for assessing the radio responsiveness of this cancer represents a relevant issue.





Methods

Here, we combined proteomic and metabolomic approaches to identify molecular signatures, which could discriminate LARC tumors with good and poor responses to neo-RT.





Results

The integration of data on differentially accumulated proteins and metabolites made it possible to identify disrupted metabolic pathways and signaling processes connected with response to irradiation, including ketone bodies synthesis and degradation, purine metabolism, energy metabolism, degradation of fatty acid, amino acid metabolism, and focal adhesion. Moreover, we proposed multi-component panels of proteins and metabolites which could serve as a solid base to develop biomarkers for monitoring and predicting the efficacy of preoperative RT in rectal cancer patients.





Conclusion

We proved that an integrated multi-omic approach presents a valid look at the analysis of the global response to cancer treatment from the perspective of metabolomic reprogramming.





Keywords: rectal cancer, radiotherapy, tissue, metabolomics, proteomics




1 Introduction

Locally advanced rectal cancer (LARC) patients with an increased risk of metastasis or local recurrence (T3-4 or N+) are eligible for neoadjuvant radiotherapy (neo-RT) before surgical resection, which generally leads to a decrease in tumor mass and improves treatment outcomes (1). However, despite the expected benefits of neo-RT, such treatment may not be effective in radioresistant tumors resulting in recurrence in some cases (2). The effectiveness of preoperative RT can be assessed by histopathological analysis of the resected tissue specimen according to tumor regression grading (TRG) system (3). TRG provides valuable prognostic information, yet the actual prediction of tumor regression remains a challenge. Rectal cancer patients are usually monitored using blood tests (e.g., CEA biomarker) and/or imaging (MR, EUS, and CT) to ensure that they remain disease-free and are treated promptly upon relapse. However, in some cases, classical clinical assessment/monitoring tools are insufficient (4). Therefore, the development of novel relevant biomarkers that could be used to predict the effectiveness of neo-RT in LARC patients is eagerly awaited (5). Moreover, there is still a lack of predictive biomarkers of sensitivity/resistance of rectal cancer to RT, which may result in the use of overly aggressive or ineffective therapy with associated negative effects on the quality of life. Therefore, an appropriate prognosis, based on specific predictors, should be the basis for selecting patient groups that require a more aggressive treatment strategy (6, 7).

An improved understanding of the cellular and molecular signaling pathways involved in disease processes, as well as the development of new therapeutic targets, may be made possible by the omics-based methods used to identify molecular risk factors and biomarkers, according to much of the evidence found (8). This could lead to the development of a more potent treatment for LARC patients. Proteomic and metabolomic approaches could be applied to prediction of the response to selected therapeutic strategies and monitoring the progression of disease (9–11). Although RT has been used extensively for a variety of tumors, little progress has been made in predicting and monitoring treatment outcomes after RT (12). There are only a few studies concerning proteomic or metabolomic profiling of tissue or serum/plasma from rectal cancer patients with various RT outcomes (13–18). The majority of these reports only cover neo-chemoradiotherapy’s effects. Moreover, researchers mostly focus on a single protein or panel of a few proteins associated with known radiation effects like DNA repair, cell cycle, cell proliferation, apoptosis, altered metabolism, or immune response. There is lack of a broader, systemic studies combining proteomic and metabolomic approaches to reveal molecular processes and discriminatory molecules correlated with different patient responses to neo-RT in the LARC group. Recently our group applied a multi-omics approach to identify several differentially accumulated proteins and metabolites whose abundances detected in whole serum and serum-derived exosomes differentiated LARC patients with varying neo-RT responses. These molecules were linked to common pathways that are important for the reaction to RT, including energy metabolism, cancer-related signaling pathways, complement activation cascade, platelet functions, and the immune system (19).

In this study, we combined proteomics and metabolomics MS-based approach to identify molecules that could distinguish LARC tumors with various neo-RT responses. We proposed the panel of proteins and metabolites which could be a promising tool for the estimation of radio-responsiveness in patients with rectal cancer. Moreover, we associated differentially accumulated proteins and metabolites with molecular pathways and processes occurring in tumor tissue in response to radiation. Thus, our work provides a holistic view of the rectal cancer tissue response to irradiation from the perspective of metabolic reprogramming.




2 Materials and methods



2.1 Clinical samples

Tissue samples were taken from 24 LARC patients diagnosed with adenocarcinoma and treated at Maria Skłodowska-Curie National Research Institute of Oncology, Gliwice Branch. All patients were given neo-RT in a total dose of 39-54Gy. Tissue samples were collected between 2012 and 2014, directly during a standard surgical treatment; resected tissue samples were immediately frozen and kept at -80°C until analysis performed in 2020. The histology of three tissue slices (from the edges and center of the studied tissue sample) was assessed by an experienced pathologist for the percentage of tumor cells in each case. TRG assessed routinely in resected tumors reflected the area of residual tumor cells compared to the fibrotic area: TRG0 - complete response/no residual tumor, TRG1 - 10% of residual tumor, TRG2 - 10-50% of residual tumor, and TRG3 - >50% of residual tumor. Depending on the response to the treatment and the presence of tumor cells, collected samples were classified into two groups: good responders (GR) – 12 patients with RT-sensitive tumors (TRG 0-1), and poor responders (PR) - 12 patients with RT-resistant tumors (TRG 2-3). Table 1 contains the clinicopathological details and disease status for all included patients. Using post-operative material for research purposes was under local Ethics Committee approval no. KB/430-50/12. All tissue donors signed an informed consent form attesting to their voluntarily and consciously taking part.


Table 1 | Clinical features of study participants with rectal cancer.






2.2 Sample preparation for proteomic studies

The ball mill MM400 (Retsch, Germany) was used to grind the whole frozen tissue samples in liquid nitrogen for 45 seconds at 30 Hz. Tissue was lysed in 100 μL of 1% sodium deoxycholate (SDC) in a buffer containing 50mM NH4HCO3. Following homogenization with a Precellys 24 homogenizer (Bertin Technologies, France), samples were sonicated for 10 minutes in a bath on ice. Then, samples were centrifuged for 10 minutes at 11,000 x g at 4°C and the supernatant was moved to fresh tubes. The amount of isolated protein was measured using Pierce BCA protein assay kit (Thermo Scientific, Rockford, lL, USA) according to the guidelines provided with the product. For in-solution digestion, 10 µl of the sample containing 10 µg of proteins was diluted by adding 15 µl of 50 mM NH4HCO3 buffer and then reduced with 5.6 mM DTT at 95°C for 5 min. Then, proteins’ thiol groups were alkylated with 5 mM iodoacetamide (IAA) for 20 min at room temperature and in the dark. For digestion, 0.2 µg of sequencing-grade trypsin (Promega) was added to each sample and left overnight at 37°C. Next, 1.5 µg of 10% trifluoroacetic acid (TFA) was added, mixed for 10 minutes, and twice centrifuged for 7 min. at 11,000 x g at 20°C. The purified tryptic peptides were then analyzed by LC–MS/MS.




2.3 Mass spectrometry analysis of proteins

A Dionex UltiMate 3000 RSLC nanoLC system combined with a QExactive Orbitrap mass spectrometer (Thermo Fisher Scientific) was used to conduct the proteome analysis. The peptides were separated on an Acclaim PepMap RSLC nanoViper C18 reverse phase column (75 µm x 25 cm, 2 µm particle size) with temperature kept at 30°C and a flow rate of 300 nl/min. The acetonitrile gradient from 4 to 60% in 0.1% formic acid was used in the 190-minute chromatographic program. Mass spectrometry data were acquired using the top 10 DDA approach, MS scans were registered at the resolution of 70,000 (m/z 200) while MS/MS spectra were registered at 17,500 resolution (also at m/z 200) in a positive mode in mass range of 300-2000 m/z. Ten most abundant peaks (2 or more charges) were subjected to fragmentation in HCD collision chamber and the collision energy was set for a constant value of 28%. Protein Discoverer 2.2 software (Thermo Fisher Scientific) was used to process the raw data collected during the study. Using the UniProt human database, proteins were identified with an accuracy of 10 ppm for peptide masses and 0.08 Da for fragment ion masses. Methionine oxidation as a dynamic modification and carbamidomethylation of cysteines as a constant modification were set for all searches, and two missed digestion sites per peptide were allowed. Proteins were considered to be identified if the search engine noticed at least two peptides for each protein and a peptide score reached the significance threshold FDR = 0.01 (as determined by the Percolator algorithm). The total ion current (TIC) was used to normalize the identified proteins’ abundance.




2.4 Sample preparation for metabolomic studies

50 mg of pulverized tissue was extracted using 200 ul each of hexane, chloroform, methylene chloride, and methanol. The mixture was sonicated for 10 minutes each time after adding organic solvent, then centrifuged for 10 min at 11,000 x g at 4°C, and dried in a vacuum centrifuge. The dried extract was then subjected to derivatization by adding 40 μl of methoxyamine hydrochloride in pyridine (20 mg/ml) and incubated for 1.5h at 37°C. Next, in the second derivatization step, 90 μl of N-Trimethylsilyl-N-methyl trifluoroacetamide was added, and samples were incubated at 37°C for another 30 min. After derivatization, samples were immediately subjected to a GC/MS analysis.




2.5 Mass spectrometry analysis of metabolites

The GC-MS system (TRACE 1310 GC oven with TSQ8000 triple quad MS from Thermo Scientific, USA) with a DB-5MS column (30 m 0.25 mm 0.25 m) (J & W Scientific, Agilent Technologies, Palo Alto, California, USA) was used to separate and analyze metabolites. The following conditions were maintained for the gradient during chromatographic separation: 2 minutes at 70°C, followed by 10 minutes at 300°C, at 300°C. The source temperature was set to 250°C, the column interface was maintained at 250°C, and the PTV injector was used to inject the sample with a temperature gradient from 40 to 250°C. The electron ionization energy of the ion source, which operated in the range of 50-850 m/z, was set at 70 eV. The mixture of retention indexes (RI) containing alkanes was run before relevant analyses. Raw data files were analyzed using MSDial software (v. 4.92). The correction against the alkane series mixture (C-10-36) was implemented directly in MS Dial to generate the RI for each compound. The 28,220 records in the MSP database from the CompMS site were used to identify small molecules. Metabolite was considered as identified if the similarity index (SI) was above 80%. The following analyses did not include the identified artifacts (alkanes, column bleed, plasticizers, MSTFA, and reagents). Results that had been normalized (by applying the TIC approach) were exported and used in statistical analyses.




2.6 Statistical and chemometric analyses

The continuous clinical metadata was compared between GR and PR groups with the T-test, after assessing both groups’ normality (with the Shapiro-Wilk test) and homoscedasticity (with the Levene test). The categorical clinical metadata was compared between groups with the chi-square test of independence. Depending on the normality and homoscedasticity of the data (assessed via the Shapiro-Wilk test and Levene test, respectively), differences in the abundances of proteins and metabolites between independent samples were evaluated using the T-test, Welch test, or U-Mann-Whitney test. Identified compounds were considered as differentially accumulated proteins (DAPs) or differentially accumulated metabolites (DAMs) when the p-value was lower than 0.05. For the false discovery rate correction, the Benjamini-Hochberg protocol was applied in each case. The effect size of 0.5 and 0.8 or 0.3 and 0.5 was considered to be medium and high, respectively, in the effect size analysis using the Hedges’ g or the rank-biserial coefficient of correlation (an effect size equivalent of the U-Mann-Whitney test) (20). The evaluation of pairwise ratios between the specific compounds in the two groups was conducted using the traditional fold change estimator or the Hedges-Lehmann type fold change estimator. All statistical calculations were performed in Python. Normalized data were log-transformed, scaled with a mean-centered factor, and divided by the standard deviation of each variable for chemometric analyses. To show the general sample distribution, Principal Component Analysis (PCA) and Hierarchical Cluster Analysis (HCA) were used. For each compound, a single-feature logistic regression classifier was created. In addition to computing several quality control metrics, leave-one-out validation was carried out. The accuracy was computed as the mean of the TNR (true negative rate—specificity) and TPR (true positive rate—sensitivity) and to be independent of group size. The univariate ROC curve was generated using all of the feature’s data. MetaboAnalyst 5.0 - https://www.metaboanalyst.ca/- was used to carry out the multivariate ROC curve-based exploratory analysis for the prediction of the biomarker panel. ROC curves were created using balanced sub-sampling and Monte Carlo cross-validation (MCCV). The Linear Support Vector Machine (SVM) was used for the analyses, and its built-in algorithm was used to rank the features.




2.7 Functional bioinformatics

String ver. 11.5, available at https://string-db.org, was used to analyze proteomic data (21). Hypergeometric testing with Benjamini-Hochberg multiple corrections was used to search for enriched GO terms and Reactome pathways using a list of genes corresponding to DAPs. For protein class annotation, Panther 17.0 Classification System - http://www.pantherdb.org was used. MetaboAnalyst 5.0, available at https://www.metaboanalyst.ca, was used to analyze metabolomic data. The Quantitative Enrichment Analysis (QEA) algorithm was used to identify the metabolic pathways connected to DAMs. The Joint Pathway Analysis tool in MetaboAnalyst 5.0 and Pathview (https://pathview.uncc.edu/) was used to combine and visualize multi-omic data. Integrated pathway analysis, based on the KEGG database, was implemented to carry out this by uploading a list of genes corresponding to DAPs and a list of DAMs with their fold changes. Additionally, the Pearson coefficients were applied to define the correlations between the differentially expressed variables found at both omic levels; p-values 0.05 were considered significant.





3 Results



3.1 Proteomic and metabolomic profiling of tissue samples

The mass spectrometry-based methods were applied for profiling proteins and metabolites in the tumor tissue of LARC patients who responded differentially to neo-RT. LC-MS/MS label-free approach made it possible to identify 2741 proteins in tissue specimens. The complete list of identified and quantified proteins is presented in Supplementary Table S1A, and the major classes of identified proteins are presented in Supplementary Figure S1A. Among the most numerous classes of proteins in tumor tissue were RNA metabolism proteins, cytoskeletal proteins, protein modifying enzymes, metabolite interconversion enzymes, and translational proteins. An untargeted GC–MS-based profiling allowed the annotation and relative quantification of 119 metabolites, which are listed in Supplementary Table S2A. The most numerous classes of metabolites in tissue samples were amino acids, sugars and derivatives, fatty acids and lipids, carboxylic and hydroxy acids, purines, pyrimidines, and their derivatives (Supplementary Figure S1B). Unsupervised clustering of the samples was carried out using the abundances of all identified proteins and metabolites. PCA and HCA performed based on both proteome and metabolome composition of tumor tissue allowed good separation of two groups of samples representing tumors with good and poor responses to neo-RT (Supplementary Figures S2A–D).




3.2 Proteomic signature of rectal tumor responses to preoperative RT

Among all identified proteins, 1710 showed significantly different (FDR<0.05) abundance between GR and PR, respectively (Supplementary Table S1A). Among the most numerous classes of DAPs were RNA metabolism proteins, cytoskeletal proteins, protein modifying enzymes, metabolite interconversion enzymes, and translational proteins (Supplementary Figure S1C). Identified DAPs were used to perform supervised clustering of samples (Supplementary Figure S2E). Most DAPs were upregulated in the PR group, while only 210 DAPs were upregulated in the GR group. Moreover, 19 DAPs were identified only in the PR group (namely: PROM1, HTATSF1, ND4, IVL, CKMT2, LIG1, BUD31, PTK2, CPSF1, RPS6KA1, ACSM3, ATAD3B, GALNT7, GFM1, COPS8, GTPBP, TRIM2, SPON1, NOX1), while one DAP (INA) was identified only in the GR group.

To further describe the potential of proteins identified in tumor tissues to discriminate patients with different responses to RT, univariate and multivariate classifiers were tested. Based on classical univariate ROC curve analysis, there were 245 proteins (8.9% of all detected proteins) for which a binary classification model (GR vs. PR) was performed with the receiver operating characteristics AUC equal 1 (Supplementary Table S1B). Finally, multivariate ROC curve analysis was performed to obtain a panel of potential proteomic biomarkers of response to neo-RT. Proteomic-based biomarker prediction was performed by multivariate ROC curve-based exploratory analysis. The classification models based on the top 5, 10, 15, 25, 50, and 100 important proteomic features with their corresponding AUC values are presented in Figure 1A. A model built on 50 features reached a predictive accuracy of 100% (Supplementary Figures 3A, B). The predicted class probabilities (average of the cross-validation of 50-mer models) for each sample (GR vs. PR) are presented in Supplementary Figure 3C. The top 20 predicted proteomic biomarkers based on how frequently they were selected during cross-validation are shown in Supplementary Figure 3D, while the complete list of proposed predictors can be found in Supplementary Table S1C. The normalized abundances of the top ten potential proteomic biomarkers with the highest frequency rank and importance based on the 50-mer classification models are presented in Figure 1B.




Figure 1 | Characterization of proteomic signatures of rectal tumors responses to RT. (A) Proteomic-based biomarker prediction by multivariate ROC curve analysis: the classification models based on the top 5, 10, 15, 25, 50, and 100 important proteomic features with their corresponding AUC value; (B) The normalized abundances of potential proteomic biomarkers with the highest frequency rank and importance based on the selected classification model, p-values and fold change (FC) values are shown, significance after FDR correction are marked with asterisks according p-adjusted values (p-valadj<0.05*, p-valadj<0.005**, p-valadj<0.0005***, p-valadj<0.00005****); (C, D) Functional enrichment analysis of DAPs: bubble plots of the TOP20 enriched processes and functions revealed using the Wikipath (C) and Reactome (D) database, including the top 10 with the largest pathway significance (FDR) (marked in red) and enrichment strength (marked in blue), bolded for both. The highest enriched pathway based on both the significance and pathway impact are bold. The color of the dots represents the p-adjusted values (Benjamini-Hochberg correction), and the size of the dots represents the number of DAPs associated with the GO terms/Reactome pathways.



Furthermore, a functional enrichment analysis of DAPs was carried out, which showed a number of significantly overrepresented GO terms linked to them, including 1070 biological processes, 69 molecular functions, and 304 cellular components. Moreover, the KEGG, Reactome, and WikiPathways databases were used to analyze the functional interactions between DAPs (Supplementary Table S3). The TOP20 enriched processes (WikiPath) and functions (Reactome) associated with DAPs are presented in Figures 1C, D. DAPs’ overrepresented functions and processes were generally connected with focal adhesion, VEGFA-VEGFR2 signaling pathway, metabolism of amino acids and proteins, metabolism of RNA, ribosomal proteins, translation factors, cellular responses to stress, proteasome degradation, ketone bodies, peroxisomal beta-oxidation, energy metabolism (glycolysis and TCA cycle), and metabolic reprogramming in colon cancer. Moreover, significantly overrepresented pathways involved in the immune response (T-cell receptor signaling pathway, antigen processing and presentation, leukocyte, and neutrophil-mediated immunity) were connected with DAPs upregulated in the PR group (Supplementary Figure S4). Chosen the most enriched KEGG pathways connected with DAPs, including ribosomal and proteasomal proteins, ECM matrix interaction, proteoglycans in cancer, complement, and coagulation cascades, focal adhesion, and signaling pathways connected with colorectal cancer (VEGF, PI3K-Akt, RAS, WNT, MAPK, NF-KAPPA B) are presented in detail in Supplementary Figure S5.




3.3 Metabolomic signature of rectal tumor responses to preoperative RT

Among 119 metabolites annotated in rectal tumor tissue, there were 28 DAMs, whose abundances were noticeably (p<0.05) different in PR and GR, respectively (Supplementary Table S2A); 7 DAMs after the FDR correction remained significant (namely: ribose 5-phosphate, cytosine, L-carnitine, 4-hydroxybutyric acid, phosphoenolpyruvic acid, inosine, and citric acid). The most numerous classes of DAMs were amino acids, sugars, and their derivatives, carboxylic and hydroxy acids, fatty acids and lipids, and purines/pyrimidines and their derivatives (Supplementary Figure S1D). DAMs were used to perform supervised clustering (Supplementary Figure S2F). 15 DAMs were upregulated in the GR group, while 13 DAMs were upregulated in the PR group.

Univariate classification models tested to classify PR vs. GR samples revealed 24 metabolites with AUC higher or equal to 0.8 (Supplementary Table S2B). Multivariate classification models tested based on the top 5, 10, 15, 25, 50, and 100 metabolites with their corresponding AUC values (0.81-0.91) are presented in Figure 2A. A model built on 50 features showed the highest predictive accuracy (84.8%) and was selected for further testing (Supplementary Figures 6A, B). The class probabilities predicted using this model for each sample are presented in Supplementary Figure S6C. The top 20 predicted biomarkers predicted based on how frequently they were chosen for cross-validation are shown in Supplementary Figure S6D, while the complete list of proposed predictors can be found in Supplementary Table S2C. The normalized abundances of the top 10 potential biomarkers with the highest frequency rank and importance based on the 50-mer classification model are presented in Figure 2B.




Figure 2 | Characterization of metabolomic signatures of rectal tumors responses to RT. (A) Metabolomic-based biomarker prediction by multivariate ROC curve analysis: the classification models based on the top 5, 10, 15, 25, 50, and 100 important metabolomic features with their corresponding AUC value; (B) The normalized abundances of potential metabolomic biomarkers with the highest frequency rank and importance based on the selected classification model, p-values and fold change (FC) values are shown, significance after FDR correction are marked with asterisks according p-adjusted values (p-valadj<0.05) (C) Metabolic pathways associated with DAMs based on quantitative enrichment analysis using KEGG database: bubble plot of the TOP 25 enriched metabolite sets.



The Quantitative Enrichment Analysis (QEA) algorithm and the Small Molecule Pathway Database (SMPDB) were used to analyze the functional enrichment of DAMs. (Supplementary Table S4). Network view of all significantly enriched pathways (FDR < 0.05) associated with DAMs is shown in Supplementary Figure S7, while an overview of the TOP 25 enriched metabolic pathways is presented in Figure 2C. The most significant processes associated with DAMs were connected mainly with energy metabolism (e.g., Warburg effect, gluconeogenesis, transfer of acetyl groups into mitochondria, mitochondrial electron transport chain, citric acid cycle, glycolysis), sphingolipid and glycerolipid metabolism, beta-oxidation of fatty acids, carnitine synthesis, inositol metabolism, and amino acids metabolism.




3.4 Integration of proteomic and metabolomic features that discriminate between good and poor responders to neo-RT

Joint Pathway Analysis in MataboAnalyst 5.0 was used to identify common pathways for DAPs and DAMs found in tumors of patients who responded differently to neo-RT. KEGG pathways with the largest pathway significance (p <0.05) connected with DAPs and DAMs are presented in Figure 3A. Additionally, the top 20 significant enriched KEGG pathways, including the top 10 with the largest pathway significance (FDR) (marked in red) and pathway impact (marked in blue) are shown in Figure 3B. The most significant pathways based on FDR (<4.25E-09) were connected with the ribosome, splicesome, proteasome, oxidative phosphorylation, RNA transport, and bacterial infection. The most enriched pathways based on pathway impact (>2) were synthesis and degradation of ketone bodies, purine metabolism, energy metabolism (TCA cycle, glycolysis, gluconeogenesis, PPP, pyruvate metabolism), fatty acid degradation, and metabolism of amino acids (alanine, aspartate, glutamate, valine, leucine, isoleucine). Focal adhesion was the highest enriched pathway based on both the significance and pathway impact (for details see Supplementary Table S5). Components of the most enriched KEGG pathways connected with DAPs and DAMs are presented in detail in Supplementary Figure S8.




Figure 3 | KEGG pathways commonly associated with DAPs and DAMs based on Joint Pathway Analysis. (A) all significantly overrepresented pathways (p <0.05); (B) The top 20 significantly enriched KEGG pathways, including the top 10 with the largest pathway significance (FDR) (marked in red) and pathway impact (marked in blue). The highest enriched pathway based on both the significance and pathway impact is bold.



Furthermore, Pearson’s correlation was used to address any possible relationships between DAPs and DAMs. The investigation turned up several strong correlations (r>0.8) between the variables, which are detailed in Supplementary Table S6). For example, CEACAM5 revealed a high positive correlation with a panel of proteins including SLC25A, KHSRP, PNPT1, and MUC 13. On the other hand, there was observed a high negative correlation of CEACAM5 with linoleic acid, oleic acid, phosphoethanolamine, cadaverine, and N-acetyl-aspartic acid. The TOP 25 compounds correlated with CEACAM5 are presented in Supplementary Figure S9. Furthermore, known clinical parameters were subjected to the same correlation analysis, which revealed negative correlations of disease stage with linoleic and arachidonic acids as well as positive correlations of the lymph node yield (LNY) with stearic acid and phosphoethanolamine (Supplementary Table S6). Because the contribution of the applied RT scheme differed between GR and PR groups (Table 1), a putative correlation between the type of RT and the abundance of proteome and metabolome components was also addressed (Supplementary Table S7). When the abundance of the Top-10 DAPs (Figure 1B) and Top-10 DAMs (Figure 2B) in all patients was taken into consideration, components upregulated in the PR group (except alanine) showed a negative correlation while components upregulated in the GR group had a positive correlation with radiation dose, which suggested a potential link between the abundance of differentiating components and response to radiation dose (Supplementary Figure S10). Hence, to verify this possibility, the putative associations between the correlation with radiation dose and components’ abundance were analyzed in the PR and GR groups separately to exclude the influence of a hypothetical prognosis factor discriminating between both groups. We found that for the majority of differentiating components, either DAPs or DAMs, the correlations with radiation doses were not statistically significant. Moreover, when significant correlations were found for either PR-upregulated or GR-upregulated components, these correlations observed in each group separately were rather randomly distributed (i.e., either negative or positive) (Supplementary Table S7), which further reduced the prognostic significance of radiation dose.





4 Discussion

Preoperative (neoadjuvant) RT is a valid strategy for the treatment of LARC. However, the major challenge in this therapeutic approach is cancer radioresistance, which may result in recurrence and metastasis. Therefore, there is a lot of interest in understanding the mechanisms of cancer radio-responsiveness and investigating RT-related biomarkers for the improvement of treatment strategies. Here, for the first time, a combined proteomic and metabolomic approach has been used to reveal a set of molecular components associated with different responses of rectal tumors to neo-RT. DAPs and DAMs were linked to metabolic pathways and signaling processes known to be involved in response to radiation. We observed that the proteome components of tumor tissue have a strong capacity to distinguish between patient samples with different neo-RT responses. A few of the Top 10 potential proteomic biomarkers revealed in our study have been previously identified as compounds associated with colorectal cancer’s response to RT, including CEACAM5, KHSRP, RALA, and TSPAN8. Proteins that regulate glycolysis (PGK1, PGAM1, ENO1, PKM, TKT), ammonia detoxification (GLUD1), and other metabolic pathways (LDHA, GAPDH, MDH2) were reported to be differentially expressed in mouse xenograft colorectal tumor models with different radio- responsiveness (22). In our study, all these proteins (except PGAM1) were elevated in PR. Other DAPs upregulated in PR (CAD, RALB, FAM120A, PSMC2, LRPPRC, PARP1, PSMB5, ANP32B, IMPDH2, XRCC5, TPD52L2, EIFA5A, DDT, GNB1, HDGF, and MYO1C) were associated with metabolic activity in rectal tumor tissue (18). Similarly, a few DAMs upregulated in PR have been previously presented as small molecules associated with radioresistance, including succinic acid and arachidonic acid (23). Succinic acid is an oncometabolite that alters DNA repair through epigenetic regulation and impacts cancer cells’ responses to chemo- and radio-therapy. (24). In our study, we detected significantly elevated levels of both succinic acid and two subunits of succinate dehydrogenase SDHA and SDHB. Furthermore, we observed a significantly elevated accumulation of carnitine (correlated with mitochondrial membrane transporter SLC25A20 - mitochondrial carnitine/acylcarnitine carrier) in PR. Carnitine is essential for shuttling acyl groups through intracellular membranes for fatty acid oxidation (FAO). FAO is essential for the growth and development of many cancers into malignancies. Carnitine is also essential for controlling the acyl-CoA/CoA balance, which controls how carbohydrates and lipids are metabolized. (25). Importantly, we detected a significantly reduced abundance of glutamine in PR and elevated level of proteins connected with glutamine transport and metabolism (SLC1A5 and GLS). In addition to being a crucial component of DNA repair, epigenetic modification, and the reduction of oxidative stress, glutamine metabolism in cancer cells also boosts radioresistance and reduces the effectiveness of radiotherapy and immunotherapy (26). It has been demonstrated that a lack of glutamine increases the epithelial-mesenchymal transition, which in turn promotes the recurrence and metastasis of colorectal cancer (27). Interestingly, different groups of cells present in the tumor may have various nutrient uptake from TME, with glucose being preferentially delivered to immune cells while glutamine and fatty acids are primarily distributed to cancer cells (28). As a result, targeting a single metabolite alone is insufficient to overcome radioresistance because tumor cells and other cells in the TME (including immune system cells) exhibit metabolic heterogeneity (29). Moreover, although the analysis of clinical data revealed statistically significant differences between groups of PR and GR with respect to radiation dose delivered during neo-RT (the contribution of radiation schemes involving higher doses was higher in the GR’ group), radiation dose was barely associated with the abundance of differentiating proteins and metabolites (particularly when the correlations with radiation dose were analyzed in each group separately). Therefore, obtained data suggested that molecular profiles characteristic for GR and PR were not associated directly with response to radiation doses.

Obtained proteomic and metabolomic data provided a combination of information on the accumulation of metabolic enzymes and specific metabolites, which enabled to address metabolic reprogramming of rectal cancer. Several identified DAPs and DAMs were functionally linked to alterations in the metabolism of glucose, amino acids, and fatty acids. Tumor cells respond to RT by increasing glucose flux through the upregulation of glycolytic transporters and enzymes, facilitating glucose metabolism including glycolysis, oxidative phosphorylation, and pentose phosphate pathway (PPP) (28). In PR, we observed significantly elevated levels of glycolytic enzymes GLUT1, HK2, GAPDH, PKM2, and LDHA, combined with decreased levels of glucose and increased levels of lactate, which is considered to contribute to radioresistance (30). Metabolic enzymes involved in oxidative phosphorylation (e.g., MPC elevated in poor responders) and the integrity of mitochondrial function are crucial for cancer radioresistance, while the activity of 6PGD (a component of PPP) enhances the production of NAPDH and nucleotides that promote tumor growth and radioresistance (31). Additionally, tumor cells respond to RT by increasing the metabolism of amino acids like glutamine, serine, and glycine, which provide the biomacromolecules and other materials needed for the production of nucleotides and energy, extending the survival of cancer cells. Glutamine is transported into the cell by SLC1A5 and converted to glutamate by mitochondrial glutaminase (GLS). It has been shown that radiation increases the GLS activity contributing to radioresistance (32). In our study, we detected significantly elevated levels of SLC1A5 and GLS in PR, while the abundance of glutamine was decreased. Moreover, aberrantly activated glycolysis permits tumor cells to indirectly enhance serine/glycine metabolism, increasing one-carbon metabolic flux and facilitating the proliferation of tumor cells and radioresistance (33). Here we detected in PR elevated levels of proteins involved in serine/glycine and one-carbon metabolism (PHGDH, PASAT1, SHMT). Moreover, enhanced accumulation of glycine and serine was also observed. Furthermore, cancer cells may develop radioresistance via reprogramming of lipid metabolism. We detected in PR elevated levels of enzymes (COX-2, ACSS2, FDPS, FASN, ACAT2, ACLY, SLC12A2) and metabolites (arachidonic acid and carnitine) involved in lipid metabolism, which have been linked to radioresistance of cancer cells (29). The major mechanism that enables the development of tumor radioresistance is DNA damage repair, which needs a significant nucleotide accumulation. Hence, activated glucose and amino acid metabolism that provide sufficient substrates and energy for the synthesis of pyrimidines and purines are linked to the survival of irradiated tumor cells. On the other hand, enzymes involved in the de novo nucleotide synthesis pathway (e.g. IMPDH) have emerged as targets for radiosensitization (29). Here we detected in PR elevated levels of inosine monophosphate dehydrogenase, while the abundance of inosine was reduced. In general, we concluded that molecular profiles characteristic of PR fit the metabolic reprogramming state that enhances tumor radioresistance, which involves the increased metabolic flux of glucose, fatty acids, lipids, and amino acids (especially glutamine), thus supplying sufficient energy and substrates for DNA damage repair. These metabolic pathways likely involved in the development of tumor radioresistance in the group of PR are illustrated schematically in Figure 4.




Figure 4 | Metabolic pathways involved in rectal cancer radioresistance, including significantly upregulated (marked in red) and downregulated (marked in green) abundances of proteins and metabolites in poor responders tumor tissues. *high effect size.



In conclusion, here we applied a combined MS-based proteomic and metabolomic approach for the identification in tumor tissue of molecules that discriminate LARCs differentially responded to neo-RT. This revealed molecular pathways and processes associated with DAPs and DAMs, which were linked to favorable and unfavorable responses to the treatment. These included several pathways involved in cellular metabolism and metabolic reprogramming, including energy metabolism, ketone bodies metabolism, fatty acid degradation, metabolism of amino acids and purines, which appeared to play a vital role in the radioresistance of tumors. Hence, our study revealed that multi-component panels of proteins and metabolites may serve as a solid base to develop biomarkers for monitoring and predicting the efficacy of preoperative RT in this group of patients as well as serve as therapeutic targets acting in combination with RT. However, our study has some limitations that could be addressed in future research. First, to confirm that the observed signatures were specific for cancer cells not to “normal” cells present in the tumor stroma, additional analyses using isolated cancer cells (e.g., by microdissection) might be instructive. Moreover, to validate the actual predictive potential of proposed signatures, their components should be analyzed in tissue material (e.g., in biopsies) before preoperative RT. Nevertheless, this explorative study provides proof of concept that molecular components of tumors that are associated with differentiated radio-responsiveness of rectal cancer could identified by the metabolomics and proteomics approaches.
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Supplementary Figure 1 | Contribution of identified proteins (A), annotated metabolites (B), DAPs (C), and DAMs (D) to different classes.

Supplementary Figure 2 | Clustering of RC patients based on levels of proteins and metabolites detected in tissue samples. Showed are PCA score plots (A, B) and dendrograms resulting from HCA (C, D); a number of samples that were used only for proteomic or metabolomic profiling are marked in asterisk). The colors navy blue and pink, respectively, indicate GR and PR samples. Hierarchical supervised clustering was performed based on levels of DAPs (E) and DAMs (F). *sample appearing only in proteomic or metabolomic analysis.

Supplementary Figure 3 | Biomarker prediction by multivariate ROC curve analysis based on proteomic features. (A) - The predictive accuracies of 6 different biomarker models; For the 50-feature panel, the red dot indicates the highest accuracy.; (B) - ROC curve for a chosen biomarker model with the highest accuracy; (C) -The predicted class probabilities for each sample (GR vs. PR); (D) - The top 20 potential proteomic biomarkers predicted based on how frequently they were chosen for cross-validation.

Supplementary Figure 4 | Overrepresented pathways involved in the immune response connected with DAPs upregulated in PR. (A) - bubble plots of the TOP12 enriched immunological processes and functions revealed using the GO terms; (B) - chosen significantly overrepresented pathways involved in the immune response.

Supplementary Figure 5 | Chosen the most enriched KEGG pathways connected with DAPs. (A) - Ribosome; (B) - Proteasome; (C) - ECM-receptor interaction; (D) - Proteoglycans in cancer; (E) - Focal adhesion; (F) - Complement and coagulation cascade; (G) - Colorectal cancer; (H) - PI3K-AKT signaling pathway; (I) - WNT signaling pathway; (J) - MAPK signaling pathway; (K) - RAS signaling pathway; (L) - VEGF signaling pathway; (M) - NF-KAPPA B signaling pathway.

Supplementary Figure 6 | Biomarker prediction by multivariate ROC curve analysis based on metabolomic features. (A) - The predictive accuracies of 6 different biomarker models; For the 50-feature panel, the red dot indicates the highest accuracy.; (B) - ROC curve for a chosen biomarker model with the highest accuracy; (C) - The predicted class probabilities for each sample (GR vs. PR); (D) - The top 20 potential proteomic biomarkers predicted based on how frequently they were chosen for cross-validation.

Supplementary Figure 7 | Network view of significantly enriched metabolic pathways (FDR < 0.05) associated with DAMs based on quantitative enrichment analysis using KEGG database.

Supplementary Figure 8 | Chosen the most enriched KEGG pathways connected with DAPs and DAMs. (A) - Glycolysis/gluconeogenesis; (B) - Pyruvate metabolism; (C) - Pentose phosphate pathway; (D) - Citrate cycle; (E) - Purine metabolism; (F) - Pyrimidine metabolism; (G) - Fatty acid degradation.

Supplementary Figure 9 | The TOP 25 compounds correlated with CEACAM5 based on Pearson’s correlation analysis.

Supplementary Figure 10 | The results of Pearson’s correlation analysis of the Top-10 DAPs and DAMs correlated with radiation dose in all patient groups.
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Objective

Pancreatic carcinoma is characterised by high aggressiveness and a bleak prognosis; optimising related treatment decisions depends on the availability of reliable prognostic markers. This study was designed to compare various blood biomarkers, such as neutrophil/lymphocyte ratio (NLR), lymphocyte/monocyte ratio (LMR), platelet/lymphocyte ratio (PLR), C-reactive protein (CRP), albumin (Alb), plasma fibrinogen (PF), and CRP/Alb in patients with pancreatic carcinoma.





Methods

Our study retrospectively reviewed 250 patients with pancreatic carcinoma diagnosed between July 2007 and December 2018. The Cutoff Finder application was used to calculate the optimal values of CRP/Alb and PF. The Chi-square test or Fisher’s exact test was used to analyse the correlation of CRP/Alb and PF with other clinicopathological factors. Conducting univariate and multivariate analyses allowed further survival analysis of these prognostic factors.





Results

Multivariate analysis revealed that, in a cohort of 232 patients with pancreatic ductal adenocarcinoma (PDAC), the PF level exhibited statistical significance for overall survival (hazard ratio (HR) = 0.464; p = 0.023); however, this correlation was not found in the entire group of 250 patients with pancreatic carcinoma. Contrastingly, the CRP/Alb ratio was demonstrated statistical significance in both the entire pancreatic carcinoma cohort (HR = 0.471; p = 0.026) and the PDAC subgroup (HR = 0.484; p = 0.034). CRP/Alb and PF demonstrated a positive association (r=0.489, p<0.001) as indicated by Spearman’s rank correlation analysis. Additionally, in 232 PDAC patients, the combination of the CRP/Alb ratio and PF had synergistic effects on prognosis when compared with either the CRP/Alb ratio or the PF concentration alone.





Conclusion

PF concentration is a convenient, rapid, and noninvasive biomarker, and its combination with the CRP/Alb ratio could significantly enhance the accuracy of prognosis prediction in pancreatic carcinoma patients, especially those with the most common histological subtype of PDAC.





Keywords: plasma fibrinogen, C-reactive protein/albumin, overall survival, prognosis, pancreatic carcinoma




1 Introduction

Pancreatic carcinoma (PC) is a malignant tumour arising from pancreatic cells. The pancreas is an abdominal glandular organ essential for food digestion and blood sugar level regulation (1, 2). It accounts for 216,000 new cancer cases each year, resulting in more than 200,000 annual deaths worldwide (3, 4). Pancreatic carcinoma is a highly aggressive form of cancer and is typically diagnosed in advanced stages when the tumour has already spread to other organs. Pancreatic ductal adenocarcinoma (PDAC), the most prevalent form of pancreatic carcinoma, constitutes nearly 95% of all pancreatic carcinoma cases (5). Symptoms of pancreatic carcinoma include abdominal pain, unexplained weight loss, appetite loss, nausea, vomiting, jaundice, and alterations in stool colour. Therapeutic approaches for pancreatic carcinoma may include surgical intervention, chemotherapy, radiation therapy, or a combination thereof, with selection dependent on factors such as tumour stage, location, and overall health (6). While these treatments have significantly enhanced the survival prospects for individuals with pancreatic carcinoma over the past few years, the survival status of patients in this situation continues to be grim, with a five-year survival rate typically falling below 10% (7).

The role of several prognostic indicators, such as the C-reactive protein/albumin (CRP/Alb) ratio and neutrophil/lymphocyte ratio (NLR), in the occurrence and development of pancreatic carcinoma has been confirmed (8, 9). Nevertheless, thus far, most of these markers have not been used in the general clinical setting due to a lack of therapeutic effectiveness in pancreatic carcinoma patients. Therefore, identifying novel reliable biomarkers for the application of prognostic factors in pancreatic carcinoma is essential, especially for enhanced risk stratification and more individualised clinical treatment (10).

The potential usefulness of the CRP/Alb as a biomarker has been highlighted in various tumours, such as digestive system tumours and gynaecological carcinomas (11–13). However, the potential of the preoperative CRP/Alb to function as a prognostic indicator in individuals with pancreatic carcinoma and whether its prognostic efficacy surpasses that of other inflammatory prognostic factors are unclear.

Previous studies have suggested that various indicators from the coagulation/fibrinolysis system, especially plasma fibrinogen (PF) and D-dimer levels, are abnormal in cancer patients (14–16). PF is a 340-kDa plasma glycoprotein that is key in the maintenance of haemostasis and participates in both inflammatory mechanisms and tumorigenesis (17). Numerous studies have confirmed that an increase in PF may promote the occurrence and development of various tumours (18–20). However, research examining its prognostic relevance in pancreatic carcinoma is limited.

Hence, our objective was to assess the ability of PF to predict oncological outcomes in pancreatic carcinoma patients in comparison to other inflammation-related metrics (albumin, CRP, and CRP/Alb) as well as cellular indicators (the NLR, lymphocyte/monocyte ratio (LMR), and platelet/lymphocyte ratio (PLR).




2 Methods



2.1 Patients

Between July 1, 2007, and December 1, 2018, 297 patient samples were newly diagnosed as showing pancreatic carcinoma at Longyan Second People’s Hospital and the 9th Affiliated Hospital of Xi’an Jiaotong University. The Medical Ethics Committee of the Second People’s Hospital of Longyan City has conducted a thorough review of medical records for all patients and approved their usage. The inclusion criteria were summarised as follows: (1) Chinese individuals who underwent radical surgery for primary pancreatic carcinoma and axillary lymph node dissection and (2) who had adequate and useful clinical data in their medical records. Among the exclusion criteria were the following: 1) patients with concurrent liver diseases, autoimmune diseases or coagulopathies requiring anticoagulants (n =15); 2) patients who had distant metastases or other malignancies at the time of diagnosis (n = 9); 3) patients receiving corticosteroids, oral contraceptives or hormone replacement therapy (n = 7); 4) patients who had received neoadjuvant therapy within 3 months (n = 8); and 5) patients with insufficient or invalid medical clinical data (n = 8). Ultimately, following application of the inclusion and exclusion criteria, a retrospective study was conducted involving 250 patients diagnosed with pancreatic carcinoma.

The clinical information gathered from the patient medical records included age, size, histological subtype, grade, lymph node metastasis (LNM) involvement, chemoradiotherapy data, neoadjuvant therapy data, and outcome data. Histopathological examination by two different pathologists confirmed the diagnosis of pancreatic carcinoma in all the samples. The PDAC patients included in the study were all pathologically confirmed and staged according to the 8th edition of the UICC TNM classification.

Pancreatic carcinoma patients underwent regular monitoring through telephone check-ins or postoperative appointments. Overall survival (OS) was characterised as the duration from the surgical procedure to the most recent follow-up visit, which was conducted on December 1, 2023, or deceased due to various reasons. The median duration of follow-up was 38 months, with a range spanning from 2 to 97 months.




2.2 Blood collection and assay methods

The plasma fibrinogen and CRP/Alb concentrations were measured in peripheral venous blood samples collected before breakfast less than 7 days before the start of surgery. Plasma was collected in a 5 ml blood collection tube and processed within 24 hours to measure the plasma coagulation parameters. The plasma fibrinogen levels were measured using the clotting method of Clauss. Using an automatic biochemical analyser (Hitachi 7600, Tokyo, Japan), we measured the CRP and albumin levels. With respect to all pancreatic carcinoma specimens, we used the ACL TOP system (Instrumentation Laboratory, Milan, Italy) to measure the plasma fibrinogen concentration. Data on white blood cells, neutrophils, lymphocytes, and platelet counts were collected with an automated haematology system (Sysmex XE-5000, Kobe, Japan).




2.3 Optimal prognostic cutoff values for inflammatory parameters

The determination of the optimal cutoff value followed the approach described by Gui et al. in 2021, utilising the minimum p value method (21). According to the prognostic scoring system, the optimal cutoff value for preoperative PF was 3.28 g/L, and for the CRP/Alb ratio, it was 0.18 (Supplementary Figure 1). The corresponding areas under the ROC curve for PF and the CRP/Alb ratio, representing their maximum values, were 0.679 and 0.803, respectively. The samples that were incorporated were split into two categories, where the low-level group comprised values below the optimal cutoff threshold and the high-level group consisted of values surpassing the optimal cutoff threshold.

Out of the 250 patients, the median PF was 3.53 g/L, and the mean PF was 3.31 g/L. These 250 patients were stratified into different groups based on their NLR, LMR, PLR, CRP, and albumin levels utilising the optimised cutoff values obtained from receiver operating characteristic (ROC) curve analysis; these cutoff values were defined as >3.10 mg/L, <3.06 mg/L, >128 mg/L, >5.1 mg/L, and <3.2 g/dL, respectively, to predict OS.




2.4 Statistical analysis

The software used for statistical analysis was SPSS 26.0 (IBM, Armonk, NY, USA). ROC curves were generated to predict 5-year OS and identify the optimal cutoff threshold for coagulation parameters, leading to the use of binary variables as treatment variables. The Chi-square test was applied to analyse the correlations between PF and the CRP/Alb ratio and clinicopathological parameters. The Kaplan−Meier method was used to construct survival curves, and comparisons were conducted using the log-rank test. To evaluate the difference in OS between the high-PF and CRP/Alb groups and between the low-PF and CRP/Alb ratio groups, univariate and multivariate Cox proportional hazards models were employed. Values where p < 0.05 were regarded as statistically significant.





3 Results



3.1 Patients’ features

From July 2007 to December 2018, 250 patients with pancreatic carcinoma who satisfied all the inclusion criteria were selected (Table 1). The median age at diagnosis was 53.6 years, (ranging, 29-81 years), and consisted of 145 males and 105 females. The 5-year OS rate among the 250 pancreatic carcinoma patients reached 15.8%. Overall, 104 patients exhibited good-to-moderate tumour differentiation, while 146 patients exhibited poor tumour differentiation. According to the 8th edition of the UICC, there were 62 patients with TNM stage T1 tumours and 50 patients with T2 tumours. T3 stage disease exhibited the highest incidence (80 cases), followed by the T4 stage (58 cases). One hundred and four patients (41.6%) had tumours < 2 cm, and 146 (58.4%) patients had tumours ≥ 2 cm. Out of a total of 250 patients, 149 had lymph node metastasis, while 101 did not. Detailed information regarding the treatment attributes, clinical profiles, and histopathological features of these patients is available in Table 1.


Table 1 | Univariate and multivariate analyses of characteristics associated with OS in all 250 pancreatic carcinoma patients.






3.2 High PF and CRP/Alb and OS in pancreatic carcinoma patients

To assess the prognostic importance of PF and other prognostic parameters, we constructed a Cox proportional hazard regression model for both the pancreatic carcinoma subgroup and the PDAC subgroup. Within the univariate analysis of OS in the 250 patients, differences in several variables, including tumour differentiation (HR = 1.808; p <0.001), LNM (HR = 2.209; p < 0.001), clinical T stage (HR = 2.615; p < 0.001), PF (HR = 2.384; p < 0.001), NLR (HR = 1.384; p = 0.046), CRP (HR = 1.385; p = 0.043), and CRP/Alb (HR = 2.318; p < 0.001), exhibited statistical significance (Table 1). However, in the subgroup consisting of 232 PDAC samples, there was no significant difference in CRP levels (p = 0.914) (Table 2).


Table 2 | Univariate and multivariate analyses of characteristics associated with OS in 232 PDAC patients.



After adjustments for confounding variables, multivariate analysis revealed that in the entire cohort of 250 patients, CRP/Alb (HR = 0.471; p = 0.026), tumour differentiation (HR = 1.745; p <0.001), clinical T stage (HR = 1.513; p = 0.023), LNM (HR = 1.459; p = 0.042), and the combination of PF + CRP/Alb (HR = 8.034; p < 0.001) were independent factors significantly linked to OS. Moreover, among the subset of 232 PDAC patients, the independent prognostic factors for OS were CRP/Alb (HR = 0.484; p = 0.034), PF (HR = 0.464; p = 0.023), clinical T stage (HR = 1.510; p = 0.032), LNM (HR = 1.483; p = 0.047), and the combined variable PF + CRP/Alb (HR = 8.652; p < 0.001).

We utilised Kaplan−Meier survival curves based on the PF (Figures 1A, D) and CRP/Alb (Figures 1B, E), and they showed that increased levels of these markers were associated with decreased OS in both the entire group of pancreatic carcinoma patients and specifically in those diagnosed with PDAC. Thus, the patient population was categorised into the following groups: those with elevated and reduced CRP/Alb ratios and those with high and low levels of PF. The five-year OS of patients in the PF level increased group was 12.2%, and that of patients in the PF level decreased group was 17.9%. The five-year OS of patients in the CRP/Alb-increased cohort was 13.6%, and that of patients in the CRP/Alb-decreased cohort was 17.3%.




Figure 1 | Prognosis value of PF, CRP/Alb in all pancreatic carcinoma and PDAC subgroup patients. The five-year OS rate was determined using the Kaplan–Meier method and assessed with the log-rank test. Analysing OS outcomes associated with PF concentration, including all pancreatic carcinoma patients, and the PDAC subgroup (A, D). Analysing OS outcomes associated with PF concentration, including all pancreatic carcinoma patients, and the PDAC subgroup (B, E). OS analysis involving the combined categorisation based on PF and CRP/Alb for all pancreatic carcinoma patients and the PDAC group (C, F).






3.3 Association of CRP/Alb and PF with clinicopathological features of pancreatic carcinoma

The correlation between clinicopathologic factors and CRP/Alb and PF was analysed by the Chi-square test. Among the 250 patients with pancreatic carcinoma, advanced clinical T stage (p < 0.001), tumour differentiation (p = 0.023), and LNM (p = 0.005) exhibited significant correlations with high PF levels (≥ 3.28 g/L); advanced clinical T stage (p < 0.001), tumour differentiation (p = 0.047), and LNM (p = 0.002) exhibited significant correlations with high CRP/Alb levels (≥ 0.18) (Table 3).


Table 3 | Clinicopathological features of 250 pancreatic carcinoma patients stratified by PF and CRP/Alb.



Among the 232 patients with PADC, advanced clinical T stage (p < 0.001), tumour differentiation (p = 0.048), and LNM (p = 0.033) exhibited significant correlations with high PF levels (≥ 3.28 g/L). In addition, advanced clinical T stage (p < 0.001), tumour differentiation (p = 0.024), and LNM (p < 0.001) exhibited significant correlations with high CRP/Alb levels (≥ 0.18) (Table 4).


Table 4 | Clinicopathological features of 232 PDAC patients stratified by PF and CRP/Alb.






3.4 The prognostic relevance of the CRP/Alb and PF combined indices in 250 patients with pancreatic carcinoma

We further analysed the link between PF and the CRP/Alb ratio utilising Spearman’s test (Figure 2). The findings revealed a positive correlation between the CRP/Alb ratio and PF (r = 0.489, p < 0.001) in all cases of pancreatic carcinoma. Combining the CRP/Alb ratio with the PF could enhance patient stratification by OS (Figures 1C, F). Consequently, we categorised patients into three cohorts: (I) those with both low PF and low CRP/Alb, (II) those with either high PF or high CRP/Alb, and (III) those with both high PF and high CRP/Alb. These categories aligned with low, moderate, and high-risk cohorts, respectively. The 5-year OS rates for the 250 patients were 27.8%, 19.5%, and 13.2%, respectively, while for the 232 PDAC patients, the 5-year OS rates were 27.6%, 18.8%, and 12.9%, respectively. Multivariate analysis was also conducted, and as outlined in Table 1, it became evident that patients in both the high-risk and moderate-risk cohorts experienced notably worse prognoses than patients in the low-risk cohorts.




Figure 2 | The relationship between PF and the CRP/Alb Ratio in 250 Patients diagnosed with pancreatic carcinoma. The preoperative PF displayed a positive association with the CRP/Alb ratio. (r = 0.489, p < 0.001).







4 Discussion

Pancreatic carcinoma is complex and heterogeneous, leading to varying rates of recurrence and progression (22). With an enhanced comprehension of the molecular biology of pancreatic carcinoma, advancements in the diagnosis and treatment of this invasive disease have been achieved. Previous conclusive evidence has shown that the tumour-related inflammatory system is essential for tumour angiogenesis and tumorigenesis and that two parameters (fibrinogen and CRP/Alb) of inflammation-based biomarkers may be associated with the prognosis of pancreatic carcinoma (23–25). PF and CRP/Alb have been correlated with clinical outcomes in many types of tumours (20, 26).

The present study demonstrated the following: (1) pancreatic carcinoma patients with high PF (> 3.28 g/L) and CRP/Alb (> 0.18) levels had lower survival rates; (2) pancreatic carcinoma patients with high PF and CRP/Alb levels had higher tumour grades and clinical stages and were more prone to lymph node metastasis; (3) the levels of PF and CRP/Alb are unrelated to the age, gender, or tumour size of pancreatic cancer patients; (4) A noteworthy association was observed between increased PF levels and higher CRP/Alb values in individuals diagnosed with pancreatic carcinoma; (5) The predictive power of PF for OS was specific to PADC patients and did not extend uniformly to all pancreatic carcinoma cases; and (6) combining PF and CRP/Alb levels has the potential to enhance the accuracy of predicting survival outcomes in pancreatic carcinoma patients. These study results provide unique insights into individual research findings, with a focus on the hypothesis that PF and the CRP/Alb ratio are prognostic factors for pancreatic cancer. We suggest that additional adjuvant therapy may be beneficial for high-risk patients. While these conclusions require further validation, the data offer new insights into the biological invasiveness of pancreatic carcinoma in the Chinese population.

The prognostic importance of the PF level in pancreatic carcinoma can be attributed to its underlying biological mechanisms. As a vital constituent of the coagulation/fibrinolytic system, fibrinogen is a pivotal acute-phase protein, and its plasma levels are significantly influenced by inflammation (27–29). Research has indicated that fibronectin interacts with various growth factors, such as those involved with its role in suppressing cell apoptosis and its interaction with members of the PDGF family. These interactions subsequently lead to tumour cell adhesion, the production of VEGF, metastasis, and the activation of the FGF family (30, 31). In addition, cell line models have demonstrated that fibronectin can induce EMT through the p-AKT/p-mTOR pathway to promote cancer cell motility (32). Within a research investigation involving 211 individuals diagnosed with pancreatic carcinoma, Qi et al. confirmed that the hyperfibrinogen concentration could be a potential factor for evaluating the accuracy of OS prediction (33). In addition, a hyperfibrinogen concentration ≥400 mg/dL was found to be an unfavourable predictor of PFS and OS in patients with pancreatic carcinoma treated with chemoradiotherapy (34). Based on these studies, we suggest that the PF concentration in pancreatic cancer patients can be considered an adverse prognostic marker and tends to indicate a poor prognosis.

In addition, our univariate analysis demonstrated that among 250 pancreatic cancer patients and even within the subset of 232 PDAC patients, an elevated NLR was associated with a shorter OS. This evidence enhances our understanding of the link between chronic inflammation and survival in individuals with pancreatic carcinoma. An elevated NLR predicts a more adverse prognosis for pancreatic carcinoma patients, consistent with the findings of a survey involving 263 pancreatic carcinoma patients (35). The potential biological mechanism of the NLR effect stems from the infiltration of neutrophils and lymphocytes. The chronic inflammatory response induced by tumour cells further enhances the infiltration of neutrophils, further promoting tumour progression through the secretion of interleukin-2 (IL-2), IL-6, IL-10, tumour necrosis factor-alpha (TNF-α), and vascular endothelial growth factor (VEGF) (36, 37). VEGF, known for its role as an oncogene, is acknowledged to enhance cell migration by increasing vascular permeability. Furthermore, elevated levels of TNF-α and IL-10 induce a decrease in the number of lymphocytes and the occurrence of functional impairments (38, 39).

As an acute-phase protein during inflammation, CRP is induced by and synthesised in the liver through proinflammatory cytokines. It is considered a predictive factor for systemic infections (40). Albumin is a circulating protein present in the plasma that is directly involved in the occurrence of inflammation (41). CRP/Alb is a combined index of the serum ALB concentration and total CRP concentration. It was identified as one of the prognostic indicators for sepsis patients and has subsequently been recognised as a prognostic indicator for tumours as well (13, 42). For instance, researchers have shown that, in the assessment of tumour prognosis, The predictive utility of the CRP/Alb ratio is comparable to that of the mGPS. The CRP/Alb ratio may exhibit greater predictive accuracy than the mGPS, possibly due to the theoretical advantage of better utilising the CRP and Alb levels in the CRP/Alb ratio (43). Liu et al. reported that the independent prognostic capability of the CRP/Alb ratio is noteworthy in individuals with stage III and IV pancreatic carcinoma, but evidently not in patients with pancreatic cancer clinically staged as stage I or II (44). The research by Fan et al. substantiated the CRP/albumin ratio’s role as a tool for predicting survival rates and gauging the effectiveness of chemotherapy in advanced pancreatic carcinoma (45). Based on the cutoff value (> 0.18) used, our research findings indicate that among 250 pancreatic cancer patients, even within the PADC subgroup, an elevated CRP/Alb ratio signifies a shorter OS. Therefore, the CRP/Alb ratio demonstrates promise as an inflammatory marker, bearing significance for the clinical prognosis of those with pancreatic carcinoma.

Considering both PF levels and CRP/Alb ratios together, we found that patients in the high PF cohort and high CRP/Alb cohort exhibited the lowest survival time. This observation further underscores the connection between high CRP/Alb and PF levels and the inflammatory response in patients with pancreatic carcinoma that ultimately leads to an unfavourable outcome. Both CRP and fibrinogen are critical factors that occur during the acute phase response to inflammation and serve as key acute-phase proteins (46, 47). Activation of the coagulation system is widely acknowledged to be initiated by inflammation, resulting in an increase in prothrombin and antifibrinolytic factor levels (48, 49). In contrast, elements within the coagulation system, including fibrinogen or fibrin, can independently trigger the onset of the inflammatory process and contribute to the development of subsequent tissue damage downstream (50). Therefore, fibrinogen can be considered an important driving factor in the occurrence of chronic inflammation. Our observation of a robust association between PF and the CRP/Alb ratio highlights the intricate interplay between the coagulation/fibrinolytic system and the inflammatory tumour microenvironment and suggests its potential to impact patient survival (51, 52).

This research is not without limitations, and the primary concern is the retrospective design, which brings the potential for selection bias into consideration. Second, the methods employed to measure PF and the CRP/Alb ratio were not uniform, leading to variations in the optimal cutoff values. Third, potential biases may have arisen from clinical factors, such as ethnicity and age.

In summary, our research suggested that the PF concentration was an accurate, convenient, inexpensive biomarker for pancreatic carcinoma, particularly in the case of PDAC patients. The evaluation of PF and the CRP/Alb ratio may therefore be informative for deciding surgical strategies. Furthermore, the combination of the CRP/Alb ratio and the PF could increase the precision of prognosis prediction in pancreatic carcinoma patients.
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Introduction

Gastric schwannoma is a rare benign tumor accounting for only 1–2% of alimentary tract mesenchymal tumors. Owing to their low incidence rate, most cases are misdiagnosed as gastrointestinal stromal tumors (GISTs), especially tumors with a diameter of less than 5 cm. Therefore, this study aimed to develop and validate a diagnostic nomogram based on computed tomography (CT) imaging features for the preoperative prediction of gastric schwannomas and GISTs (diameters = 2–5 cm).





Methods

Gastric schwannomas in 47 patients and GISTs in 230 patients were confirmed by surgical pathology. Thirty-four patients with gastric schwannomas and 167 with GISTs admitted between June 2009 and August 2022 at Hospital 1 were retrospectively analyzed as the test and training sets, respectively. Seventy-six patients (13 with gastric schwannomas and 63 with GISTs) were included in the external validation set (June 2017 to September 2022 at Hospital 2). The independent factors for differentiating gastric schwannomas from GISTs were obtained by multivariate logistic regression analysis, and a corresponding nomogram model was established. The accuracy of the nomogram was evaluated using receiver operating characteristic and calibration curves.





Results

Logistic regression analysis showed that the growth pattern (odds ratio [OR] 3.626; 95% confidence interval [CI] 1.105–11.900), absence of necrosis (OR 4.752; 95% CI 1.464–15.424), presence of tumor-associated lymph nodes (OR 23.978; 95% CI 6.499–88.466), the difference between CT values during the portal and arterial phases (OR 1.117; 95% CI 1.042–1.198), and the difference between CT values during the delayed and portal phases (OR 1.159; 95% CI 1.080–1.245) were independent factors in differentiating gastric schwannoma from GIST. The resulting individualized prediction nomogram showed good discrimination in the training (area under the curve [AUC], 0.937; 95% CI, 0.900–0.973) and validation (AUC, 0.921; 95% CI, 0.830–1.000) datasets. The calibration curve showed that the probability of gastric schwannomas predicted using the nomogram agreed well with the actual value.





Conclusion

The proposed nomogram model based on CT imaging features can be used to differentiate gastric schwannoma from GIST before surgery.
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1 Introduction

Following the broad applicability of esophagogastroduodenoscopy and endoscopic ultrasonography, the detection rate of gastric tumors smaller than 5 cm in diameter increased (1). Therefore, it is important to diagnose accurately and develop therapeutic strategies for small gastric lesions. The major categories of gastric submucosal tumors (SMTs) are stromal, neurogenic, and myogenic tumors (2). Different pathological types of SMTs exhibit different biological behaviors (3). Gastric schwannoma is a rare, slow-growing, benign tumor that mostly arises from Schwann cells in the nerve sheaths of the intermuscular nerve plexus of the stomach and accounts for only 1–2% of alimentary tract mesenchymal tumors. Owing to their low incidence rate, the clinical misdiagnosis rate is as high as 96.7% (4), and most cases are misdiagnosed as gastrointestinal stromal tumors (GISTs). The common computed tomography (CT) imaging features of high-risk GISTs include size ≥5 cm, extraluminal or mixed growth pattern, lobulated contour, heterogeneous enhancement, hypo-enhancement, necrosis, and enlarged feeding vessels (5, 6), making it easier to distinguish from gastric schwannoma. However, for low-risk GIST or atypical imaging features with intermediate- to high-risk GIST with diameters less than 5 cm (7), they usually have CT features similar to gastric schwannoma, and gastric schwannoma is almost always diagnosed as GIST before surgery. Although there are no significant differences or specificities in their clinical characteristics, their treatment methods and prognosis differ (8). Owing to the low malignant potential of gastric schwannoma, endoscopic resection is an effective and safe treatment method, with excellent follow-up results and prognosis (9). However, 10–30% of GISTs are considered potentially malignant tumors exhibiting recurrent and metastatic characteristics. Complete surgical resection is an effective method, but the selection of surgical methods needs to be comprehensively considered. Therefore, the accurate distinction of gastric schwannoma from GIST before surgery is crucial not only in the selection of a clinical plan but also in treatment and prognosis.

Although endoscopic ultrasound examination and endoscopic ultrasound-guided tissue sampling have become important tools for distinguishing solid tumors, including gastrointestinal tumors (10, 11), they are invasive and depend on the skills of the operator and may have limitations in evaluating extraluminal growth tumors, lymph nodes, and the relationship between tumors and adjacent structures. CT is a non-invasive and economical imaging method that can clarify the location, size, growth pattern, adjacent organs, blood supply, and distant metastasis of tumors (12). Recently, most studies have differentiated gastric schwannoma from GIST based on qualitative or quantitative descriptions of CT imaging features or the construction of scoring systems (13–15), but the results vary. A recent study (16) showed that the model based on CT qualitative and quantitative features helps distinguish between gastric schwannoma and GIST using machine learning methods, but the model is difficult to apply in clinical practice. Therefore, we aimed to construct a nomogram prediction model based on CT image features to facilitate the preoperative differential diagnosis of gastric schwannoma and GIST and provide suggestions for clinical decision-making.




2 Materials and methods



2.1 Patients

This retrospective study was approved by the institutional Ethics Review Board of the Affiliated Hospital of Jining Medical University, and the requirement for written informed consent was waived by the Review Board. The study enrolled 277 patients with gastric schwannomas or GISTs from two independent hospitals. From June 2009 to August 2022, a total of 246 patients with gastric schwannoma and GIST (diameter=2-5cm) confirmed by postoperative histopathology and immunohistochemistry were recruited in The Affiliated Hospital of Jining Medical University (Hospital 1). Two gastric schwannoma and Sixteen GIST patients were excluded due to lack of preoperative CT data, five GIST patients were excluded due to the presence of two or more lesions, one gastric schwannoma and seven GIST patients were excluded due to poor image quality, seven GIST patients were excluded due to lack of clinical data, two GIST patients were excluded due to preoperative adjuvant therapy, one gastric schwannoma patient complicated with esophageal cancer, and four GIST patients complicated with gastric, liver, pancreatic cancers and gastric leiomyoma were excluded. Finally, 34 patients with gastric schwannomas and 167 patients with GISTs were consecutively included in the training set to determine the CT image features for differentiating gastric schwannomas from GISTs and construct a nomogram model. The inclusion criteria were as follows: (1) lesions 2–5 cm in diameter, (2) plain and contrast-enhanced CT examinations within 15 days before surgery, (3) solitary lesions, and (4) complete clinicopathological data and good CT image quality. The exclusion criteria were as follows: (1) having received neoadjuvant therapy before surgery and (2) presence of other tumors (gastric, liver, pancreatic, or esophageal cancer). An external validation set of 13 patients with gastric schwannomas and 63 with GISTs was acquired using the same criteria from June 2017 to September 2022 in Guangdong Provincial People’s Hospital (Hospital 2) to validate the performance of the nomogram model. Details of the enrolled patients are shown in Figure 1.




Figure 1 | Flow chart illustrating the patient selection process.



GISTs >5 cm had a higher risk of malignant behavior and were more likely to differentiate from other gastric SMTs. However, gastric schwannomas usually had CT features similar to those of GISTs and were nearly always preoperatively diagnosed as GISTs, especially tumors with diameters less than 5 cm. GISTs had potential risks of metastasis and recurrence. The National Comprehensive Cancer Network guidelines recommend that all GISTs more than 2 cm in diameter must be resected (17). However, there remains some controversy regarding the surgical methods and resection ranges of GIST with a diameter of 2–5 cm (18, 19). Therefore, this study selected tumors with a maximum diameter of 2–5 cm as the research objects.




2.2 CT image acquisition

CT examinations were performed on a multidetector-row CT scanner (Siemens SOMATOM Definition, Siemens Healthcare, City, Germany) in Hospital 1 and on a 256-slice CT scanner (Brilliance iCT, Philips Medical Systems, The Netherlands) and a Lightspeed VCT scanner (GE Healthcare, Chicago, IL) in Hospital 2. The CT parameters were as follows: tube voltage = 120 kV, tube current =150–230 mA, 512 × 512 matrix, tube rotation time = 0.5–0.8 s, field of view of 350 × 350 mm, pitch = 0.6, section thickness = 5 mm, and 1 mm reconstruction interval. Before the CT examination, the patients were required to fast for 6–8 h. Water (500–1000 ml) was orally administered for 5 min before the scan. Subsequently, 80–100 ml non-ionic iodinated contrast medium (350 or 370 mg I/ml) was injected through the median cubital vein using a double-barbed high-pressure syringe at flow rates of 3.0–3.5 ml/s. The arterial, portal, and delayed phases were performed at 25–30, 60–65, and 120–140 s after contrast injection, respectively.




2.3 Imaging analysis

All images were independently and retrospectively reviewed by two abdominal radiologists with 10 and 5 years of experience blinded to the clinical data and pathological information. Any inconsistency was resolved by consultation with senior supervisors (with 16 years of experience).

All tumors were evaluated for the following CT features: 1) tumor location: the upper, central, and lower parts of the stomach were divided by lines which connected the trisected points on the lesser and greater curvatures (20); 2) contour: regular (round or oval) or irregular; 3) growth pattern: intraluminal, extraluminal, or mixed (21); 4) necrosis, ulceration and calcification: present or absent; 5) tumor vessels: present or absent; 6) tumor-associated lymph nodes: lymph nodes which were enlarged in the fatty space around the tumor (which were confirmed by surgery and pathology) or became small or disappeared after postoperative follow-up, recorded as present or absent; 7) enhancement pattern: homogeneous or heterogeneous (22); 8) enhancement degree: quantitatively evaluated by the difference between the CT values of the enhanced (the larger of either venous phase or delayed phase) and the non-enhanced phases images on the same anatomical slice—a difference <20 Hounsfield units (HUs) was defined as mild enhancement; values of 20–40 HUs were considered as moderate enhancement and >40 HUs as strong enhancement (11); owing to the small number of mild enhancement cases, these were classified as moderate enhancement cases and collectively referred to as mild to moderate enhancement; 9) long diameter (LD)/short diameter (SD) ratio: LD and SD of the central slice of each mass were the maximum and minimum values that were independently measured on CT images in three different orientations (axial, coronal, and sagittal) and LD/SD ratio was calculated (23); and 10) circular regions of interests (ROIs with areas of 16–20 mm2 and avoiding areas of cystic lesions, calcifications, ulcers, or tumor vessels) were placed at three different homogeneous sites of the lesion and then averaged out, including CT values during non-enhanced (CTV-N), arterial (CTV-A), portal (CTV-P), and delayed phases (CTV-D), were recorded (18).




2.4 Statistical analysis

All statistical analyses were performed using the Statistical Package for Social Sciences software (IBM SPSS Statistics Version 26.0, IBM Corp, Armonk, NY, USA) and R software (version 4.1.3; http://www.R-project.org). The conformity of the variables to the normal distribution was examined using the Shapiro–Wilk test. Normally distributed continuous variables were quantified and reported as the mean ± standard deviation, non-normally distributed variables as median values (Q1, Q3), and categorical data as frequencies (percentages). For quantitative analysis, Student’s t-test was used for normally distributed continuous variables, and the Mann–Whitney U test was used for data that were not normally distributed. For qualitative analysis, the Chi-square test or Fisher’s exact test was used for categorical variables. The intra-class correlation coefficient (ICC) was calculated for the inter-observer agreement of continuous variables. Good consistency was considered when 0.75 ≤ ICC ≤ 1 (24). Each variable that was statistically significant in the univariate analysis (P<0.05) was subjected to collinearity assessment and logistic regression analysis with a forward stepwise approach to confirm independent influencing factors in differentiating gastric schwannoma and GIST, which were used to construct a nomogram. Calibration was evaluated using the Hosmer–Lemeshow goodness-of-fit test, receiver operating characteristic analysis was performed using the DeLong method, and the area under the curve (AUC) was used to evaluate the diagnostic efficiency of the model in the training and validation sets. All outcomes were considered statistically significant if P<0.05.





3 Results



3.1 Clinicopathological characteristics

The clinicopathological characteristics of patients in the training and validation sets are listed in Table 1. A total of 201 patients, comprising 34 with gastric schwannomas (5 men and 29 women, age 30–80 years, mean 60.38 ± 11.43 years) and 167 with GISTs (66 men and 101 women, age 33–85 years, mean 61.74 ± 11.5 years), were enrolled as the training set. The proportion of female patients in the gastric schwannoma group (29/34, 85.29%) was significantly higher than that in the GIST group (101/167, 60.48%) (P=0.006). However, there were no significant differences in age (P=0.525) or clinical symptoms (P=0.405) between the two groups.


Table 1 | Clinical characteristics data of patients in training and validation cohort.



Seventy-six patients were included in the validation set (13 with gastric schwannomas, 6 men and 7 women, age 31–86 years, mean 53.85 ± 14.63 years; 63 with GISTs, 30 men and 33 women, age 40–79 years, mean 62.49 ± 10.33 years). The average age of patients in the gastric schwannoma group was slightly higher than that in the GIST group, and there was a significant difference between the mean ages of the two groups (P=0.016). However, there were no significant differences between men and women (P=0.923) or in clinical symptoms between groups (P=0.994). The clinical symptoms of patients in the training and validation sets were mainly abdominal pain and discomfort, and rare symptoms included melena and hematemesis. Asymptomatic patients were mostly diagnosed during physical examination.




3.2 Inter-observer agreement

The inter-observer agreement in the training and validation cohorts is shown in Table 2. The overall inter-observer agreement for measurements of all continuous variables was excellent in the training and validation sets.


Table 2 | Inter-observer agreement in training and validation cohort.






3.3 CT imaging features

A comparison of the CT imaging features in the training and validation sets is shown in Table 3. In the qualitative analysis, tumor location (P=0.003), contour (P=0.003), growth pattern (P=0.001), absence of necrosis (P=0.001), presence of tumor-associated lymph nodes (P<0.001), enhancement pattern (P=0.002), and degree of enhancement (P=0.006) were significantly different between the gastric schwannoma and GIST groups in the training set. However, there were no significant differences in tumor vessels (P=0.944), ulceration (P=0.813), or calcification (P=0.900) between the two groups in the training set. In the validation set, there were significant differences in tumor location (P=0.005), absence of necrosis (P=0.015), presence of tumor-associated lymph nodes (P <0.001), and degree of enhancement (P=0.02) between the two groups. However, there were no significant differences in contour (P=1.0), growth pattern (P=0.767), tumor vessels (P=0.379), ulceration (P=1.0), calcification (P=0.582), or enhancement pattern (P=0.692) between the two groups in the validation set.


Table 3 | CT Imaging Features in training and validation cohort.



In the quantitative analysis, the LD/SD ratio values of gastric schwannomas were close to those of GISTs, and there were no significant differences between the two groups in the training (P=0.276) and validation (P=0.600) set cases. The values of CTV-D, CTV-D–CTV-N, CTV-P–CTV-A, and CTV-D–CTV-P in the gastric schwannoma group were significantly higher than those in the GIST group; there were significant differences between the two groups in the training (all P<0.001) and validation (P<0.001, <0.001, <0.001, = 0.012, respectively) sets. The CTV-N value (P=0.034) in the gastric schwannoma group was slightly higher than that in the GIST group in the training set. The values of CTV-P (P = 0.004) and CTV-P–CTV-N (P=0.007) in the gastric schwannoma group were slightly higher than those in the GIST group in the validation set. There were no significant differences in the values of CTV-A (P=0.268), CTV-P (P=0.306), CTV-A–CTV-N (P=0.055), or CTV-P–CTV-N (P=0.297) between the two groups in the training set, and there were no significant differences in the values of CTV-N (P=0.814), CTV-A (P=0.890), or CTV-A–CTV-N (P=0.735) between the two groups in the validation set.




3.4 Establishment of a nomogram model and validation of its predictive accuracy

Each statistically significant variable in the univariate analysis was subjected to collinearity and correlation assessments. Because of the enhancement pattern and necrosis, the values of CTV-D–CTV-N and CTV-D exhibited multicollinearity and obvious correlation; the enhancement pattern and the value of CTV-D were removed. Logistic regression analysis showed that extraluminal or mixed growth pattern (odds ratio [OR] 3.626; 95% CI 1.105–11.900; P=0.034), absence of necrosis (OR 4.752; 95% CI 1.464–15.424; P=0.009), presence of tumor-associated lymph nodes (OR 23.978; 95% CI 6.499–88.466; P<0.001), and the values of CTV-P–CTV-A (OR 1.117; 95% CI 1.042–1.198; P=0.002) and CTV-D–CTV-P (OR 1.159; 95% CI 1.080–1.245; P<0.001) were independent predictive factors associated with gastric schwannoma (Figures 2, 3 and Table 4). A nomogram model was also established (Figure 4). The final nomogram model yielded AUCs of 0.937 (95% CI 0.900–0.973) and 0.921 (95% CI 0.830–1.000) in the training and validation sets, respectively. The sensitivity, specificity, and accuracy of the nomogram model in the training set were 94.1%, 78.4%, and 81.1%, respectively, whereas those in the validation set were 92.3%, 82.5%, and 84.2%, respectively (Figure 5). The results of the Hosmer-Lemeshow goodness-of-fit test in the training (χ2 = 3.501; P=0.899) and validation sets (χ2 = 8.178; P=0.416) indicated that the calibration of the nomogram model was appropriate (Figure 6).




Figure 2 | CT examination of patient 1, including axial unenhanced (A), arterial phase image (B), and portal phase image (C), and oblique sagittal delayed phases image (D), showed a mixed growth pattern lesion in the central of stomach without peritumoral lymph nodes and necrosis. The value of [(CTV-P) -(CTV-A)] and the value of [(CTV-D) -(CTV-P)] were 30 and 16, respectively. The nomogram accurately diagnosed gastric schwannoma with a predicted probability of 87%. CT examination of patient 2, including axial arterial phase image (E), and coronal delayed phases image (F), showed a mixed growth pattern lesion in the lower of stomach with the peritumoral lymph nodes (white arrow) and necrosis (black arrow). The value of [(CTV-P) -(CTV-A)] and the value of [(CTV-D) -(CTV-P)] were 15 and 16, respectively. The nomogram accurately diagnosed gastric schwannoma with a predicted probability of 92%. Finally, the tumors were confirmed as gastric schwannoma by histopathology.






Figure 3 | CT examination of patient 3, including axial unenhanced (A), arterial phase image (B), and portal phase image (C), and delayed phases image (D), showed an intraluminal growth pattern lesion in in the upper of stomach with necrosis. The value of [(CTV-P) -(CTV-A)] and the value of [(CTV-D) -(CTV-P)] were 9 and 12, respectively. The nomogram accurately diagnosed gastric schwannoma with a predicted probability of 4%. Finally, the tumors were confirmed as GIST by histopathology.




Table 4 | Logistic regression analysis of CT features for prediction of Gastric schwannoma.






Figure 4 | A nomogram was developed in the training set incorporating necrosis, growth pattern, tumor-associated lymph node, the value of [(CTV-D)-(CTV-P)], the value of [(CTV-P)-(CTV-A)].






Figure 5 | ROC curves of the nomogram in the training set and validation set.






Figure 6 | Calibration curve for the nomogram in the training set (A) and validation set (B). .







4 Discussion

In the present study, a quantitative description of tumor imaging features was added using five CT imaging features, including extraluminal or mixed growth pattern, absence of necrosis, presence of tumor-associated lymph nodes, and the values of CTV-P–CTV-A and CTV-D–CTV-P, treated as independent predictive factors for the differential diagnosis of gastric schwannoma and GIST (diameters = 2–5 cm) based on logistic regression analysis. The CT-based nomogram derived from these factors had a higher diagnostic efficiency, sensitivity, and specificity in both the training and validation sets. This visualized differential diagnosis nomogram model helps improve the accuracy in predicting tumor properties and provides a favorable basis for clinicians to choose surgical plans.

There were five predictive factors for imaging features that differentiated gastric schwannomas from GISTs in the training set. Compared with previous studies (3, 13), the presence of tumor-associated lymph nodes was also observed in our study, with an OR 23.978, thus indicating that the presence of tumor-associated lymph nodes is the most significant characteristic distinguishing gastric schwannomas from GISTs. Some authors (5, 13, 25, 26) have stated that the peritumoral lymph nodes around gastric schwannomas are manifestations of inflammatory reactive hyperplasia, and we agree with this view. In the training set, the extraluminal or mixed growth pattern and absence of necrosis were the other two independent factors (OR=3.626 and 4.752, respectively). In our study, gastric schwannomas mostly occurred in the middle part of the stomach (21/34, 61.76%), typically associated with extraluminal or mixed type (27/34, 79.41%), whereas GIST mainly occurred in the upper and middle parts of the stomach (150/167, 89.82%), with intraluminal growth (91/167, 54.49%), which is consistent with previous reports (13, 16, 27). In this study, gastric schwannomas rarely exhibited intralesional necrosis, and necrosis and calcification were more common in the periphery of the tumor compared with GISTs. Some studies have found that gastric schwannomas grow slowly and that neovascularization provides an adequate blood supply for their growth, thus resulting in rare necrosis; however, GISTs may be potentially malignant, and insufficient internal blood supply can lead to ischemia and necrosis of tumor cells (3, 5), which is consistent with the results of this study.

The results of this study showed statistically significant differences in the values of CTV-D, CTV-P–CTV-A, and CTV-D–CTV-P between gastric schwannomas and GISTs in the training and validation sets. Owing to the different vascularity profiles of gastric schwannoma and GIST, the degree of enhancement of gastric schwannoma was lower than that of GIST in the arterial phase. Previous studies showed that GIST is typically a hypervascular lesion on contrast-enhanced CT (5, 28). It has been suggested that the enhancement of gastric schwannomas occurs over time, with peak enhancement occurring during the delayed phase, which may be related to the slender blood vessels supplying the lesion, thus leading to the slow infiltration of contrast agents from the blood vessels into the surrounding tissue gaps (18, 29). Conversely, as previously mentioned, the value of CTV-D may decline in GIST because of the fast washout of intratumoral contrast agents. These reasons could explain the findings of the current study that showed that the values of CTV-P–CTV-A and CTV-D–CTV-P in gastric schwannomas were significantly higher than those in GISTs.

Wang et al. (16) compared and analyzed several different methods to differentiate gastric schwannomas and GISTs based on machine learning and stated that the logistic regression model could be robust and accurate. In this study, an intuitive visual nomogram model was constructed using five imaging feature predictors screened by logistic regression, which was confirmed to have good consistency with clinical practice in both the training set (AUC = 0.937) and the external validation set (AUC = 0.921). In clinical applications, the selected imaging feature prediction factors are easy to collect and can conveniently and quickly improve the ability of physicians to distinguish gastric schwannomas from GISTs.

This study has the following limitations. First, in the logistic regression analysis, combined classifications may have influenced the results owing to the small number of tumors with specific sites and growth patterns. Second, this was a retrospective study conducted in two centers only; the sample size was small and inevitably led to certain selection biases. Owing to the small sample size, the results were not sufficiently robust. In future studies, we plan to evaluate the reliability of the current nomogram using data from multiple centers and a prospective design.

In conclusion, this study developed and validated a diagnostic nomogram model based on CT imaging features that allowed the development of an accurate and non-invasive evaluation method for differentiating gastric schwannomas and GISTs. As the basis of the non-invasive semiquantitative examination method, the nomogram model can supplement conventional examination methods and assist clinicians in decision-making.
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Background

Glomus tumors are typically benign soft tissue tumors that occur at the extremities; malignant and viscerally occurring cases are extremely rare.





Case presentation

We report a 49-year old male patient with a malignant esophageal glomus tumor that was complicated by lung and liver metastases. Genetic test results guided the patient’s individualized treatment. Consequently, treatment with Anlotinib combined with Tislelizumab achieved significant clinical benefits.





Conclusion

Our case report demonstrates that immunotherapy combined with anti-angiogenic therapy in patients with malignant esophageal glomus tumors can achieve significant efficacy and suggests the potential value of next-generation sequencing (NGS) detection in guiding personalized treatments in patients with malignant esophageal glomus tumors.
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Background

Glomus tumors(GT) are uncommon mesenchymal neoplasms mainly derived from perivascular modified smooth muscle cells, the majority of glomus tumors occurs in the skin and superficial soft tissues of the distal extremities, at a site other than the limbs are extremely uncommon (1–3). Most GTs are benign, malignant glomus tumors are extremely rare accounting for <1% of all glomus tumors. Only a few cases of malignant GTs have been reported, and most of them were locally aggressive and distally metastatic (3, 4). The diagnosis of malignancy should take into account tumor size, infiltration, mitotic activity, nuclear atypia, and vascular involvement (5). By summarizing the pathological features of 52 cases, Folpe and colleagues proposed a subclassification of atypical and malignant GTs (6). The criteria for the diagnosis of malignancy are as follows: i) deep location of the tumor, ii) size of the tumor>2cm, iii) atypical mitosis or obvious nuclear heterogeneity, iv) mitotic cells accounting for five or more of 50 under high power field (HPF). If a GT is larger than 2cm and deep in location, but without nuclear heterogeneity, it will be classified as an undetermined malignant potential GT (7).

They usually present clinically as a triad of severe subungual pain, tenderness localized over a point, and cold hypersensitivity (8, 9). The optimal treatment of malignant glomus tumors remains unknown, and the current published literature consists of individual case reports or series, local wide excision remains the most viable treatment option.

In this report, our objective was to present a unique case of a malignant esophageal glomus tumor with pulmonary and liver metastases. After treatment, the patient’s condition has improved, his quality of life has significantly improved, and their life has also been extended.





Case presentation

A 49-year-old Chinese male initially presented with dysphagia and foreign body sensation without obvious inducement. Later, the patient presented with aggravated dysphagia accompanied by chest and back pain; therefore, he was treated in our hospital. A non-enhanced chest computed tomography (CT) scan showed a large esophageal tumor, and the mass size measurement was around 4.6 × 3.9 × 8.3 cm and located in the middle part of the esophagus. One month later, the patient was admitted to Tianjin Cancer Hospital. CT and endoscopic ultrasound confirmed that the patient had Stage T4 esophageal cancer with multiple mediastinal lymph node enlargements. The patient underwent surgery under general anesthesia with three incisions: radical resection of the lower thoracic segment of the esophagus, partial gastrectomy, tube and gastroplasty, left cervical esophagogastrostomy, thoracic and abdominal lymph node dissection, and jejunostomy. Postoperative pathological and immunohistochemical detection results indicated that the patient had a malignant glomus tumor in the middle section of the esophagus, and no tumor metastasis was observed in the regional lymph nodes. The final diagnosis was confirmed by immunohistochemistry of positive smooth muscle actin (SMA), vimentin, B-cell lymphoma-2 (Bcl-2), and a Ki67 index of 40%. The specimen showed negative staining for CK5/6, CK8/18, P40, S-100, CD34, ERG, EMA, CD31, Desmin, CD117, and LCA. The patient was not treated postoperatively.

The disease progressed by four months after surgery (December 17, 2021). CT examination revealed submediastinoid nodules and multiple nodules in both lungs, and metastasis was considered. January 1, 2022, the patient then underwent chemotherapy with docetaxel and cisplatin for one cycle. Docetaxel 100mg, ivgtt, d1, cisplatin 30mg, ivgtt, d1-3, repeated every 21-28 days. However, cough, hemoptysis, and obvious chest and back pain were observed after one cycle chemotherapy, and symptomatic treatment for medical hemostasis was ineffective.

On February 10, a follow-up examination showed the progression of bilateral lung nodules and liver metastases. At this time, there were nearly 20 bilateral lung metastases, with the largest one having a diameter of 1.2cm. There were multiple liver metastases, with the larger one located in the left lobe of the liver, approximately 3.1 * 2.0cm. Percutaneous selective arteriography was performed under local anesthesia on February 15, 2022. After percutaneous arterial embolization, the hemoptysis was slightly relieved. CT results on March 1 again showed multiple pulmonary nodules that were larger than before, with the diameter of the largest nodule increasing to 1.2 cm. An irregular mass was found near the left side of the chest and stomach, with a size of 4.3 × 2.7 cm, which compressed the left main bronchus, a large amount of fluid in the left thoracic cavity, and abdominal lymph node metastasis, considering the progression of the disease. The patient coughed violently, expelling soft tissue-like masses. These masses were examined pathologically and combined with immunohistochemical results, showed positivity for CD31, SMA, Caldesmon, CD34, and the Ki67 index was 60% (Figure 1). Combined with the history, the presentation was consistent with a malignant glomus tumor.




Figure 1 | Immunohistochemistry. (A) Smooth muscle actin; (B) CD31; (C) caldesmon; (D) CD34; (E) proliferative index (Ki-67) is approximately 60%.



We combined the results of genetic testing to provide the patient with systemic therapy. NGS test results revealed a mutated gene, KEAP1, associated with immunosuppressive resistance at a high frequency, and the mutation abundance was 29.16%. Therefore, the patient was treated with simultaneous radiochemotherapy: radiotherapy for an irregular mass on the left side of the thoracic stomach, DT: 58 Gy/29 times/43 days, during synchronous paclitaxel (albumin type) (100 mg) weekly treatment four times for a total of 400 mg. CT review 20 days after the final treatment showed that the left lung was re-expanded, and the left pleural effusion was significantly reduced. However, multiple solid nodules in both lung fields were larger than before, and multiple liver metastases were observed on May 10, 2022. The disease progressed rapidly, and Anlotinib targeted therapy was intended, but the patient was unable to tolerate intermittent hemoptysis.

To further control hemoptysis, the patient underwent implantation of 60 I125 radioactive particles into the subcarina mass on June 6, 2022. CT reexamination 20 days after surgery showed that the irregular mass in the left side of the chest and stomach was further reduced. The lesions in both lungs and liver have further progressed, with nearly 30 metastases in both lungs and significantly larger than before, with the largest being approximately 2.1 * 3.6cm. Liver metastasis has also increased compared to before, with the larger one being about 5.9 * 4.3cm. At this time, the patient’s general condition is good, and there is no obvious cough, sputum, or hemoptysis. Starting from June 30, 2022, oral administration of anlotinib hydrochloride capsules 12mg, Qd, d1-14, repeated every three weeks. But after 10 days of oral administration, the patient intermittently had blood in the sputum with bright red color, so oral administration of anlotinib hydrochloride capsules was suspended and anti infection and hemostatic treatment was given. On July 15, 2022, a follow-up examination showed that the lung lesion had partially shrunk, with the maximum metastatic lesion shrinking from 2.1 * 3.6cm to 1.8 * 2.8cm, and the maximum liver metastatic lesion shrinking from 5.9 * 4.3cm to 5.3 * 3.5cm. The symptom of blood in sputum disappeared, and the initial treatment was shown to be effective.

Therefore, we once again considered precision treatment for the patient based on the results of genetic testing, which showed that the KEAP1 gene was no longer detected. At this time, the patient’s hemoptysis symptoms disappeared. After the patient’s cough and hemoptysis symptoms improved, the treatment was restarted on October 17, 2022, with the combination of anlotinib hydrochloride capsules and tislelizumab. The specific dosage was anlotinib 10mg, po, d1-14, tislelizumab injection 200mg, ivgtt, d1, repeated every three weeks. On January 14, 2023, a follow-up examination showed significant reduction in both lung nodules and multiple liver nodules compared to before, once again confirming the good therapeutic effect. According to RECIST 1.1, the efficacy was evaluated as a partial response (PR). After that, the patient continued the intermittent treatment of the scheme for 4 cycles (the treatment was interrupted due to repeated infection of COVID-19 and intermittent hemoptysis), and the last treatment was on June 12, 2023. The latest follow-up and reexamination date is August 25, 2023, indicating that the intrahepatic metastasis has further shrunk, with the largest being about 1.1 * 1.5cm in size, the efficacy was evaluated as PR (Figure 2). No significant changes were observed in the remaining lesions, and no treatment was taken before leaving the hospital. The patient maintained a PR for more than 7 months. Unfortunately, on September 19, 2023, the patient experienced vomiting blood and gastroscopy revealed perforation of the residual stomach. Despite receiving active supportive treatment, the patient passed away on October 15, 2023 due to gastrointestinal bleeding.




Figure 2 | Course of the disease with treatment history and images.







Discussion

The optimal treatment of malignant glomus tumors remains unknown, especially for patients with metastasis. To date, 16 cases of malignant glomus tumors of esophageal origin have been reported, 7 of these cases exhibited regional or distant metastasis (Table 1) (2, 10–22). Due to the rarity of this disease and scarcity of case reports, we have summarized the three cases of malignant hematoma of the esophagus. Zhang et al. (15) reported the first case of malignant hematoma of the esophagus in a 47-year-old man with local lymph node involvement who underwent surgical resection. At the time of publication, there was no evidence of tumor recurrence 11 months after surgery. Seban et al. (20) reported a second case in a 45-year-old man with fluorodeoxyglucose-avid malignant esophageal hemangioma with multiorgan invasion that spread to the mediastinum, liver, scalp, and pelvis. The patient underwent subcutaneous scalp nodule excision, followed by doxorubicin and pelvic external-beam radiation therapy (EBRT). FDG-positron emission tomography results showed a partial metabolic response in the lung. Pazopanib was later introduced, and a complete metabolic response in the liver and a partial response in the bone and mediastinum were achieved. It was discontinued after three months owing to side effects. Despite stopping treatment, continuous imaging showed progress. Subsequent treatment with Regrafenib, cyclophosphamide, and pelvic EBRT exhibited no response and was poorly tolerated. Xiao et al. (1). reported a third case involving a 57-year-old Hispanic woman with malignant esophageal hematoma and lung metastasis. The patient was treated with palliative radiotherapy while waiting for the patient’s NGS to reveal fusion of NOTCH2 (MIR143-NOTCH2). Therefore, a trial of gemcitabine and docetaxel was planned for the patient, but the patient experienced rapid progression and pain after receiving a single dose of gemcitabine, and eventually chose hospice care. Papke et al. (21) reported the fourth case involving a 61-year-old man with malignant esophageal malignant glomus tumor and brain, lung, bones metastasis, but the treatment and prognosis information was not reported. Lastly, Birkness-Gartman et al. (2) reported 3 metastatic esophageal glomus tumor. Patient 1 was a 65-year-old male, he developed metastases to the lung and pericardium 6 years after diagnosis, and was alive at last clinical follow-up (9 years). Patient 2 was a 19-year-old femal developed metastatic disease to the scalp 11 months after resection of her primary tumor, she late developed paraesophageal soft tissue recurrence and metastases to the pleura, pericardium, and diaphragm. She received adjuvant treatment with several different regimens (doxorubicin, ifosfamide,pazopanib, and radiation; nirogacestat; axitinib and pembrolizumab) and was alive at last clinical follow-up (5 years). Patient 3 was a 62-year-old femal, she had a large tumor abutting the aorta on imaging. Intraoperatively, the tumor was adherent to the aorta, resulting in a difficult operation. This patient developed an aorto-esophageal fistula 20 days after surgery, resulting in a fatal hemorrhage, total survival time following diagnosis was 4 months. Our case report can enrich the clinical data of malignant esophageal glomus tumors, and this case is the first malignant esophageal glomus tumors case to receive immunotherapy, providing a clinical basis for the treatment of rare malignant glomus tumors.


Table 1 | Review of available case reports of malignant esophageal glomus tumors.



Our case was diagnosed as malignant hematoma of the esophagus complicated with lung and liver metastases. No significant curative effect was achieved with radiotherapy or chemotherapy, and the disease progressed rapidly. Therefore, we attempted to implement a more precise treatment strategy. The patient underwent NGS using the Yuce biological solid tumor clinical drug 1012+PD-L1 | YuceOne® Pro+. This technology has already been used clinically as an effective tool to create personalized treatment plans. Glomus tumors have been reported to have the highest tumor mutation burden among soft tissue sarcomas, with 16% of participants detecting mutations associated with FDA-approved treatments or drugs in development (22). However, the tumor molecular signatures of our patient did not indicate relevant targets that could be directly affected, but there was a gene that was negatively correlated with immunotherapeutic efficacy – KEAP1 (23). KEAP1 mutations confer worse outcomes to immunotherapy among lung cancer patients with KRAS mutation, and KEAP1 mutations results in distinct immunophenotypes in KRAS mution of lung cancer (24). Among atezolizumab and/or bevacizumab with carboplatin/paclitaxel (CP) chemotherapy clinical trial, KEAP1 mutations were associated with inferior OS and PFS across treatments compared with KEAP1-WT (25). KEAP1 mutation can affect the tumor immune microenvironment and cause immune escape. One lung squamous cell carcinoma study showed that KEAP1 mutation was associated with dramatically lower CD8+ TIL density (P = 0.005) (26). KEAP1 mutation in lung adenocarcinoma reduces the dendritic cell and T cell responses that drive immune therapy resistance, leading to immune resistance in lung adenocarcinoma patients (27). This finding suggested against using immunotherapy in this patient. Anlotinib belongs to a class of small-molecule, multi-target anti-angiogenic drugs that have been approved for vesellar soft tissue sarcoma, clear cell sarcoma, and other advanced soft tissue sarcomas that have progressed or recurred (28–30). This drug is contraindicated in patients with a high risk of hemoptysis. Therefore, local radioactive particle implantation was first performed for the patient to relieve the symptoms of hemoptysis, and the subsequent improvement of the patient demonstrated that this step played a key role in the overall treatment of the patient, which also reflected the obvious benefits of multidisciplinary treatment. It has been reported that radiotherapy and chemotherapy can change the immune microenvironment of patients (30–33). Subsequent use of the Yuce biological solid tumor clinical drug 1012+PD-L1 | YuceOne® Pro+, in order to find the targets of effective drugs, showed that no genes negatively related to immune efficacy were detected. Therefore, it can be speculated that the radioactive particle implantation changed the immune microenvironment of the patient. It has been suggested that anti-drugs and PD-1/PD-L1 inhibitors can jointly act on the tumor microenvironment, reshaping the tumor vascular and immune microenvironments, transforming the immunosuppressive state into the immune-promoting state, increasing the invasion of T cells to the tumor, and playing a synergistic anti-tumor effect (1 + 1>2) (34, 35). Anlotinib in combination with immunotherapy has also been reported to significantly improve the prognosis of patients with liver cancer (36). Therefore, we treated the patient with anlotinib combined with Tislelizumab, which showed significant efficacy, significant reduction of intrahepatic lesions, physical improvement, and weight gain of the patient upon follow-up.

The optimal treatment for malignant hematocrystomas of the esophagus remains unclear. A review of published literature shows that extensive local resection remains the most feasible treatment. Mixed success with chemotherapy has also been reported in a small number of cases (15, 37). Our case demonstrates the malignant potential and high aggressiveness of malignant hematoma of the esophagus. Changes in the patient’s immune microenvironment were detected by NGS, guiding the targeted therapy of the patient. This suggests that NGS detection can develop an effective personalized treatment plan for this patient group and has great potential for successful treatment of malignant esophageal glomus tumors in the future.
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Introduction

Postoperative recurrence and metastasis of gastric cancer (GC) are primary factors that contribute to poor prognosis. GC recurs at a rate of approximately 70%–80% within 2 years after local treatment and approximately 90% within 5 years. “Yang-deficient toxic node” is the core pathogenesis of GC recurrence and metastasis. The Yiqi Wenyang Jiedu prescription (YWJP), a form of complementary and alternative medicine in China, is an empirical remedy to prevent postoperative recurrence and metastasis of GC. Taking the main therapeutic principles of “nourishing Qi and warming Yang, strengthening Zhengqi, and detoxifying” can aid in preventing the recurrence and metastasis of GC in patients during the watchful waiting period after surgery and adjuvant chemotherapy. This approach aims to enhance the quality of life of patients. However, high-quality evidence to support this hypothesis is lacking. This study will aim to investigate the efficacy and safety of YWJP to prevent and treat postoperative metastasis and GC recurrence.





Methods

The study will be a multicenter, randomized, double-blind, placebo-parallel-controlled clinical trial. A total of 212 patients who completed adjuvant chemotherapy within 8 months of radical gastrectomy will be enrolled. Patients in the intervention group will receive the YWJP, whereas those in the control group will receive a placebo. The main outcome was the disease-free survival (DFS) rate 2 years after surgery. The secondary outcomes included DFS time, overall survival, annual cumulative recurrence and rate of metastasis after 1–3 years, cumulative annual survival after 1–3 years, fat distribution-related indicators, tumor markers, peripheral blood inflammatory indicators, prognostic nutritional index, symptoms and quality of life evaluation, medication compliance, and adverse reaction rate.





Discussion

There is a lack of effective therapy after the completion of adjuvant therapy during the postoperative period of watchful waiting. This study will be the first randomized clinical trial to evaluate whether complementary and alternative medical interventions can effectively prevent recurrence and metastasis during the watchful waiting period after GC surgery and to provide evidence for surveillance treatment management after GC surgery.





Clinical trial registration

ClinicalTrials.gov, identifier NCT05229809.
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Highlights

	Question

	Can Yiqi Wenyang Jiedu prescription reduce the rate of recurrence and metastasis in patients with gastric cancer during the watchful waiting period after surgery?

	Findings

	This randomized clinical trial will involve 212 patients with GC who completed adjuvant chemotherapy after surgery. The primary outcome was disease-free survival at a rate of 2 years after surgery.

	Meaning

	This ongoing clinical trial will supply the treatment management during the watchful waiting period after GC surgery and provide evidence for the effectiveness of complementary and alternative medicine in reducing recurrence and metastasis rates after GC surgery.






1 Introduction

Gastric cancer (GC) is a common malignant tumor of the digestive system, and according to the Global Cancer Statistics 2022, the number of new GC cases worldwide is 968,350, ranking fifth among all malignancies. The number of deaths was 659,853, ranking fifth among all cancer types (1, 2). China has the highest cancer burden worldwide, according to the National Cancer Center of China (3), and they projected that an estimated 4,824,700 new cancer cases and 2,574,200 new cancer deaths will occur in China in 2022. Among these, GC ranked fifth and third among new cases and deaths, respectively. Despite a decline in GC incidence observed in many countries, the total number of GC cases worldwide shows a slow upward trend, particularly in China (4, 5). Even more terrifying is that the global burden caused by the rising trend of GC cases is expected to increase by 62% to 1.77 million cases in 2040 (6). Studies have confirmed that various factors such as Helicobacter pylori infection (7), cigarette smoking (8, 9), heavy alcohol consumption (10–12), sex (13), obesity (14, 15), metabolic dysfunction (16, 17), and so on (18–26) are recognized as major risk factors for GC incidence.

Surgery is currently the preferred treatment for GC. The National Comprehensive Cancer Network guidelines (2023. V1) recommend that patients with stage pT3–4 cancer, any N, should undergo post-surgical chemoradiotherapy followed by a period of surveillance and management (27–39). Approximately 70%–80% of patients with GC relapsed within 2 years after local therapy. The median recurrence time for GC is approximately 16.8 months (40–42). Previous studies have shown that Yang deficiency is one of the main syndromes of GC (43), Yang deficiency and a low metabolic state can stimulate cancer cells to induce metabolic reprogramming and promote postoperative recurrence and metastasis of GC (44–48). Therefore, during the period between postoperative recovery and the onset of GC recurrence and metastasis, identifying effective treatment strategies is crucial and requires urgent attention.

Complementary and alternative medicine is a safe and effective potential choice that can improve the overall survival (OS) of patients with GC (49–51). Previous studies have indicated that patients with GC who experience Qi and Yang deficiencies after surgery are more susceptible to recurrence and metastasis than those with no Qi and Yang deficiencies (52, 53). The Yiqi Wenyang Jiedu prescription (YWJP) follows the treatment principles of nourishing Qi and warming Yang, strengthening Zhengqi, and detoxifying, and can improve the physical condition and alleviate clinical symptoms in patients with Yang deficiency (54, 55). YWJP may improve patients’ low metabolic state by regulating the tumor microenvironment and delaying or reversing recurrence and metastasis. Therefore, we plan to conduct a multicenter, randomized, double-blind, placebo-parallel-controlled clinical trial that will apply YWJP, an effective prescription for the prevention and treatment of recurrence and metastasis of postoperative GC at the Guang’anmen Hospital of China Academy of Chinese Medical Sciences, and explore its mechanisms.




2 Materials and methods



2.1 Design

The multicenter, randomized, double-blind, placebo-parallel-controlled clinical study will be conducted at seven hospitals, including Guang’anmen Hospital of the China Academy of Chinese Medical Sciences, Jiangsu Provincial Hospital of Traditional Chinese Medicine (TCM), the First Affiliated Hospital of Guangzhou University of Chinese Medicine, and Yueyang Hospital of Integrated Traditional Chinese and Western Medicine Affiliated to Shanghai University of Chinese Medicine. After signing the informed consent forms, 212 participants will be randomly assigned to the intervention group (YWJP) or the control group (YWJP placebo).

The key herbs of YWJP include Astragalus membranaceus (30 g), Codonopsis pilosula (15 g), Angelica dahurica (10 g), Curcuma zedoary (9 g), Rhizoma nardostachyos (10 g), Polygonum cuspidatum (10 g), Radix Actinidiae chinensis (15 g), and Paris polyphylla (9 g) (108 g in total). The control group will receive a YWJP placebo intervention comprising maltodextrin, lactose, bitters, citric acid, and other edible-grade raw materials (108 g in total). All experimental herbs and placebos used in this study will be provided by Jiangyin Tianjiang Pharmaceutical Co., Ltd. All raw materials have undergone safety assessments and quality inspection reports have been issued. YWJP and its placebo have been confirmed to be safe, reliable, controllable in quality, and similar in shape, color, smell, and taste.

The primary and secondary outcomes will be evaluated immediately at the end of the follow-up period. The study process is illustrated in Figure 1. The clinical trial protocol complied with the Clinical Trial Standard Protocol Items: Recommendations for Interventional Trials (56) and Consolidated Standards of Reporting Trials (CONSORT) (57).




Figure 1 | CONSORT flow diagram.






2.2 Recruitment

We plan to recruit patients from seven traditional Chinese oncology hospitals nationwide, led by Guang’anmen Hospital, and enroll patients by following up with expert clinics, playing recruitment advertisements on hospital LED screens, and posting recruitment posters. When we encounter potential patients, we will introduce our study protocol, including the objectives, intervention methods, processes, and potential adverse reactions. The research team will conduct repeated screenings of patients on a two-person basis. Patients who meet the inclusion criteria and wish to voluntarily participate in the study will sign an informed consent form.




2.3 Study population

The diagnostic criteria for GC, according to the 2021 Chinese Society of Clinical Oncology (CSCO), will be followed. The diagnosis and treatment of GC follow the clinical guidelines outlined in the 8th edition of the International Union Against Cancer (UICC) classification system (58).




2.4 Inclusion criteria

	1. Research cases must be sourced from real-world registration platforms.

	2. Stage II–III non-esophageal gastric junction GC that meets the diagnostic criteria and does not indicate tumor recurrence or metastasis by imaging.

	3. Patients with GC who underwent radical gastrectomy (R0) within 8 months after surgery and completed at least six cycles of adjuvant chemotherapy with standard regimens (XELOX and SOX).

	4. Eastern Cooperative Oncology Group (ECOG) performance status score of 0–2.

	5. Patient ages ranging from 18 to 75 years, with no sex limitations.

	6. Expected survival time ≥3 months.

	7. Patients who voluntarily participated in the study, signed an informed consent form, and participated in the follow-up.






2.5 Exclusion criteria

	1. Patients with concomitant primary tumors in other areas.

	2. Patients with GC who were pathologically diagnosed with adenosquamous carcinoma, lymphoid interstitial carcinoma (medullary carcinoma), hepatoid adenocarcinoma, squamous cell carcinoma, signet ring cell carcinoma, undifferentiated carcinoma, and other gastric malignancies, such as gastric neuroendocrine tumors, gastric interlobular tumors, and gastric malignant lymphoma.

	3. Patients who received neoadjuvant chemotherapy before surgery.

	4. Patients who have been and are currently receiving targeted drug therapy.

	5. Patients who have undergone or are currently undergoing gastric radiation therapy.

	6. Patients who have undergone or are currently undergoing tumor immunotherapy.

	7. Patients with mental illness.

	8. Patients with severe and uncontrollable organic lesions or infections such as decompensated heart, lung, or kidney failure, who cannot tolerate chemotherapy.

	9. Patients who underwent clinical trials of small-molecule drugs within 28 days or large-molecule drugs within 3 months.

	10. Patients who are known to be allergic or intolerant to the study drug.






2.6 Criteria for withdrawal and removal

	1. Those who experienced unexpected events during the treatment process and were unable to adhere to the protocol.

	2. Patients who voluntarily requested withdrawal.

	3. The researchers judged patients who exhibited poor compliance and were unable to continue clinical research.

	4. Patients experiencing pregnancy, death, or loss of follow-up.






2.7 Randomization and blinding

This study will apply an Interactive Web Response System for central randomization and implement hidden allocation schemes. Patients will be randomly divided into intervention and control groups in a 1:1 ratio based on central randomization. The R software (V3.3.3) will be used to generate random sequences with three rounds of cyclic random statements. The blinding level will be double-blind, in which neither the researcher nor the participant have any idea of the specific details of the study. Anonymizing will be performed by statisticians who did not participate in the clinical trials and divided into two levels. This trial will establish a dedicated “emergency letter” for clinical trials that can only be urgently unblinded when the patient experiences an emergency. Handling this situation requires a clear understanding of the patient’s medication information.




2.8 Intervention

The intervention group will receive YWJP, whereas the control group will receive YWJP placebo. Patients will take one pack each time, dilute it with boiling water, and administer it twice daily (in the morning and evening). The course of treatment will be 4 weeks, and six courses are planned.




2.9 Criteria for adherence

After enrollment, patients will take their medication according to the method described in the “intervention” section. During the intervention, symptoms such as nausea, vomiting, liver and kidney dysfunction, diarrhea, and infection will be treated with medication. However, specific symptoms and combined medications must be recorded. Receiving modern antitumor treatment (including chemotherapy, immunotherapy, molecular targeted therapy, and radiotherapy) or taking other Chinese herbal decoctions, Chinese herbal injections, and traditional Chinese patent medicines with antitumor effects during the intervention will be prohibited.




2.10 Criteria for discontinuation

If unexpected adverse events occur, participants should no longer follow the study guidelines for such events. The investigator should comprehensively analyze whether these events are related to the experimental and control drugs used, and should decide whether to discontinue the clinical trial based on the participant’s condition. Patients who discontinue trials owing to serious adverse events should be followed up, and their outcomes should be documented. In addition, participants who could not adhere to the treatment and those who requested active withdrawal, had poor compliance, were pregnant, dead, or lost to follow-up met the criteria for discontinuation.




2.11 Sample size

This was a randomized controlled trial. The primary outcome was the 2-year disease-free survival (DFS) rate of patients with GC after surgery. It was estimated that the DFS rate 2 years after surgery in the control group was 43.9%, whereas the DFS rate in the intervention group was 63.9%. For α = 0.05 (bilateral), β = 0.2. Assuming that the enrollment rate of the study patients remained unchanged, the proportion of the intervention group to the control group was 1:1. The sample size for N1 was 96 cases in the intervention group, and for N2 was 96 cases in the control group, as calculated using the PASS 11 software. However, a detachment rate of 10% must be considered in the research process. Therefore, the intervention and control groups comprised 106 patients each (212 patients total).




2.12 Outcome measurements

The 2-year DFS rate as the primary outcome and DFS, OS, 1- to 3-year cumulative recurrence and metastasis rate, and 1- to 3-year cumulative survival rate as the secondary outcome will be calculated at the end of follow-up. The lymphocyte count-to-monocyte count ratio (LMR) (59), lymphocyte count-to-neutrophil count ratio (LNR) (60), prognostic nutritional index (PNI) (61), Quality of Life Questionnaire of Stomach 22 (QLQ-STO22) (62), M. D. Anderson Symptom Assessment Scale Gastrointestinal Tumor Specific Module (MDASI-GI) (63), Postgastrectomy Syndrome Assessment Scale-45 (PGSAS-45) (64) (diagnosis of the syndrome should refer to the 2014 Guidelines of Diagnosis and Therapy in Oncology with Traditional Chinese Medicine), and other secondary outcome indicators will be collected at weeks 0–6, whereas the total fat area (TFA) (65), visceral fat area (VFA) (66), subcutaneous fat area (SFA) (67), visceral adiposity index (VAI) (68), and tumor markers will be collected at weeks 0, 3, and 6. All measurement results will be recorded in the case report form (CRF). The details of outcome measurement projects are shown in Table 1.


Table 1 | Treatment stage flowchart.





2.12.1 Primary outcome

The primary outcome of this study is the 2-year DFS rate after surgery, which refers to the proportion of patients who have not experienced recurrence, metastasis, or (for any reason) death within 2 years after surgery.




2.12.2 Secondary outcome

1. Prognosis related indicators

DFS: Time from randomization to the onset of tumor progression or (for any reason) death in patients.

OS: Time from randomization to death from any cause.

Annual cumulative recurrence and metastasis rate for 1–3 years: The proportion of patients who experience recurrence and metastasis within 1–3 years from the day of surgery to the total number of patients.

Annual cumulative survival rate for 1–3 years: The proportion of patients with a survival period of 1–3 years or more from the day of surgery to the total number of patients.

2. Fat distribution-related indicators

TFA of the abdomen: A CT plain scan will be used to measure the fat area on cross-sectional images, directly reflecting the accumulation of abdominal fat in the human body. It is generally believed that the umbilical plane or L2/L3 gap can better reflect the body’s abdominal fat.

VFA: A commonly used indicator in clinical practice to evaluate the level of visceral fat. The precise measurement method is usually based on imaging methods, specifically the area occupied by adipose tissue in a certain section of abdominal CT (flat umbilical section or third lumbar section).

SFA: SFA = TFA − VFA.

VAI: This is another indicator for evaluating visceral adipose tissue accumulation and dysfunction, and is a new visceral fat assessment index calculated based on waist circumference (WC), body mass index (BMI), triglycerides (TG), and high-density lipoprotein (HDL).

Male VAI = [WC/(39.68 + 1.88 × BMI)] × (TG/1.03) × (1.31/HDL);

Female VAI = [WC/(36.58 + 1.89 × BMI)] × (TG/0.81) × (1.52/HDL).

3. Tumor markers: Carcinoembryonic antigen (CEA), carbohydrate antigen 724 (CA724), and carbohydrate antigen 199 (CA199) should be included as tumor markers.

4. Peripheral blood inflammatory indicators:

LMR: Ratio of lymphocyte count to monocyte count

LNR: Ratio of lymphocyte count to neutrophil count

5. Prognostic nutritional index (PNI): Record serum albumin (ALB) and lymphocyte (TLC) counts, with the formula PNI = ALB + 5 × TLC.

6. Symptoms and quality of life evaluation:

The QLQ-STO22 developed by the European Organization for Research and Treatment of Cancer will be used to evaluate the impact of treatment protocols on the quality of life of GC patients.

The impact of treatment regimens on patient symptoms will be evaluated using the MDASI-GI.

The quality of life with GC patients after gastrectomy will be measured using the PGSAS-45, and the intensity of various symptoms of post-gastrectomy syndrome will be understood.

7. Medication compliance: The number and percentage of cases will be calculated based on <80%, 80%–120%, and >120% medication compliance.

Medication compliance = actual dosage/expected dosage × 100% (rounded to two decimal places).

8. Adverse reaction rate: The proportion of adverse reactions caused by drugs in the enrolled population.





2.13 Safety evaluation

Safety evaluations were performed according to the National Cancer Institute’s Common Terminology Standard for Adverse Events (CTCAE v.5.0), and patient adverse events were monitored every 3 months from baseline to disease progression, death, or 2 years after surgery. The evaluation methods included routine blood tests, urine tests, biochemical tests, and electrocardiography.




2.14 Data collection and management

Patients will undergo periodic follow-up (once a month during the treatment period and once every 3 months during the follow-up period, including electronic questionnaires or telephone follow-up). After surgery, they will be observed for at least 3 years. Data on vital signs, physical examination, weight, height, body surface area, BMI, ECOG score, KPS score, QLQ-STO22, MDASI-GI, PGSAS-45, peripheral blood inflammatory indicators, blood and urine routine, complete biochemical tests, electrocardiogram, and blood tumor markers will be collected for each treatment cycle and during follow-up visits every 3 months. For participants who did not experience disease progression after completing six courses of treatment, imaging follow-up was conducted every 3 months for 2 years post-surgery and then every 6 months after that until disease recurrence or initiation of alternative therapies. The basic information of the patients and the relevant information required for the study will be recorded in the CRF. Only authorized researchers, representatives of research-undertaking units, ethics committees, and higher-level management departments can access patient records upon reasonable request. No public reports of the results of this study disclose the patient’s name or identity. The research team will protect the privacy of the patient’s medical data as much as possible within the scope permitted by law.




2.15 Quality control

This study will introduce and promote an ISO quality management system. Personnel at all levels will receive the necessary training in management and quality awareness. A quality control system will be established during project implementation, and relevant quality control measures and evaluation plans will be formulated. The project lead unit will assign special personnel to conduct quality control and supervision of this study, including clinical data collection standards and data verification quality control measures. In addition, the project involves task verification and quality control of participating units to ensure completion. A quality-verification document was created and stored for archival purposes. In addition, Guang’anmen Hospital of the China Academy of Chinese Medical Sciences selected a third party to establish the clinical database of the participants and conducted a statistical analysis of the data.




2.16 Statistical analysis and method

SAS 9.4 statistical software will be used, and full analysis set (FAS) and protocol compliance set (PPS) analyses will be performed on the efficacy indicators. A safety dataset analysis should be conducted for adverse reactions. All statistical tests will be conducted bilaterally, and statistical significance will be set at p ≤ 0.05. We will analyze whether there are outliers in the data and conduct a professional analysis of outliers to decide whether to accept or reject them. After this, we will analyze the data for missing values and conduct a professional analysis to determine whether the missing values are listed as missing or data transferred. The proportion of shedding cases should not exceed 10%; otherwise, analysis and explanation should be provided. The measurement data were described as mean, standard deviation, median, minimum, and maximum whereas counting data were described as frequency, percentage, etc. Quantitative data analysis will be performed using t-tests, rank-sum tests, etc. Counting data analysis will be performed using chi-square tests, ridit analyses, etc. Survival data analysis will be performed using the Kaplan–Meier method, Wilcoxon rank sum test, or log-rank test. A Cox-proportional risk regression model was used for multivariate survival analysis.





3 Discussion

Gastric cancer is an important component of the global cancer burden, and local recurrence or distant metastasis after radical gastrectomy is the primary cause of poor prognosis (26). The guidelines recommend no standard treatment after postoperative adjuvant treatment for GC; watchful waiting is recommended. However, most patients with GC experience recurrence and metastasis within 2–3 years after surgery. Therefore, exploring the efficacy of complementary and alternative medicines during surveillance and watchful waiting periods is necessary to promote adjustment of postoperative monitoring and management programs. Several studies have shown that TCM plays a significant role in preventing and treating GC. TCMs stabilize tumors, reduce recurrence and metastasis rates, alleviate clinical symptoms, improve patient survival and quality of life, and decrease the occurrence of adverse reactions (69, 70). However, the quality of most clinical research on TCM treatment of GC is low. These studies provide a low level of evidence, making it challenging to effectively promote and guide clinical practice. Moreover, no large-sample study has explored the correlation between Yang deficiency syndrome and the postoperative recurrence and metastasis of GC. Carrying out well-designed, high-quality clinical research and obtaining robust evidence-based data on TCM treatment for GC are key challenges hindering the widespread adoption of TCM in treating GC. A meta-analysis (71) demonstrated that integrated Chinese and Western medicine treatment could decrease the recurrence rate of GC at 12, 24, and 36 months postoperatively. It was significantly superior to Western medicine treatment alone. Fuzheng Jiedu is an effective treatment for postoperative recurrence and metastasis of GC that is used in the Oncology Department of Guang’anmen Hospital of the China Academy of Chinese Medical Sciences. Studies have shown (52) that the addition of the Fuzheng Jiedu prescription (predecessor of the YWJP) for patients with GC can reduce the recurrence and metastasis rates of GC for 2 years after surgery by 18.60%, which is approximately a 25% reduction compared to patients in the same period. Therefore, TCM has therapeutic advantages in reducing the recurrence and metastasis of GC.

The YWJP has the effects of nourishing Qi and warming Yang, strengthening Zhengqi, and detoxifying, which can improve the “Yang-deficient toxic node” status of postoperative patients with GC. In this study, we aim to clarify the efficacy and safety of YWJP in preventing and treating postoperative recurrence and metastasis of GC. Furthermore, we aim to explore the correlation between Yang deficiency, metabolic abnormalities, gut microbiota, and other factors and their impact on long-term prognosis. Lastly, we seek to identify the mechanisms of postoperative recurrence and metastasis of GC under the guidance of core pathogenesis and possible targets of TCM. The advantages of this study are as follows: (1) it is a high-quality, randomized, double-blind, controlled, multicenter clinical study with a 1:1 random allocation. This design will ensure a better balance between groups and effectively avoid the impact of potentially unknown factors on the test results. Furthermore, simultaneously observing both groups of patients helps to avoid the effect of the trial sequence on the results, thereby enhancing the credibility of the research findings. (2) This research provides a solid clinical foundation for the initial phase. It is centered on the core pathogenesis of the “Yang-deficient toxic node” following surgery for GC. The treatment approach of “supplementing Qi and warming Yang and detoxify” aims to guide personalized treatment strategies aligned with the principles of precision medicine, focused on the effective intervention effect on GC recurrence and metastasis. However, this study has limitations: (1) The experimental design and implementation requirements are demanding. The intervention time is lengthy, the workload is substantial, and the implementation is challenging. (2) The intervention and follow-up periods were lengthy, with a high probability of dropout. (3) Considering the limitations of manpower, economy, and time involved in this clinical study, our follow-up time will be set at 3 years after surgery. However, we will continue to monitor this study to compensate for the restricted follow-up time.

The aims of this study were to evaluate the effectiveness and safety of supplementary and alternative drugs (YWJP) for recurrence and metastasis in patients with GC after surgery and to reveal the influence of Yang deficiency syndrome and gut microbiota on recurrence and metastasis. In addition, based on the core pathogenesis of the Yang-deficient toxic node, exploring the preventive and therapeutic effects and molecular mechanisms of TCM after GC surgery will establish a foundation for developing a new theoretical framework for preventing and treating GC post-surgery. Ultimately, the results of this study will provide a crucial foundation for patients with GC, clinicians, and policymakers to monitor postoperative treatment management and establish a standardized treatment protocol. In the future, we will promote the clinical transformation of YWJP, develop new Chinese medicines, and conduct high-quality, multicenter, randomized controlled studies internationally to enhance the standardized clinical diagnosis and treatment of GC. In addition, with the advancement of spatial tumor ecology (72, 73), it is crucial to investigate the biological implications of the “disease-symptom-syndrome” of GC and the biological foundation of the population that benefits from TCM prevention and treatment.
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Colorectal cancer (CRC) is one of the most common cancers, with a high mortality rate worldwide. Mounting evidence indicates that mRNA modifications are crucial in RNA metabolism, transcription, processing, splicing, degradation, and translation. Studies show that N6-methyladenosine (m6A) is mammalians’ most common epi-transcriptomic modification. It has been demonstrated that m6A is involved in cancer formation, progression, invasion, and metastasis, suggesting it could be a potential biomarker for CRC diagnosis and developing therapeutics. Cytokines, growth factors, and hormones function in JAK/STAT3/5 signaling pathway, and they could regulate the intestinal response to infection, inflammation, and tumorigenesis. Reports show that the JAK/STAT3/5 pathway is involved in CRC development. However, the underlying mechanism is still unclear. Signal Transducer and Activator of Transcription 3/5 (STAT3, STAT5) can act as oncogenes or tumor suppressors in the context of tissue types. Also, epigenetic modifications and mutations could alter the balance between pro-oncogenic and tumor suppressor activities of the STAT3/5 signaling pathway. Thus, exploring the interaction of cytokines-JAKs-STAT3 and/or STAT5 with mRNA m6A is of great interest. This review provides a comprehensive overview of the characteristics and functions of m6A and JAKs-STAT3/5 and their relationship with gastrointestinal (GI) cancers.
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Introduction

Colorectal cancer (CRC) ranks as the third most common tumor worldwide, with high incidence and mortality rates annually. CRC is a complex disease caused by various risk factors such as environmental exposure, genetic alterations, and epigenetic modifications (1). Epigenetics is a type of genetic modification that alters gene expression with no change in the nucleotide sequence of genes. Many studies show that RNA modification is an important mechanism of epigenetic regulation, which plays a pivotal role in the occurrence of different diseases (2). RNA modification occurs on all nucleotides: A, U, C, and G (3). However, Adenine is a nucleotide that undergoes a heavy modification in RNA and poses important activities (4). It has been well established that mRNA modification, especially N6-methyladenosine (m6A), mediates various fundamental biological processes (5). The m6A methylation is a reversible process in eukaryotes carried out by methyltransferases and demethylases (6–8). Several studies suggest that m6A methylation is associated with various cancers. Emerging evidence indicates the critical role of the m6A epi-transcriptome in every characteristic of cancer biology. Among all epigenetic modifications, m6A plays a crucial role in the progression and development of CRC (9). In recent years, many studies focused on the significance of m6A in regulating gene expression and disease progression, and several genes have been identified as the new m6A methylation regulation molecules. However, their function and mechanism have not been fully understood.

On the other hand, cell fate, survival, and genome maintenance are regulated via the Janus Kinases/Signal Transducer and Activator of Transcription (JAK/STAT) pathway (10). In general, binding a ligand to a growth factor or cytokine receptor launches the JAK/STAT signaling pathway. The growth factor receptors are auto-phosphorylated in the JAK-independent pathway; however, JAK phosphorylates the tyrosine residues in the JAK-dependent pathway. These phosphorylated sites would later provide docking sites for SH2 domain-containing molecules such as STAT5A/B (11). The crystallization study confirmed the antiparallel dimerization mode of unphosphorylated STATs that switches to parallel dimers upon phosphorylation. This shift between phosphorylation and dephosphorylation modes is the most efficient nucleus translocation form (12). The JAK/STAT pathway also plays a vital role in gene expression in eukaryotic cells. It was shown that STAT3 is highly conserved across different species. For example, STAT3 isolated from the Tasmanian devil facial tumor disease shares more than 99% amino acid sequence homology with human STAT3 orthologue (11). Despite being a transcription factor, STAT5 is essential in gene expression regulation. The complex formation of STAT5 protein requires three different dimer interfaces: (1) the N-domain for oligomerization, (2) the coiled-coil domain for DNA binding, and (3) the SH2 domain, which is required for dimerization via SH2 domain-pY residue. The STAT5A and STAT5B genes are located on chromosome 17q21.2 and show around 92% identity (731 amino acids out of 794). The STAT5A and STAT5B are mainly different at the C-terminal and N-terminal ends. In addition, the DNA binding properties of STAT5A and STAT5B are also different, where STAT5B forms solid bonds with DNA with very different spacing to palindromic invert repeat sequences, which impacts gene regulation. STAT5A and STAT5B show specific functions such as different protein-protein interactions, chromatin assembly, or variation in protein turnover and expression (11). Reports indicate that STAT5B is expressed in natural killer muscle cells, liver hepatocytes, liver endothelium, and cholangiocytes, while STAT5A is mainly expressed in mammary gland epithelial cells (13). The STAT5A and STAT5B proteins are activated by cytokines and hormones such as prolactin and growth hormone (14). STAT5 is also triggered by growth factors such as stem cell factor, FLT3 ligand, epidermal growth factor-, fibroblast growth factor-, platelet-derived growth factor-family members, and other cytokines/growth factors/chemokines (13). Tyrosine phosphorylation, serine/threonine phosphorylation, and other post-translational modifications, such as acetylation/sumoylation, regulate STAT5 activity (11). A large number of studies have reviewed the signaling pathway of STAT3. However, the function of intestinal STAT5 has not been reviewed. In this review, we overview the role and the interplay between mRNA m6A and the JAKs-STAT3 and 5 axes in gastrointestinal (GI) cancer with emphasis on STAT5.





An overview of RNA modification of m6A

It has been well established that methylation of the adenosine base at the nitrogen-6 position is the most abundant internal RNA modification (15). N6-methyladenosine (m6A) is considered one of the most common RNA methylation modifications that function in RNA processing, transport, and other functions (16). In general, m6A methylation modulates target gene expression through changing mRNA stabilization, splicing, degradation, and translation efficiency. The function of m6A has been elaborated in different biological procedures, including stem cell differentiation, embryonic development, DNA damage, and tumor progression (9, 17).

The m6A methylation is determined by a methyltransferase (writers), demethylase (erasers), and binding proteins (readers) (18). The overall picture of m6A methylation is presented in Figure 1. In addition, m6A is abundant in mRNA and non-coding RNA (ncRNA), and its function in ncRNA metabolism is essential (19). To date, 11 readers, seven writers, and two erasers have been identified. In the following sections, we will cover these three components of m6A modification.




Figure 1 | The causes and outcomes of m6A methylation. M6A methylation is catalyzed by the writers, including METTL3, METTL14, METTL16, WTAP, or CBLL1. Demethylases such as FTO and ALKBH5 erase the m6A modification through demethylation. The m6A-modified RNAs are recognized by reader proteins, including YTHDC1/2, IGFBP1/2/3, YTHDF1,2,3, and exported to the cytoplasm for degradation, protein translation, and so on. Figure created with BioRender.






m6A writers

Writers carry the beginning process of m6A methylation; different methyltransferases could form a complex to gain more robust catalytic ability. The methyltransferase complex (MTC) contains the m6A/METTL complex (MAC) and the m6A/METTL-associated complex (MACOM) (20). On the other hand, MAC has METTL3 and METTL14, which can form a stable heterodimer, which plays a vital role during m6A deposition on nuclear RNAs. METTL14 interacts with METTL3 through their methyltransferase domains (MTD), where METTL3 serves as the methyl catalytic core, while METTL14 stabilizes METTL3 to exert methyltransferase activity and provides an RNA-binding platform (6). However, reports show that METTL3 can function independently from METTL14 and promote the translation of specific mRNAs (21). There is around 22% shared sequence identity between METTL14 and METTL3 (22).

Different types of “writers” (e.g., METTL 3/14/16, WTAP, KIAA 1429, RBM 15/15B, and ZC3H13) are involved in catalyzing the m6A methylation on the mRNA (16). Another type of writer is Wilms’ tumor 1-associating protein (WTAP), which forms a complex with METTL3 and METTL14 that regulates m6A. WTAP is universally expressed in the nucleus and acts as a guide to recruit the methyltransferase complex to target transcripts (23). Although the loss of METTL14 promoted tumor proliferation in vivo, no impacts on the proliferation of CRC cells in vitro were observed. Moreover, the deletion of METTL14 prevents the embryonic stem cell potential for self-renewal and differentiation (24). A recent study by Wang et al. (25) explained the METTL14 role in suppressing CRC metastasis. They also reported that METTL14 is decreased in CRC tissues and correlated with CRC patients’ prognosis. In addition, suppression of METTL14 increased the mRNA stability of the arrestin domain containing 4 (ARRDC4), a downstream m6A target of METTL14, via an m6A-YTHDF2-dependent pathway (25).

Studies show that m6A regulates noncoding RNA (ncRNA) expression through a “writer” complex (9, 26). For instance, METTL3 is upregulated in metastasis to promote cell migration and invasion in CRCs by altering miR-1246 expression, while METTL14 suppresses cell proliferation, invasion, and migration in CRCs via miR-375 (27). METTL3 is also involved in tumor progression of other cancers such as leukemia and bladder and gastric cancers via regulation of their downstream genes (17). Studies on methyltransferases in kidney cancer, such as ccRCC, demonstrate that both METTL3 and METTL14 play as tumor suppressors (28–30). METTL3 was shown to be involved in the tumorigenesis and metastasis of colorectal cancer trough YPEL5 expression inhibition in a YTHDF2-dependent manner (31). Most studies on methyltransferases in bladder cancer claim that METTL3 and METLL14 are oncogenes and tumor suppressors, respectively (32).





m6A erasers

Several m6A-specific erasers, AlkB homolog 5 (ALKBH5), and fat mass-and obesity-associated protein (FTO) have been discovered. FTO was first discovered as a gene involved in obesity and energy metabolism and later introduced as the RNA m6A demethylase (33). It is well known that “erasers” such as FTO, ALKBH 3, and ALKBH 5, demethylate m6A, while the functions of “readers” are to identify m6A and selectively bind to target transcripts (34). The discovery of FTO suggested that RNA modification is reversible and dynamic (15). FTO carries out the m6A demethylation process in a Fe(II)- and α-ketoglutarate-dependent enzymatic reaction (35). Functionally, FTO generally acts as an oncogene in different cancers, such as glioblastoma and melanoma, emphasizing the potential of targeting FTO as a therapeutic approach against cancer (36). However, there are several inconsistencies regarding the functions of the FTO in tumor development and prognosis. For example, several reports indicate that FTO has tumor suppressor activities on CRC invasiveness and metastasis (33), ovarian cancer stem cell self-renewal (37), and papillary thyroid cancer (38). Also, a high relapse rate and poor prognosis in CRC patients were attributed to hypoxia-induced downregulation of FTO protein levels but not RNA. This hypoxia-induced FTO depletion results from ubiquitin-mediated protein proteasome-associated degradation (33).





m6A-readers

m6A readers such as YTHDC1/2, YTHDF1/2/3, insulin-like growth factor 2 mRNA-binding proteins (IGF2BP1/2/3), HNRNP, and eIF3 can recognize the m6A residues. YTH domain family protein 1 (YTHDF1) is an example of an m6A’ reader’ that enhances the translation efficacy of m6A-modified mRNAs and plays as an oncogene in human cancers. It was shown that high YTHDF1 expression is associated with poor prognosis in hepatocellular carcinoma (HCC) and CRCS. A recent study by Wang et al. (39) found that YTHDF1 is highly upregulated in CRC, supporting the concept that YTHDF1 may convert the deregulated m6A modifications to pro-tumorigenic signals. The expression level of YTHDF1 in human CRC is positively correlated with metastatic progression. Findings from the Ythdf1-knockout mice, CRC cell lines, and primary CRC organoids demonstrated that YTHDF1 executes its pro-tumorigenic impacts by enhancing tumor growth, migration, invasion, and metastasis (39).

In CRC, the epithelial-to-mesenchymal transition (EMT) process, in which cells lose their epithelial traits and acquire mesenchymal features, correlates with a more invasive or metastatic behavior. Throughout the process of EMT, tumor cells experience the breakdown of tight junctions, disturbance in apical-basal polarity, and restructuring of their cytoskeletal framework, facilitating the development of an invasive nature. EMT is irregularly governed by external stimuli originating from the tumor microenvironment within cancer cells, encompassing growth factors and inflammatory cytokines alongside internal physical pressures like hypoxia (40). It was reported that angiogenesis levels are elevated in the early stages of CRC growth. However, this process doesn’t show a consistent increase but exhibits an oscillatory pattern (41). EMT regulation demands a robust transcriptional apparatus primarily composed of developmental transcription factors. These factors orchestrate the modulation of epithelial and mesenchymal markers in a synchronized manner. The main groups of EMT-activating transcription factors include the SNAIL family (SNAIL/SLUG), the zinc finger E-box binding homeobox (ZEB) family (ZEB1/ZEB2), and the TWIST family of basic helix-loop-helix (bHLH) transcription factors (TWIST1/TWIST2) (40). Lin et al. (42) presented the importance of m6A modification on EMT regulation in cancer cells and the translation of Snail, an EMT key transcription factor, during this process. They showed that m6A modification levels in mRNA were significantly increased in cancer cells undergoing EMT compared to normal cells. In addition, there is a higher binding affinity between YTHDF1 and CDS of Snail mRNA in cancer cells undergoing EMT. In addition, the deletion of METTL3 and overexpression of ALKBH5 resulted in suppression of the in vitro migration, invasion, and EMT of cancer cells. The loss and gain functional studies also demonstrated that YTHDF1 mediates m6A-increased translation of Snail mRNA (42). In addition, the proliferation and growth of HCC cells are inhibited by YTHDF2 through disruption of the stability of epidermal growth factor receptor mRNA. YTHDF3 also negatively modulates the interaction between two long noncoding RNAs, growth arrest-specific 5 (GAS5) and yes-associated protein (YAP), leading to the inhibition of CRC progression (43). It has been well established that IGF2BPs can improve mRNA stability by binding to target transcripts through an m6A motif64 of GG(m6A)C (44). Studies revealed that “readers” such as YTHDF1, IGF2BP1, IGF2BP3, and EIF3B that identify m6A modulation sites are also regulated by ncRNAs (45).

The accumulating evidence revealed that noncoding RNAs (ncRNAs), including microRNA (miRNA), circular RNA (circRNA), and long noncoding RNA (lncRNAs), are involved in the initiation and development of colorectal cancer (1). Circular RNAs are a group of non-coding RNAs without 5′ caps and 3′ polyadenylated tails involved in CRC (46). In addition, the dysregulation of circRNAs leads to the chemoresistance of CRC. Emerging reports suggest that circRNA/microRNA (miRNA)/mRNA regulatory networks play an important role in CRC development and treatment (47). For instance, circ_0007142 increased cell proliferation and metastasis in CRC by regulating the miR-455–5p/SGK1 axis (48). Furthermore, miRNAs and lncRNAs play a pivotal role in diagnosing, prognosis, and treating CRC (49). The miRNAs can function as oncogenes or tumor suppressors, depending on their altered pathways and primary location, such as colon or rectal cancer (50). For instance, miRNA-9 and miRNA-101 act as tumor suppressors in CRC by suppressing colon cancer cell migration (50, 51). On the other hand, miRNA-200, miRNA-17, and miR-141 are three examples of CRC oncogenes that inhibit different tumor suppressor genes and promote cancer cell proliferation (52–54).

It was shown that the higher concentrations of circRNAs positively increase the m6A levels (55). Studies revealed that the sites of circRNAs modified by m6A differ from those of mRNAs modified by m6A, indicating that disruption in the m6A modification of mRNA does not correspond to the m6A circRNAs distraction. Thus, to eliminate m6A modification effects, it is also required to consider the m6A of circRNAs (27). The m6A RNA modifications are dynamic and reversible and regulate RNA metabolism, which can alter the genetic information at the mRNA level. The m6A RNA modifications can also modulate the balanced mRNA expression and facilitate mRNA translation, thereby affecting the levels of the target genes involved in proteins and RNA metabolism. It was shown that RNA metabolism impacts the occurrence and deterioration of diseases, such as cancer and inflammation (56).

In the context of the intestine, m6A is involved in various processes, including intestinal stem cell maintenance and differentiation, intestinal epithelial cells proliferation and regeneration, intestinal epithelial barrier function, and host-microbe interactions. For example, m6A modification of the RNA molecule has been shown to regulate the expression of critical genes involved in intestinal stem cell maintenance and differentiation, which are crucial for the regeneration and repair of the intestinal epithelium. Also, m6A has been implicated in regulating host-microbe interactions in the gut, which plays a critical role in maintaining gut homeostasis and preventing the development of inflammatory bowel diseases. Overall, m6A modification is a crucial process that plays a key role in various biological processes in the intestine and holds significant promise for developing new therapeutic strategies for treating gut-related diseases.






The function of m6A in colorectal cancer

Around 2 million Europeans and more than 1.5 million North Americans suffer from inflammatory bowel disease (57). Colorectal cancer (CRC) is the second leading cause of cancer-related death worldwide, and metastasis is considered the primary cause of cancer death (58). Many epidemiological data link inflammation to cancer within the digestive system. Inflammation is caused by poor diet, gut microbiota, and widespread infection. For instance, Helicobacter pylori infection causes inflammation in the gut, leading to around 75% of gastric cancers (59). Studies show that the risk of developing colon cancer due to chronic inflammation is very high in autoimmune disorders, ulcerative colitis, and Crohn’s disease (60). Data shows that around 50% to 60% of CRC patients ultimately develop metastatic disease, mainly affecting the liver and lungs (39). Despite recent advances in CRC treatments, the survival rate for patients with postoperative and advanced CRC recurrence remains low. Since CRC is mainly diagnosed at an advanced stage of metastasis, the death rate related to CRC metastasis is high (61). Moreover, CRC is highly heterogeneous, making it a very complex disease. Therefore, there is an urgent need to develop sensitive biomarkers capable of accurate prognosis prediction and monitoring therapeutic effects in CRC patients (62). Since epigenetic changes impact tumorigenesis and the progression of CRC, they can be used as potential clinical biomarkers for prognostic and therapeutic uses of CRC (63).

Post-transcriptional modifications of the RNA transcriptome, known as epi-transcriptomics, play critical regulatory roles in gene expression. Recent advances in RNA sequencing technologies discovered various RNA modifications on a transcriptome-wide scale, suggesting that dysregulation of RNA modifications results in tumorigenesis (39). It is well established that CRC occurrence and development are associated with the changes in levels of m6A RNA methylation and m6A RNA methylation regulators (57). Studies show that the amounts of m6A RNA methylation and the expression of its regulatory factors can impact cell proliferation, occurrence, metastasis, stemness-like properties of cancer cells, and invasion in colon cancer (CC) (19, 59). However, the function of m6A RNA modifications in rectal cancer (RC) is not fully understood (59). Recently, methylated RNA immunoprecipitation sequencing (MeRIP-seq) analysis of CRC patients demonstrated that m6A peaks are present in most mRNAs where m6A peaks are differentially methylated (60).

M6A methylation is the most common modification in eukaryote mRNA that functions as both an oncogene and a tumor suppressor in cancer metastasis and the EMT process (64). m6A plays a critical role in various cancers, including leukemia, brain, cervical, endometrial, breast, liver, and lung cancers (32). A regulatory function of m6A has been shown in oncogenesis and development by modifying different target genes (65, 66). Mutation of oncogenes and tumor suppressor genes caused by m6A regulatory factors can affect cancer cell proliferation, metastasis, and infiltration (58). The methylation of m6A regulates miRNA synthesis, processing, and maturation, which are crucial in tumorigenesis and cancer progression (62). The m6A modification also changes the structure of local RNA at the terminal loop region of primary miRNAs (pri-miRNAs), thus stimulating their processing through nuclear transcripts and alternative splicing by modulating RALY binding. A recent study by Wang et al. (63) unraveled an antiviral function for m6A modification in the small intestine during rotavirus infection through ALKBH5. The depletion of Mettl3 in IECs of mice improved their resistance to RV infection and increased the expression of interferons (IFNs) and IFN-stimulated genes (ISGs) (63).

The abnormal methylation of m6A mRNA in CRC could benefit CRC prognosis. Many studies show that RNA m6A regulatory factors, such as METTL3, METTL14, WTAP, FTO, YTHDC1, and YTHDF3, are abnormally expressed in CRC. METTL3 is a 70 kDa protein first identified in Hela cell lysates (67). METTL3 mediates the m6A methylation on mammalian RNAs and is crucial in influencing angiogenesis and promoting tumor progression (68). In CRC tissues, the METTL3 expression is significantly higher than in normal tissues, indicating that METTL3 plays a pivotal role in CRC (57, 69). A recent study (70) revealed that METTL3 upregulation in CRC tissues results in low survival in CRC metastasis. It also improved the stability of PLAU mRNA and promoted CRC cell metastasis through m6A modification. These findings provide novel therapeutic targets for treating CRC metastasis (70).

On the other hand, METTL3 has also been demonstrated as a tumor suppressor in CRC. A recent study (71) claimed that a high content of METTL3 in CRC patients is not beneficial for the cancer cells’ growth and division, and it also suppresses CRC cell proliferation, migration, and invasion through p38/ERK pathways, suggesting that METTL3 can be considered that a prognostic factor in CRC patients. In addition, regulators of m6A RNA modification can prevent the occurrence and development of CRC by altering its protein expression level and the protein expression levels of its downstream targets in CRC (57). M6A methylation in lncRNA is also required for cancer cell proliferation, metastasis, and stemness-like properties, including colorectal cancer (CRC) (19). Recently, Zhang et al. (72) also showed that there is a positive correlation between METTL3, LINC00662 (a lncRNA with a length of 2097 nt), and vascular endothelial growth factor A (VEGFA) in CRC tissues. In addition, it was demonstrated that METTL3 dually modulates the stability of the LINC00662 and VEGFA RNAs, thus promoting angiogenesis in CRC. These results together indicate that METTL3 increases CRC progression (72). The expression level of long intergenic noncoding RNA 460 (LINC00460) was significantly increased in CRC and regulated its growth and metastasis in vitro and in vivo (73). Also, LINC00460 could promote mRNA stability of HMGA1 via interacting with IGF2BP2 and (DHX9), which leads to a biological response to CRC malignant proliferation and metastasis. Furthermore, m6A modification of HMGA1 mRNA decreased its expression in CRC, and HMGA1 expression regulated by LINC00460 is METTL3-dependant (73).

In tumor tissues, ZEB1-AS1 was significantly overexpressed, which was related to the metastasis of EMT, indicating that ZEB1-AS1 level could be a valuable indicator for predicting the progression and prognosis of CRC (62). METTL3 also enables tumor progression by upregulating lncRNA RP11 and ZEB1 (74) or via the maturation of pre-miR-1246 (75). The METTL3 and METTL14 writers were shown to suppress CRC proliferation and migration via the p38/ERK pathway (71). Methyl CpG binding protein 2 (MeCP2) is a methylated DNA binding protein. Its oncogenic functions in gastric and colorectal cancer and facilitating metastasis of CRC have been documented. In addition, the interaction between MeCP2 and METTL14 was shown to modulate m6A methylation in CRC. In addition, the CRC tumor samples showed a higher expression level of MeCP2, indicating that MeCP2 might act as an oncogene in CRC (6). The m6A methylation regulation function of various studies. However, new reports claim that METTL14 impacts downstream events more than METTL3. Also, the downregulation of METTL14 and YTHDC2 is associated with the poor prognosis of rectal cancer patients (59). METTL14 downregulation in rectal cancer results in reduced immune cell infiltration and poor prognosis indicating that METTL14 expression level could be utilized as an independent prognostic factor in rectal cancer (76).

It was shown that m6A-modified mRNAs are recognized by IGF2BPs, leading to enhanced target mRNA stability, such as MYC, in an m6A-dependent manner (77). IGF2BPs also contain oncogenic roles in cancer cells by stabilizing methylated mRNAs of oncogenic (77). Moreover, Erasers can cause the progression and migration of CRC cells. For example, FTO is involved in the degradation of miR-1266 or reducing expression levels of STAT3, cyclin D, and MMPs to stimulate tumor growth (78). Recently, Bai et al. (79) demonstrated that the CRC cell’s tumorigenicity in vitro was dramatically suppressed when the expression of YTHDF1 was knocked down. In addition, YTHDF1 silencing inhibited the colonosphere formation ability in vitro and Wnt/β-catenin pathway activity in CRC cells. This compelling evidence suggests that YTHDF1 is overexpressed in CRC and functions as an oncogene in CRC (79). According to Zhang et al. (80), the lncRNA NEAT1 is demethylated by ALKBH5, which results in gastric cancer invasion and metastasis through altering the expression of EZH2. On the other hand, ALKBH5 was demonstrated to suppress gastric cancer invasion by downregulating and removing the m6A modifications of PKMYT1 (81). ALKBH5 is an oncogene that accelerates gastric cancer proliferation, metastasis, and invasion (82).

CircRNAs are classified as noncoding RNAs (ncRNAs) and characterized by the covalently closed loop structure without a 3′-poly-A tail or 5′-cap. In general, circRNAs are more stable and resistant to RNA exonuclease degradation. They are valuable prognostic biomarkers and promising targets for treating human cancers (83). YTHDC1 is one of the m6A readers that play critical roles in different cancers, and a high concentration of YTHDC1 was reported in CRC cells and tissues (84). Recently, a direct interaction between YTHDC1 and circFNDC3B in CRC cells was demonstrated. In addition, cytoplasmic export of circFNDC3B in LoVo and HCT116 cells requires YTHDC1, indicating the significance of m6A modification in circ-RNAs (85). A recent study showed that circ_0003215 is downregulated in CRC, and the functional assays demonstrated that the malignancy of CRC was inhibited in both in vitro and in vivo. Furthermore, circ_0003215 also has m6A methylation, which results in RNA degradation by m6A reader protein YTHDF2 (86). A newly identified circRNA, circ1662, is derived from 3 neighboring exons in the yes-associated protein 1 (YAP1) gene, which seems to play an oncogenic role in CRC, promoting CRC cell invasion and migration. It was reported that circ1662 formation is regulated by METTL3-initiated m6A methylation in CRC cells, and METTL3 apparently can accelerate CRC metastasis using the regulatory mechanism of circ1662. Since circ1662 is positively associated with METTL3 and YAP1 protein expression, it was suggested that circ1662 could be employed as a biomarker to identify cancer metastasis (87). The critical function of m6A-related lncRNAs in the tumor microenvironment (TME) remodeling has been demonstrated (62). Upon cancer development, IL-6 and IL-8 are secreted by tumor-infiltrating immune cells within the tumor microenvironment (TME) (88). A recent study by Liu et al. (89) showed that MIR100HG utilizes a miRNA-independent role in EMT regulation and metastasis in CRC cells by forming a regulatory circuit involving hnRNPA2B1 and TCF7L2. Data collected from 473 CRC specimens and 41 para-cancer tissues established a powerful prognostic model based on 16 genes out of 37 m6A-modified prognostic lncRNAs (90).

The involvement of the epithelial growth factor receptor (EGFR) signaling pathway in CRC progression makes EGFR a valuable therapeutic target in developing tumor-targeted therapeutic drugs. The fragile X mental retardation 1 gene, FMR1, is located on human chromosome Xq27.3, which encodes the FMR1 protein, an RNA-binding protein (RBP). It was shown that the FMR1 protein plays a vital role in the growth and progression of various tumors (91). Although the function of FMR1 in regulating CRC tumorigenesis and EGFR signaling pathway is not fully understood, a recent study (92) demonstrated that FMR1 is upregulated in CRC, which is associated with the proliferation and migration of CRC cells. Moreover, FMR1 was shown to recognize the m6A-modification site in EGFR and retained its expression in an m6A-dependent manner. In addition, the FMR1 knockdown effects in CRC cells were eliminated by METTL3, indicating that the METTL3/FMR1/EGFR complex is involved in CRC progression (92).

Mutation in m6A sites of RNA could affect m6A deposition and causes abnormal post-transcriptional regulation, which might result in carcinogenesis (93). The missense rs8100241 variant found in the exon of Ankyrin Repeat and LEM Domain Containing1 (ANKLE1) with a G>A change is linked to reduced CRC risk. Although variant ANKLE1 [A] is methylated by METTL3, ANKLE [G] could not be methylated. This phenomenon improves the ANKLE1 mRNA stability via m6A, thus decreasing CRC risk (94). Overall, epigenetic changes play a pivotal role in the epithelial-to-mesenchymal transition, a crucial mechanism for metastasis, and mainly include valuable biomarkers in CRCs such as DNA methylation, ncRNA m6A, and mRNA m6A. RNA m6A modification is critical for colorectal organ homeostasis, and its disruption leads to inflammatory disorders and aggressive cancers (19).





m6A modification and its potential in targeted therapy for m6A

Targeted therapy focused on m6A modification has emerged as a prominent area of research for developing new drugs in recent years. It was shown that m6A modifications play an important function in cancer responses to chemotherapy, radiotherapy and immunotherapy, suggesting that m6A regulators could be targeted and used in combination with chemotherapy, radiotherapy, or immunotherapy to treat cancer. The primary targets for m6A modification therapy include FTO inhibitors, METTL3–14 activators/inhibitors that could be used in combination with chemotherapy and immunotherapy (95). The role of METTL3 in CRC cancer has been investigated. Recently, Chen et al. (69) showed that increased expression of METTL3 results in a poor prognosis of CRC while Mettl3 knockout reduces colorectal tumorigenesis. The study also elaborated that the GLUT1-mTORC1 axis is the main METTL3 target in CRC and targeting METTL3 and mTORC1 has a significant potential to inhibit CRC growth, suggesting that METTL3 could be used as a target to treat patients with CRC (69). The association between METTL3 expression and the disease control rate in colorectal cancer (CRC) patients was explored by Li et al. (96). The findings of this study revealed that patients with elevated METTL3 expression had a lower response to chemotherapy leading to poorer treatment outcomes. METTL3 also promotes CRC stemness which consequently contributes to the development of resistance to chemotherapy in CRC patients. However, the knockdown of METTL3 in SW620 and HCT116 cells resulted in higher sensitivity to oxaliplatin-based chemotherapy, compared to the control. In addition, PDX tumor models were injected with METTL3 siRNA to assess the therapeutic effect of METTL3. The IHC results of isolated tumors demonstrated that METTL3 expression significantly reduced in the experimental group treated with METTL3 siRNA. These findings suggest a promising therapeutic scheme for CRC via application of METTL3 inhibitors (96).

The aerobic glycolysis pathway in tumor cells known as the Warburg effect is an abnormal glycolysis that enhances glucose uptake, ATP, and lactate production, promoting tumorigenesis. A recent study by Yang et al. (97) focused on illustrating the role of m6A modification in the Warburg effect in CRC. The study showed that METTL3 knockdown represses Warburg effect in CRC via regulating HIF-1α suggesting that METTL3 is a potential diagnostic marker and therapeutic target (97). Moreover, inhibition of m6A modification due to METTL3 and METTL14 deletion facilitates the IFN-γ-Stat1-Irf1 signal transduction through YTHDF2, resulting in the stabilization of STAT1 and Irf1 mRNA. Consequently, the response to anti-PD-1 therapy is enhanced, highlighting the potential of METTL3 and METTL14 as therapeutic targets for anti-cancer immunotherapy (98).

Recently You et al. (99) constructed small extracellular vesicles (sEVs) that highly express CD47 and increased cyclic arginine–glycine–aspartic modification. This novel strategy was shown to effectively deliver siYTHDF1 to treat gastric cancer with less toxicity via depletion of YTHDF1 leading to suppression of GI cancer progression and metastasis (99). FTO is an essential m6A regulator which its overexpression increases proliferation and migratory potential in MKN28 cells. However, the FTO knockdown suppresses the tumor growth in HGC27 xenograft model. In addition FTO changes the expression pattern of EMT-related genes including E-cadherin and vimentin indicating that FTO possibly functions in the EMT pathway as an oncogene (100). Chemotherapy drug resistance is a major hindrance to achieving treatment in cancers. A potential therapeutic approach to mitigate chemoresistance involves targeting m6A RNA modification. It was shown that YTHDF1 suppression enhances the effectiveness of 5-Fluorouracil and cisplatin chemotherapy drugs in drug-resistant CRC cells (101, 102). Mounting evidence shows that m6A regulation has the potential to be used in targeted therapy for IBD and CRC diseases. There is an urgent need to investigate novel therapeutic strategies targeting m6A for translational clinical applications in IBD and colorectal cancer.





Bioinformatics analysis to study the correlation between m6A RNA methylation and colorectal cancer

In recent years, bioinformatics has emerged as a powerful tool in elucidating the molecular complexities of cancer biology. Combining the capabilities of bioinformatics with experimental evidence enables researchers to explore the interplay between m6A modification and CRC pathogenesis, shedding light on novel biomarkers, therapeutic targets, and potential prognostic indicators.

m6A2Target was the pioneering resource developed in 2020 for targets of m6A writers, erasers, and readers (103). Recently, an updated database called RM2Target has been published (http://rm2target.canceromics.org/). It is more powerful than m6A2Target, encompasses a broader range of RNA modifications, and compiles a significantly larger number of target gene associations (104). The M6ADD database is another platform developed to explore the association between m6A modification and gene disorders and diseases, which consists of 222 m6A-related diseases from both humans and mice. The development of the m6ADD database aims to facilitate researchers in acquiring insights into the functions of particular genes and specific gene-protein interactions (105). The RMDisease, is another example of an RNA modification database developed to address the genetic variants affecting RNA modifications and their potential association with diseases. This resource integrates data from a large number of RNA modification sites and somatic and germline SNPs, serving as a useful mapping resource for exploring different genetic factors involved in epitranscriptome regulatory pathways and their role in diseases (106). A recently upgraded version of RMDisease database, RMDisease V2.0, has become available by compiling all existing RNA modifications-associated variants and annotating their potential implications in diseases and traits, enabling it to cover a lager range of RNA modification types in different species (107). The m6A-Atlas was released in 2021, offering a more comprehensive perspective of the m6A epitranscriptome. This database resource integrated different m6A sites from seven high-resolution epitranscriptome profiling and diverse post-transcriptional regulatory mechanisms (108). Recently, the m6A-Atlas v2.0 became available to users, enabling them to filter next-generation sequencing results. This database provides a free resource for different m6A enrichment regions for users to screen and filter data.

Furthermore, by integrating annotation data, m6A-Atlas v2.0 facilitates exploring relationships between RNA m6A modification sites and different downstream functional characteristics (109). Human RNA Modifications Disease Database (HRMDD) is another web resource developed recently by collecting 2082 experimentally supported RNA modification-disease associations. The Cancer Genome Atlas (TCGA) analysis was used to evaluate the molecular and clinical aspects of RNA modification regulators in 33 different cancer types, and the roles of RNA modification regulator genes in cancers were visualized and characterized by the development of a regulator-Tool (110). Given that numerous studies evaluating the function of m6A regulators in CRC have been published, further in-depth study into CRC is still required to enhance patient prognosis. Therefore, bioinformatics analysis could be used as an interdisciplinary approach to improve our understanding of CRC at the molecular level by aiding researchers in efficiently and promptly identifying candidate genes. It holds promise for personalized medicine and precision oncology interventions.





An overview of JAKs/STAT signaling pathway

Inflammation is an essential sign of carcinogenesis and tumor progression. It was shown that chronic inflammation is the cause of around 15–25% of cancer cases or deaths worldwide (111). For instance, inflammation resulting from severe Helicobacter pylori infection is associated with approximately 75% of gastric cancers. In addition, chronic inflammation resulting from autoimmune disorders, ulcerative colitis, and Crohn’s disease enhances the risk of developing colon cancer (112). High levels of cytokines usually characterize inflammation, including interleukin (IL)-6, IL-8, interferon (IFN)γ, tumor growth factor (TGF)-β, tumor necrosis factor-α, vascular–endothelial growth factor and nitric oxide (NO). Reports show that the upregulation of these factors in response to inflammation causes oxidative stress, resulting in DNA damage (111).

The JAK/STAT pathway was first discovered in 1990 when Fu et al. (113) found that the transcriptional activator interferon-stimulated gene factor 3 (ISGF3) responds to IFN-α and is comprised of multiple interacting polypeptide chains (Figure 2). Later on, a proposed model for the signal transduction pathway, which IFN-α induces, demonstrated the signal transduction mode of the JAK/STAT signaling pathway (114). The JAKs/STAT pathway is a pro-tumorigenic signaling pivot that maintains the pro-inflammatory environment. As an evolutionarily conserved pathway, JAK/STAT is essential for proper cellular function. JAKs/STAT was shown to be involved in oncogenesis and progression processes, including cell proliferation, differentiation, invasion, and metastasis. Cancer-related inflammation and mutation of JAKs/STAT components result in various diseases. Many reports emphasized the importance of the JAKs/STAT pathway in malignancies and autoimmune diseases, suggesting that inhibition of the JAKs/STAT pathway could open new promising avenues to treat different diseases (115).




Figure 2 | The JAK-STAT signaling pathways. (A) The type II IFN signaling pathway leads to phosphorylation of STAT1 and induction of inflammatory response. (B) The type I IFN signaling pathway results in the phosphorylation of STAT1 and STAT2, which causes an antiviral response. (C) Cytokines signal transduction is mediated by JAKs complexes leading to STAT3 and STAT5 phosphorylation. These phosphorylated STATs are then translocated to the nucleus to trigger the transcription of genes involved in inflammation, angiogenesis, and survival. (D) The Type I IFN signaling via TYK2 and JAK1 activates the NFκB pathway resulting in a viral response. Figure created with BioRender.



STATs are a family of transcription factors that regulate numerous tumor-associated genes and act as critical cellular mediators in response to various cytokines and growth factors (116). The family of STAT proteins is categorized as conserved transcription factors containing seven members (STAT1, 2, 3, 4, 5a, 5b, and 6). However, the JAK family is comprised of four members: JAK1, JAK2, JAK3, and TYK2 (115). Although differences in the STAT proteins’ structure, expression levels, and subcellular localization usually lead to variations in their cellular response, the general knowledge from one member could be applied to others since they share similar structural arrangements of their functional motifs. Since different STATs can interact with the same DNA regulatory element (DRE), the same stimulus can trigger different types of STAT. JAK-STATs pathways are involved in several biological processes. Thus, precise homeostatic mechanisms at various levels must be performed to maintain the signaling pathways.

The alteration in signal transduction functions of different JAK-STATs is carried out through auxiliary STATs recruitment, STAT competition, epigenetic modifications, and recruitment of proteins that inhibit JAK-STAT phosphorylation and DRE binding (117). STAT proteins remain in the cytoplasm when they are inactive. The cytokine receptors are phosphorylated by forming noncovalent binding with JAKs, consequently recruiting STAT proteins. In general, phosphorylation on a C-terminal tyrosine residue activates STAT protein. Thereafter activation, STAT dissociates from JAK and immediately undergoes a stable dimerization upon tyrosine-phosphorylation. They are translocated into the nucleus to modulate the expression of several target genes after binding to specific palindromic DNA elements (e.g., IFNγ-stimulated response element sites) (111, 115). Since STAT1, STAT2, and STAT3 are more stable, it is proposed that the active transcriptional region can regulate the stability of the protein. On the other hand, STAT4, STAT5, and STAT6 can be employed as targets for ubiquitin-dependent destruction (115).

In general, the loss of function or gain of function mutations in JAK-STAT is the leading cause of the initiation and development of tumorigenesis. It was shown that STAT3 and STAT5 are involved in tumor initiation and progression, while STAT1 and STAT2 play an essential role in anti-tumor defense and long-term immune response (117). For instance, a higher level of nuclear STAT5 is associated with early recurrence and decreased survival rate in prostate cancer, while STAT3 overexpression results in recurrence and poor survival in melanoma, cervical cancer, and colorectal cancer (118). Studies revealed that tumor growth rate and IFN-γ-driven tumor cell killing by NK and T cells were accelerated in STAT1 knockout mice, suggesting that loss of STAT1 negatively affects both innate and adaptive anti-tumor responses (119).





The role of STAT3/5 in GI inflammation and CRC

The transcriptional activators of STAT5 include STAT5A and STAT5B, with 91% similarity at the amino acid level. Although STAT5A has a lower DNA-binding capacity than STAT5B, it can form tetramers and dimers while binding to DNA. However, STAT5B only forms dimer structures (115). According to Lin et al. (2012) normal function of natural killer (NK) cells development and maintenance of CD8+ T cell and CD4+CD25+ T cell critically depend on STAT5 tetramers (120). Different types of cytokines such as IL-3, prolactin, and the IL-2 cytokine family (e.g., IL-2, IL-4, IL-7, IL-9, and IL-15) can activate STAT5. Also, STAT5 can be activated by EGF, EPO, GM-CSF, TPO, GH, and platelet-derived growth factors (121).

In general, JAK/STAT pathway is a highly conserved signal transduction pathway that regulates different cellular mechanisms related to various diseases, including GI cancer. JAK/STAT5 has been shown to modulate intestinal mucosal immunity (122, 123). The function of intestinal JAK/STAT5 has been documented in different gut cytokines, hormones, and growth factors-mediated mucosal destruction or protection (124). It was reported that JAKs/STAT3 mediates signals from cytokines (e.g., IL-6) or growth factors (e.g., TGF-α) to the nucleus. In addition, regulating intestinal epithelial barrier integrity and transcription induction of antimicrobial peptides by IL-17 would protect the tissue from microbiota translocation and inflammation. However, other cytokines such as IL-4 and IL-13 stimulate the Tuft cell maturation, resulting in the response of parasite antigens (125).

Furthermore, IL-17 regulates intestinal epithelial barrier integrity. The signaling pathway of JAKs/STAT3 is activated upon binding cytokine ligands or growth factors to their receptors on the cell surface, resulting in JAKs activation. The activated JAKs consequently induce the phosphorylation and dimerization of STAT3, stimulating the transcription of several downstream genes (61). Reports show that the overactivation of the JAKs/STAT3 pathway is correlated with CRC-related phenotypes. On the other hand, inhibition of the JAKs/STAT3 signaling pathway induced apoptosis in CRC cells leading to tumor cell invasion and tumor growth restrain (126). The activation of the JAKs/STAT3 signaling pathway results in enhanced expression of malignant phenotypes-associated molecules, such as matrix metalloproteinases, VEGFA, bFGF, and HGF, consequently developing malignant tumor behaviors, including EMT, migration, invasion, angiogenesis, and metastasis (61). The analysis of target genes and cellular signaling pathways, including JAKs/STAT3 associated with CRC progression and metastasis, can elucidate the underlying mechanism of CRC progression and pharmacotherapy (127).

It was shown that the constitutive activation of STAT3 leads to the development of head and neck tumors, breast cancer, non-small-cell lung cancer, colorectal cancer, and hematological tumors. In addition, high expression of STAT3 and IL-6 can reduce chemotherapy sensitivity in high-grade breast cancer (128). Recently (129) showed that colorectal cancer-associated fibroblasts (CAFs) promote metastasis by upregulating leucine-rich alpha-2-glycoprotein 1 (LRG1). In addition, CAFs-secreted IL-6 (interleukin-6) is responsible for LRG1 up-regulation in CRC, which occurs through direct transactivation by STAT3 following JAK2 activation. Receptor tyrosine kinases such as epidermal growth factor receptors (EGFR) are the upstream activators of the JAKs/STAT3 signaling pathway. Moreover, IL-1 was shown to induce LIF expression and downstream JAK/STAT to generate iCAFs (130). On the other hand, TGF-β antagonizes the generation of iCAF by downregulating IL-1R expression, which promotes shifting to myCAFs. This phenotypic shift of CAFs results in a significant decrease in tumor volume (130). The EGFR is overexpressed in more than 90% of clinical patients. Many studies show that EGFR activates MAPK and JAKs-STAT3 signaling pathways, and STAT3 is involved in the survival of cancer stem cells (CSCs) (131). The JAK/STAT3 signaling pathway is vital in mediating the effects of IL-6 on tumor cell proliferation, survival, invasion, and metastasis. Reports show that selective targeting of STAT3 in cancer could provide multiple benefits, including inhibiting cell-autonomous effects on tumor cell growth and metastasis. Therefore, therapies targeting EGFR and IL-6 pathway components could be used to impair STAT3 activation and signaling (132). Therefore, manipulating the JAKs/STAT3 signaling pathway is a promising approach for metastatic CRC treatment.

Reports show that reduced STAT3 signaling results in the loss of stem cell maintenance, while STAT5 and STAT1 primarily affect cellular survival. Although higher levels of STAT5 were reported in hematological malignancies, recent findings show that STAT5 also mediates solid tumorigenesis (133). STAT5A knockout mice showed defects in progesterone signaling resulting in undeveloped mammary glands and pregnancy difficulties. However, STAT5B knockout mice display dwarfism, lower hepatic RNA biosynthesis capacity, reduced glucose and lipid metabolism, and sexual conversion with marked gender differences (11). It was shown that STAT5A and STAT5B knockout strains are viable. In addition, the Stat5 double knockout embryos are anemic, leukopenic, had smaller spleens and thymi, and disordered thymic architecture, which results in severe combined immunodeficiency phenotype (134).

Evidence indicates that the JAK2/STAT5 pathway is activated in different cancers, suggesting that the AK2/STAT5 signal could be a promising drug target. The biological processes related to JAK2/STAT5 pathway are mainly triggered by transcriptional activation of STAT5 target genes. Recently Wang et al. (135) studied the expression of Matrix Gla protein (MGP) protein in both gastric cancer (GC) and normal tissues. The results show an association between MGP and STAT5 signaling. In addition, the biochemical assays revealed that binding of MGP promotes phosphorylated-STAT5 (p-STAT5), which leads to the suppression of GC cell apoptosis through activating the transcription of downstream genes. In addition, the application of STAT5 inhibitors suppressed the oncogenic effects of MGP, suggesting that GC patients with high levels of MGP expression may show increased sensitivity to STAT5 inhibitor treatment (135). Moreover, there are variations in the association between p-STAT3 and survival in colon cancer, but a high p-STAT3/p-STAT5 ratio indicates a bad prognosis (136). Unphosphorylated STAT5A helps to stabilize the heterochromatin upon binding to heterochromatin protein 1α(HP1α) and acts as a tumor suppressor. The transcriptome profiling study showed that unphosphorylated STAT5A could repress several genes (e.g., TGFB1 and FOXQ1) involved in colon cancer development (137).

The JAK/STAT signaling pathway also makes epigenetic changes that alter gene expression. For instance, histone acetyltransferase p300/CBP can execute acetylation on STAT3, which recruits DNA methyltransferase 1 (DNMT1). STAT3, STAT5A, and STAT5B are highly expressed in most cell types. It was demonstrated that deletion of STAT3 in mice results in embryonic lethality, while deletions of STAT5a and STAT5b lead to developmental and immune defects, respectively (138). Genome-wide analyses by Mandal et al. (139) revealed that STAT5 tetrameric binding motif is associated with transcriptional repression in leukemias. The tetrameric STAT5 is also shown to recruit Ezh2, repressing several genes regulated by STAT5 during B lymphopoiesis (139).





The interaction between m6A and JAKs-STAT3/5 during CRC

Compelling evidence shows that m6A modification governs the expressions and functions of ncRNAs, thus controlling cancer stemness properties. On the other hand, the JAK/STAT3 signaling pathway is important in cancer stemness research as it can link ncRNA and m6A in tumorigenesis and metastasis (64). It was shown that the upregulation of lncRNA ITIH4-AS1 leads to downregulation or depletion of RE1 silencing transcription factor (REST) in CRC, which consequently promotes ITIH4-AS1 expression and induces tumor proliferation and metastasis through JAK/STAT3 pathway (140). Activated JAK1/STAT3 is crucial in gastric cancer proliferation and metastasis (141). Recent findings demonstrated that m6A modification regulates the key molecules in the JAK/STAT3 signaling pathway. The proposed interaction between STAT3 and m6A signaling pathways is presented in Figure 3.




Figure 3 | Cross-talk between m6A and STAT3 pathways. The inflammatory factors activate the STAT3 pathway. The activated STAT3 increases the expression of METTL3, METTL14, and WTAP genes, consequently enhancing the expression of m6A genes. IGF2BP2 can recognize the methylated mRNA transcripts, and the interaction maintains mRNA stability and expression. Figure created with BioRender.



Reports show that the SOCS family modulates several cytokine induced intracellular signal pathways. For instance, SOCS2 regulates different biological processes, such as immune responses (142, 143). SOCS2 is triggered by tyrosine phosphorylation and functions downstream of the JAK/STAT pathway, consequently negatively regulating this signaling pathway (144). It has been shown that the dysregulation of the JAK/STAT signaling pathway is very common in gastric cancer (145). Recently, Jiang et al. (146) used an AGS (human gastric cancer cell line) culture. They showed no difference between STAT1 and STAT3 regarding tyrosine phosphorylation in the MELLT3-KO AGS cells compared to wild-type cells. However, the results of this study demonstrated a negative association between SOCS2 and cell proliferation in gastric cancer cells. In addition, METTL3 knockdown enhanced SOCS2 expression, reducing cell proliferation in AGS cells (146). A study by Wu et al. (147) revealed that expression of JAK2 and SOCS3 due to the loss of METTL3 results in impaired self-renewal capacity and triggers the differentiation of induced pluripotent stem cells.

A study on IL-7/STAT5/SOCS pathways explored the involvement of RNA modifications in T-cell homeostasis (148). Li et al. (148) showed that the mRNAs of the suppressor of cytokine signaling (SOCS) gene family are labeled by m6A enzymes which result in higher mRNA levels in Mettl3-deficient immature T cells. In addition, higher activities of the SOCS gene family could also inhibit the activation of IL-7-mediated STAT5 and T-cell homeostatic proliferation and differentiation (148). Also, m6A modification through METTL3 seems essential for T regulatory cell (Treg)-suppressive functions via IL-2/STAT5 signaling (149), and Treg cells that lack METTL14 cannot inhibit colitis in mice (150). The m6A modification of Jak1 mRNA in tumor-infiltrating myeloid cells (TIM) via METTL3 improves the translation efficiency of JAK1 protein and STAT3 phosphorylation (151). It was shown that low expression of YTHDF2 in multiple myeloma reduces cell proliferation. The RIP sequencing study of m6A revealed STAT5A as a downstream target of YTHDF2, and its binding to the m6A modification site of STAT5A enhances mRNA degradation (152). The role of YTHDF2 in tumor progression has been well-studied. However, the beneficial function of YTHDF2 in the immune response to tumor cells has been recently discovered. YTHDF2 was shown to be upregulated in natural killer cells, a key component of innate immunity, upon activation by cytokines, tumors, and cytomegalovirus infection. YTHDF2 also maintains natural killer cell homeostasis and maturation by establishing a STAT5-YTHDF2 loop (153).

A recent study by Fang et al. (82) emphasized the role of ALKBH5 in gastric cancer. They showed that ALKBH5 is significantly expressed in gastric cancer samples enhancing gastric cell proliferation and metastasis. ALKBH5 also removes the m6A modification of JAK1 mRNA, leading to upregulation of JAK1 expression mediated by LINC00659 in an m6A-YTHDF2-dependent manner, consequently activating the JAK1/STAT3 pathway in gastric cancer. In addition, the ALKBH5 silencing disrupts gastric cancer tumorigenesis via the JAK1 axis (82). A recent study showed that ALKBH5 regulates the activity of STAT3 in osteosarcoma in an m6A-YTHDF2-dependent manner. It was demonstrated that YTHDF2 could read SOCS3, leading to higher levels of m6A-methylated transcript degradation (154). In addition, FTO could negatively regulate STAT3-mediated signaling and induce pro-inflammatory IFN-stimulated genes (ISGs) during the IFN response. Depletion of FTO led to higher phosphorylation and activation of transcription factor STAT3 (155). The upregulation of lncRNA ITIH4-AS1 in colorectal cancer enhances RE1 silencing transcription factor (REST) downregulation or depletion, which consequently upregulates ITIH4-AS1 and promotes tumor proliferation and metastasis through JAK/STAT3 pathway (140).

In general, STAT5 plays a crucial role in the development and differentiation of various cells in the body, including immune cells. In bowel disease, STAT5 is involved in the pathogenesis of IBD and colorectal cancer. STAT5 activation is decreased in patients with IBD, leading to impaired immune function and dysregulation of the intestinal epithelial barrier. This dysregulation of the epithelial barrier can lead to increased intestinal permeability and bacterial translocation, contributing to the pathogenesis of IBD. Additionally, STAT5 plays a role in regulating the differentiation of T cells, which are essential in the immune response in the gut. Dysregulation of STAT5 signaling is associated with an imbalance in T cell populations and the development of IBD.

On the other hand, m6A is a chemical modification of RNA that affects mRNA stability, splicing, and translation efficiency. Growing evidence suggests that there is cross-talk between STAT5 and m6A signaling pathways. For example, STAT5 directly interacts with the m6A methyltransferase METTL3, which adds m6A to mRNA. This interaction leads to increased m6A methylation of STAT5 target genes, resulting in their destabilization and reduced expression. In addition, m6A modification can regulate the activity of STAT5 by affecting the stability and translation efficiency of STAT5 mRNA. Increased expression of METTL3 in colorectal cancer demonstrated dual functionality in gene regulation, encompassing both methyltransferase activity-dependent and -independent functions. METTL3 promotes JAK1 translation by adding m6A modifications to the 3’ untranslated region of the JAK1 transcript.

Additionally, redistribution of METTL3 to the STAT3 promoter in collaboration with NF-κB enhances STAT3 transcription, independently of its methyltransferase activity. The concurrent elevation of JAK1 and STAT3 contributed synergistically to activating the p-STAT3 signaling pathway, subsequently increasing cancer cell proliferation and metastasis (156). Figure 4 illustrates the possible interaction between STAT5 and m6A pathways (Figure 4). Overall, it is suggested that a complex interplay between STAT5 and m6A signaling pathways can have important implications for gene regulation and cellular function. Further research is needed to understand better the molecular mechanisms underlying this crosstalk and its relevance to human disease, including gastric cancer.




Figure 4 | The interaction between STAT5 and m6A pathways via persistent and transient activation mechanisms. Figure created with BioRender.







Conclusion

CRC is a frequent tumor malignancy with high incidence and mortality worldwide. The epidemiological data indicate that the number of CRC patients is increasing annually in developing and developed countries, and the progress of CRC seriously threatens the survival of patients. Also, the advanced stage of CRC patients has poorer outcomes. Due to the lack of diagnostic biomarkers and therapeutic targets, CRC treatment is disappointing. Thus, further exploration of the underlying molecular mechanisms of CRC progression is inevitable (157). The N6-methyladenosine is the most common mRNA modification crucial in tumor metastasis in various cancers. Therefore, exploring how RNA m6A modification is regulated in CRC recurrence and metastasis is of great interest in improving CRC patient prognosis.

The intestinal epithelium undergoes continuous self-renewal to maintain its integrity and functionality. The role of m6A modification in regulating cell differentiation and proliferation in intestinal epithelial cells (IEC) is an important aspect of its function in maintaining gut homeostasis. The m6A modification can regulate the expression of genes that control the commitment of intestinal stem cells to specific lineages, such as absorptive enterocytes, mucus-secreting goblet cells, hormone-producing enteroendocrine cells, and antimicrobial peptide-producing Paneth cells. By affecting the stability and translation of lineage-specific transcripts, m6A modification helps direct stem cells toward different cell fates (158). The JAK/STAT pathway also contributes to the regulation of cell fate decisions in intestinal epithelial stem cells and progenitor cells. Activation of specific STAT proteins can drive gene expression in lineage specification. For instance, STAT3 activation has been linked to the differentiation of intestinal stem cells into absorptive enterocytes, while STAT6 activation may promote the differentiation of goblet cells that secrete mucus. Proper cell turnover in the intestinal epithelium requires balancing cell proliferation and cell death. m6A modification can impact gene expression in cell cycle progression, cell growth, and survival. The JAK/STAT pathway also influences the differentiation and proliferation of IECs. Properly balanced proliferation is essential for maintaining tissue integrity and preventing the accumulation of damaged cells (11). Dysregulation of m6A modification and/or JAK/STAT pathway can disrupt this balance, potentially leading to uncontrolled cell proliferation or impaired differentiation, which is associated with conditions like colorectal cancer (159). Conversely, inadequate activation of the pathway may impair regeneration and healing after injury. The JAK/STAT pathway and m6A modification also contribute to forming and maintaining an epithelial barrier that separates the body’s internal environment from the external environment within the gut lumen.

The m6A levels are determined by m6A writers (METTL3/METTL14/WTAP protein complex) m6A erasers (FTO and ALKBH5) and m6A readers (YTHDC1–2, YTHDF1–3, IGF2BP1–3, HNRNPC, and HNRNPA2B1) (1). The collaboration between writers, erasers, and readers of m6A methylation was shown to participate in the progression of various types of tumors. The m6A modification consequently facilitates the recruitment of m6A readers that link m6A-modified RNAs to mRNA processing enzymes, affecting RNA export, splicing, translation, and degradation (39).

The m6A-profiling methods require a large amount of RNA material; thus, m6A distribution profiling in the transcriptome of patient samples, particularly cancer stem cells and the primitive/progenitor cells of normal tissues will be challenging. The emergence of new techniques that utilize a small amount of RNA and provide base-resolution m6A profiles with better quantitative information is desired. Also, CRISPR genome editing and CRISPR-mediated RNA modification approaches would provide informative information about the epistatic relationship between RNA methylation and chromatin dynamics (15). The existence of cancer stem cells (CSCs) in colorectal cancer has been recently indicated. Their role in metastasis, drug resistance, and continual adaptation of cancer cells to the changing tumor microenvironment (TME) has also been discovered. In addition, the accumulation of epigenetic and genetic variability leads to the evolution of the CSC, consequently resulting in tumor growth and maintenance. Thus, exploring key genes involved in transforming tumor CSC and unraveling the underlying mechanisms in colorectal cancer may uncover novel therapeutic targets (160). Although there is mounting evidence of the involvement of m6A in CRC, the expression and functional effects of m6A RNA methylation on CRC are still poorly understood.

The JAK/STAT pathway was shown to be involved in abnormal gene expression related to high cytokine levels. Studies show that JAK/STAT inhibitors could be effectively used to treat multiple diseases, such as rheumatoid arthritis (RA) and systemic lupus erythematosus (SLE), indicating that JAK/STAT serves a vital role in disease development (161, 162). Chronic inflammation was shown to drive tumorigenesis. The JAK/STAT signaling pathway can link inflammation with cancer. JAK/STAT is one of the leading 12 signaling pathways abnormally regulated in cancer. The function of STAT5 in intestinal homeostasis has been proven. It was shown that STAT5 plays an essential role in the interaction regulation of microbiota and IEC, mediating chronic inflammation and promoting mucosal healing. The upregulation of JAK/STAT signaling was shown to be involved in cancer aggressiveness and tumor progression. The increased JAK/STAT signaling in different cancer diseases, including CRC, impairs prognosis and decreases overall survival.

Since JAK/STAT signaling pathway upregulates different aspects of cancer development, including cell growth, differentiation, and survival, its inhibition could be employed as a potential strategy for cancer. Decreased m6A methylation in cells reduces the STAT3 activity, leading to lower cell proliferation, while up-regulation of STAT3 could reverse its effects on cell growth (154). Recently, Fang et al. (82) reported the phosphorylation of STAT3, but not STAT1 or STAT5, by JAK1 in gastric cancer cells. The JAK1 upregulation promoted the STAT3 phosphorylation and activated the JAK1/STAT3 pathway, which accelerated the progression of gastric cancer. M6A is involved in the expression of different transcripts of the STAT3 signaling pathway resulting in activation or inhibition of the STAT3 signaling pathway in various tumors (154). In cholangiocarcinoma tumor cells, the binding of STAT3 to the m6A writer gene results in the upregulation of m6A writers by cytokine IL-6, suggesting that m6A is a potential target in response to inflammation (163). In cancer stemness research, the JAK/STAT3 signaling pathway is pivotal in linking ncRNA and m6A in tumorigenesis and metastasis (64).

In conclusion, the findings emphasize the vital function of m6A RNA methylation and the JAK/STAT signaling pathway in developing various diseases. Thus, deciphering the underlying molecular mechanism and the interplay of these two mechanisms will help us better understand the development of human diseases and provide us with more sophisticated tools to treat diseases in the future. Studies indicate that m6A modification regulates the key molecules in the JAK/STAT3 signaling pathway. Loss of METTL3 affects JAK2 and SOCS3 expression patterns, leading to impaired self-renewal capacity and triggering the differentiation of induced pluripotent stem cells (164). Generally, loss of m6A modification leads to slow mRNA decay while it increases expression of the STAT signaling inhibitory proteins SOCS1, SOCS2, and CISH, consequently inhibiting cytokine-mediated STAT5 activation, T cell proliferation, and T cell differentiation (165).





The perspective of the role of m6A in the JAKs-STAT3/5-induced GI cancer

Studying other m6A-related regulatory factors is necessary, particularly in CRC. It has been proven that the poor prognosis of CRC has been strongly linked to the abnormal expression of m6A regulatory factors. While numerous cellular signaling pathways have been established as contributors to CRC metastasis and their underlying molecular mechanisms have been extensively explored, the complete understanding of their interaction and regulation in CRC progression remains elusive. STAT5 regulates microbiota interaction, and IEC mediates chronic inflammation and promotes mucosal healing. However, the function of STAT5A and B in promoting healing during IBD disease and cancer is not fully understood. Therefore, there is an urgent need to explore the underlying mechanism of the JAK/STAT pathway in intestinal homeostasis to illustrate its involvement in colorectal cancer formation. In addition, more experimental studies are required to attain solid evidence to identify the crosstalk between JAK/STAT and m6A methylation as a possible prognostic biomarker of inflammation and infection and therapeutic developments.
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Training Set  (2009.06-2022.08) Validation Set (2017.06-2022.09)
Hospital 1 Hospital 2

Patients with gastric schwannoma or GIST
who were confirmed by surgery and pathology

Gastric
schwannoma (n=25), GIST (n=180)

Gastric
schwannoma (n=46). GIST (n=416)

Lesions 2-5 em in diameter

Gastric
schwannoma (n=18), GIST (n=95)

Gastric
schwannoma (n=38), GIST (n=208)

Plain and contrast-enhanced CT examinations
within 15 days before surgery
Gastric Gastric
schwannoma (n=36), GIST (n=192) schwannoma (n=15), GIST (n=76)

Solitary lesions

Gastric Gastric
schwannoma (n=36), GIST (n=187) schwannoma (n=15), GIST (n=74)

Complete clinicopathological data and good
CT image quality

Gastric Gastric
schwannoma (n=35), GIST (n=173) schwannoma (n=13), GIST (n=66)

Having received neoadjuvant therapy before surgery

Gastric Gastric
schwannoma (n=35), GIST (n=171) schwannoma (n=13), GIST (n=65)

Presence of other tumors (gastric, liver, pancreatic,
or esophageal cancer)

Validation Cohort
schwannoma (n=13),

Training Cohort
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2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 20 2021 2022 AAPC

(95% CI)
Total 188 208 206 173 29 27 142 158 125 131 149 100 180 45 | -49(-86t0-L1)
Sex
Male 197 24 240 201 260 24 165 168 156 159 162 19 21 53 —43(-7810-07)
Female 179 172 17.2 146 238 200 120 149 93 104 137 82 140 36 | -57(-9910-12)
Age group
40-49 181 08 26 188 262 254 176 17.7 14 179 184 129 22 40 -33(~74-09)
50-59 188 193 196 180 24 210 136 149 153 123 154 100 198 51 ~10(-781001)
60-69 214 178 17.7 158 215 185 1o 129 109 91 130 76 122 43| =72(-10910-34)
70-75 163 185 159 104 23 141 92 197 90 74 91 78 100 42| =75(-11910-29)

Residential area

Metropolitan 174 199 193 207 239 18.1 103 157 126 125 163 95 182 48 | -46(-8510-05)
Non- 200 214 216 146 257 us 175 159 123 137 139 105 179 42| -53(-9310-L1)
metropolitan

Education level

Elementary or 158 140 125 10.9 235 219 94 110 74 28 55 52 104 09 —=6.1(=133t01.8)
lower

Middle school 17.5 144 14.1 14.1 17.0 210 152 89 7.5 103 38 83 15 =7.1(=120t0-2.0)
graduates

High school 179 188 187 159 243 20.6 128 142 1.0 1.8 132 84 125 33 =6.7 (=105 t0 -2.7)
graduates

College or 242 310 30.8 245 282 240 185 194 17.1 18.0 209 156 281 6.7 =39(-7.7100.1)

higher

Household income

Low 143 144 135 138 240 186 111 127 98 95 1.2 80 92 28 =67 (=113 t0-1.8)
Middle 18.8 210 210 15 233 204 125 163 1.2 14.0 144 96 189 35 =3.6(~7.7100.8)

High 238 272 274 231 268 257 190 191 172 159 204 128

60 -39(-82100.6)

Screening with recommendation was defined as the upper gastrointestinal series, or upper endoscopy, during the past 2 years. AAPC, Average Annual Percent Change; 95% CI, 95% confidence interval.
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A Year Sl (95% CI) Year Sil (95% Cl)
2008 558 (15.41,425) 2000 13.43 (537, 21.50)
2010 380 (1064, 303) 2010 1281 (7.7, 18.54)
2011 398 (1081,284) 2011 14,65 (6.96,2034)
2012 10.43 (2.85, 18.00) 2012 4.01(-1.76,9.78)
2013 4.66 (-1.56, 10.88) 2013 4.17 (-1.13,9.46)
2014 660 (1279,-041) 2014 998 (492, 15.04)
2015 325 (299,949 2015 097 (567, 1427)
2016 554 (11.93,085) 2016 798 (305, 12.91)
2017 549 (11.80,083) 2017 769 (.02, 12.76)
2018 465 (2.4, 11.40) 2018 440 (0.24,9.03)
2019 621101, 1343) e a0 (381
2020 11,52 (456, 18.49) i Wi tisioh
20zt 288 ¢773,847) 2021 1272020, 1825)
2022 215 (4.17,847) i S a0
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C Year Rl (95% C1) Year il (95% CI)
2000 085 (065,1.10) 200 201(133,3.04)
2010 082(078,107) 2010 189 (1.45,247)
2011 031 (078, 107) 201 208 (159.271)
2012 123 (1,07, 1.42) 2012 135 (097, 1.89)
2013 110 097,125) 2013 1.18 (095, 1.47)
204 089(079,100) 2014 1,63 (1.20,195)
2015 106 096, 1.18) 2015 204 (1.48,282)
2016 031081, 102) 2016 165 (123,222)
2017 031081, 102) 2017 165 (123,220)
2018 108 087, 121) 2018 1.48 (1.04, 2:11)
2019 112 088,127) 2019 1,62 (1.14,2:30)
2020 121 (1.08,136) 2020 121081, 182)
2021 099 (028, 1.11) 2021 221(1.65.296)
202 103 (094,1.13) 2022 141081, 151)
Overall 1,02 (0.96,1.08) Overall 161 (1.42,1.81)
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9 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

20 2021 2022

Total, no. 1640 3411 3474 3498 3509 | 3441 344l 3480 | 3484 3495 | 3539 3647 352 352
Sex, %

Male 49.1 495 496 | 496 | 495 | 497 498 498 | 498 | 498 494 | 494 499 499
Female 509 | 505 504 504 505 503 | 502 502 502 502 506 506 501 501

Age group, %

40-49 429 40 399 399 386 380 | Y2 363 355 M8 315 06 37 36
50-59 306 322 B B M8 M7 M6 M6 M6 M5 324 N8 BL 3

60-69 195 95 191 189 196 | 197 | 207 217 25 »3 29 | 240 270 | 272
70-75 71 73 73 74 70 77 76 73 73 74 132 135 82 81

Residential area, %

Metopolitan | 462 440 448 446 | 441 | 445 454 439 448 440 | 437 | 454 430 430
Non- 538 560 552 554 559 555 546 561 552 560 563 56 570 570
metropolitan

Education level, %

Elementary 181 98 95 n2 60 64 59 14 50 42 5 47 38 33
o lower

Middle 133 B0 124 101 84 93 97 72 1.0 96 19 100 78 72
school

graduates

Highschool 467 524 529 s34 539 562 548 556 529 520 523 57 502 496
graduates

College! 29 48 251 253 317 280 297 327 30 M3 313 37 2 399

University or

higher
Household income, %

Low 289 326 23 26 254 369 376 378 383 355 349 365 302 253
Middle 451 362 365 449 346 265 274 302 317 259 375 325 326 286

High 260 312 312 275 400 366 350 320 300 385 277 310 37.1 46.1
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2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 AAPC

(95% ClI)
Total 382 442 440 55 487 550 06 572 597 597 558 589 86 708 4201274
Sex
Male 326 392 395 97 464 538 590 547 548 572 546 574 547 710 36(21-52)
Female 36 192 84 573 509 562 622 596 645 621 570 604 625 705 24(14-35)
Age group
40-49 294 359 354 63 463 505 5.0 509 584 542 516 531 508 685 40.23-58)
50-59 37 503 492 58.1 502 565 65 595 597 621 587 612 602 718 23(12-34)
60-69 484 520 513 59.1 499 594 68.4 636 611 654 621 660 640 734 24(13-34)
70-75 397 56 477 572 510 593 618 s8.1 618 560 476 540 648 664 | 35(-11-84)

Residential area

Metropolitan 376 451 45.1 487 504 605 647 598 606 69 567 588 590 724 30017-7.8)
Non-

388 05 431 574 474 506 572 551 589 563 551 590 583 96 29(16-42)
metropolitan

Education level

Elementary or
I 47.8 514 52.8 59.4 515 487 54.1 684 743 495 50.3 55.8 61.2 65.4 1.8(-03-3.8)
lower
Middle school

46.8 50.7 50.1 587 529 539 62.6 649 58.1 65.7 459 602 635 67.2 1.8(0.3-3.4)
graduates
High school

346 445 4.2 55.1 50.1 56.7 63.2 586 59.7 60.7 59.0 622 634 70.1 3.0(1.8-4.2)
graduates
College or
high 328 375 37.1 456 448 53.5 56.6 515 57.8 57.7 55.1 533 510 727 4.2(23-6.1)

igher

Household income
Low 46.0 49.8 498 559 47.1 56.4 60.7 60.9 59.8 59.0 544 585 63.1 69.3 21(10-32)
Middle 350 40.5 403 532 486 585 60.8 559 592 59.6 548 574 57.5 703 5.0(0.5-9.7)
High 351 427 423 51.8 49.8 511 60.4 53.9 60.0 60.3 59.0 61.0 55.8 718 3.6(23-4.9)

Screening with recommendation was defined as the upper gastrointestinal series, or upper endoscopy, during the past 2 years. AAPC, Average Annual Percent Change; 95% CI, 95% confidence interval.
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Subgroup Overall survival No. of trials p-value Progression-free No. of trials p-value

(HR) survival (HR)
Age
<65 0.70 [0.58, 0.85 2 [ 0.0003 0.68 [0.54, 0.86 2 0.001
>65 0.84 [0.64, 1.10 2 0.20 0.79 [0.60, 1.05 2 0.11
Sex
Male 0.77 [0.63, 0.93 2 0.008 0.73 [0.60, 0.89 2 0.002
Female 0.73 [0.56, 0.95 2 0.02 0.71 [0.54, 0.92 2 0.01
Region
Asia 0.66 [0.53, 0.83 2 0.0004 0.58 [0.45, 0.73 2 <0.00001
Non-Asia 0.84 [0.67, 1.03 2 0.10 0.88 [0.71, 1.09 2 0.23

Number of metastatic sites

0-2 0.74 [0.61, 0.89) 2 0.001 0.71 [0.59, 0.86 2 0.0003
>3 0.78 [0.58, 1.05 2 0.10 0.76 [0.56, 1.02 2 0.07
Primary site

Stomach 0.67 [0.57, 0.78) 3 <0.00001 0.61 [0.50, 0.75 3 <0.00001
GEJ 0.90 [0.57, 1.44 3 0.67 0.99 [0.57, 1.72 3 0.97

Lauren classification

Diffuse 0.61 [0.40, 0.94 3 0.02 0.57 [0.36, 0.89 3 0.01
Intestinal 0.64 [0.47, 0.87] 3 0.005 0.60 [0.44, 0.83 3 0.002
Mixed or other 0.74 [0.41, 1.33 3 0.31 0.79 [0.55, 1.15 3 0.22

Previous gastrectomy

No 0.50 [0.35, 0.73 3 0.0003 0.56 [0.38, 0.83 3 0.004

Yes 0.82 [0.69, 0.98] 3 0.003 0.74 [0.61, 0.89. 3 0.001

HR, Hazard ratio; GEJ, Gastro-esophageal junction.
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Reference

(author, year)

Metastatic site(s)

Intervention

Status at time
of publication

1 Rueff, 1967 (10) Unknown | Unknown Unknown Unknown Unknown
2 Utkin, 1972 (11) Unknown = Unknown Unknown Unknown Unknown
3 Papla, 2001 (12) Female 79 Unknown Unknown Unknown
4 Altorjay, 2003 (13) Unknown | Unknown Unknown Unknown Unknown
5 Tomas, 2006 (14) Female 28 None Surgery Alive; NER at 6 months
6 Zhang, 2013 (15) Male 47 Lymph node Surgery Alive; NER at 11 months
7 Bali, 2013 (16) Female 49 None Surgery Alive; NER at time
of publication
8 Segura, 2015 (17) Female 66 None Surgery Alive; NER at time
of publication

9 Ugras, 2015 (18) Female 47 None Surgery Alive; NER at 10 months
10 Marcella, 2019 (19) Male 30 None Surgery Alive; NER at 1 year
n Seban, 2020 (20) Male &5 Liver, l‘;,?‘;::s::mnum’ Surgery, chemotherapy, EBRT ngl:e:l;x‘]:v:i]s;ease
12 Xiao, 2022 (21) Female 57 Lung, lymph node Palliative IMRT Alive; progressive disease

on hospice
13 Papke, 2022 (22) Male 61 Brain, lung, bones Unknown Unknown
14 Male 65 Lung, pericardium Unknown Alive with disease (9 years)
is Birkness-Gartman, Female 15 ) Sca‘lp, ple.ura, doxorubicin, ifosfar.nifle, pazopanib, Alive with disease (5 years)

2023 (2) pericardium, diaphragm and radiation

16 Female 62 Lymph node Surgery Died of disease (4 months)
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Nigerian Study Kenyan Study

Intervention group Control group Intervention group Control group
(n=272) (n=229) (n=158) (n=161)
n (%) n (%) n (%) n (%)
Sex*
Male 62 (22%) 55 (24%) 48 (31%) 47 (29%)
Female 210 (77%) 173 (76%) 110 (70%) 114 (71%)
Missing 0 1 (0%) 0 0
Age (years) *
18-24 [ 49 (18%) 41 (18%) [ 14 (9%) 20 (12%)
25-34 153 (56%) 130 (57%) 109 (69%) 103 (64%)
35-44 52 (19%) 39 (17%) 15 (9%) 18 (11%)
45+ 18 (7%) 18 (8%) 20 (13%) 20 (13%)
Education*
Primary/Secondary 10 (4%) 12 (5%) 3 (2%) 10 (6%)
University 153 (56%) 122 (53%) 83 (53%) 90 (56%)
Post-graduate 109 (40%) 95 (42%) 61 (39%) 53 (32%)
Vocational qualification 11 (7%) 8 (5%)
(Kenya Only)
Religion*
Christian 270 (99%) 217 (95%) 143 (90%) 128 (80%)
Muslim 1(0%) 9 (4%) 2 (1%) 8 (5%)
Hindu/Buddhist 0 0 2 (1%) 3(2%)
Traditional religion 0 1 (0%) 1 (1%) 3 (2%)
Non-religious 1 (0%) 2(1%) 10 (6%) 19 (12%)

Prior Contact*

Yes 191 (71%) 151 (66%) 128 (81%) 127 (79%)

No 80 (30%) 77 (34%) 30 (19%) 34 (21%)
Missing 1 (0%) 1 (0%) 0 0

Nature of Contact*

Family member 44 (16%) 37 (16%) 48 (30%) 45 (28%)
Friend/Neighbour 57 (21%) 30 (13%) 36 (23%) 35 (22%)
Professional/Educational 35 (13%) 35 (15%) 17 (11%) 29 (18%)
Acquaintance/ 42 (15%) 33 (14%) 21 (13%) 12 (7%)
secondary relationships

Multiple Relationships 8 (3%) 6 (3%) 3 (2%) 2(1%)
Stranger 3 (1%) 9 (4%) 3 (2%) 2 (1%)
Missing 3 (1%) 2 (1%) 0 2 (1%)
Not applicable 80 (29%) 77 (34%) 30 (19%) 34 (21%)

Frequency of contact*

Weekly 50 (18%) 31 (14%) 19 (12%) 22 (14%)
Several times a month but 26 (10%) 16 (7%) 14 (9%) 16 (10%)
< weekly

Occasionally during the year 58 (21%) 47 (21%) 56 (35%) 45 (28%)
Less than 1x a year 21 (8%) 22 (10%) 38 (24%) 43 (27%)
A one-off encounter 32 (12%) 33 (14%) 0 0
Missing 5 (2%) 3 (1%) 1 (1%) 1 (1%)
Not applicable 80 (29%) 77 (34%) 30 (19%) 34 (21%)

* Due to attrition, demographic information collected at the end of the survey does not include all participants included in the intention-to-treat analysis.
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Constants

and Variables

B

value

Odds Ratio
(95 %Cl)

Growth Pattern(Extraluminal or 1.288 3.626(1.105~11.900) 0.034
Mixed Type)
Tumour-associated lymph 3.177 23.978 <0.001
node (present) (6.499~88.466)
Necrosis (absent) 1.558 4.752(1.464~15.424) 0.009
(CTV-P)-(CTV-A) 0.111 1.117(1.042~1.198) | 0.002
(CTV-D)-(CTV-P) 0.148 1.159(1.080~1.245) <0.001
Constant -6.602 <0.001
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Clinical Training cohort (n=201) Validation cohort(n=76)
Characteristics

Gastric schwannoma GIST Pvalue @ Gastric schwannoma (n=13) GIST P value
(n=34) (n=167) (n=63)
Age (years) 60.38+11.43 61.74+1135 0525 53.85+14.63 62491033 0016
Sex 0.006" 0.923°
Male 5(14.71%) 66(39.52%) 6(46.15%) 30(47.62%)
Female 29(85.29%) 101(60.48%) 7(53.85%) 33(52.38%)
Clinical 0405 0994
Symptoms
Present 19(55.88%) 106(63.47%) 7(53.85%) 34(53.97%)
Absent 15(44.12%) 61(36.53%) 6(46.15%) 29(46.03%)
Risk category
Very low /Low risk 118(70.66%) 46(73.02%)
Intermediate risk 36(21.56%) 15(23.81%)
High risk 13(7.78%) 2(3.17%)

Independent samples t tests were applied in continuous variables.
*Chi-squared tests were used in categorical variables.
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variables Training cohort Validation cohort

ICC value 95 %Cl ICC value 95 %Cl

LD 0.899 0.860-0.926 0.935 0.878-0.963
SD 0.964 0.952-0.972 0.921 0.839-0.957 ‘
CTV-N 0.802 0.669-0.874 0.820 0.730-0.882 \
CTV-A 0.883 0.795-0.927 0916 0.870-0.946 \
CTV-P 0.909 0.882-0.931 0.925 0.885-0.952 ‘
CTV-D 0.940 0.922-0.954 . 0.932 0.894-0.956 ‘

LD, SD indicate the tumor of long diameter and short diameter, respectively. CTV-N, CTV-A, CTV-P, and CTV-D CT values during nonenhanced, arterial, portal, and delayed
phases, respectively.
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Hazard Ratio
\ IV, Fixed, 95% CI
FAST armb vs arma -0.5978 01735 154% 0.85[0.39, 0.77]

FAST armc vs arma -0.1985 01812 141% 082057, 1.17]
GLOWY -0.2601 01148 351% 077 [0.62, 0.497]
SPOTLIGHT -0.287F 01145 354% 0.75[0.60, 0.94]

Total (95% CI) 100.0% 0.73[0.64, 0.84]
Heterogeneity: Chif=3.35, df=3 (FP=034), F=11%
Test for overall effect: £=4.60 (F = 0.00001)
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No References Age/sex Site TNM/metastasis = Treatment Survival  SMARCA2

(month) = expression

1 Agaimy (2) 75/M Gastric posterior 8 Peritoneal and Resection NA Reduced
wall lymph node
v
2 Chang (3) 74/M Gastric cardia 8.0 T4N3M1 Resection 9 -
fundus v target therapy
body
3 64/M Gastric angle NA T4N3M1 Chemotherapy 3 NA
v
4 57/M Gastric antrum NA TxNxM1 None NA NA
v
5 58/M Gastric antrum NA T3N2MO Resection 14 NA
A chemotherapy
6 46/M Gastric body NA TxNxM1 NA 5 +
v
7 30/M Gastric body 8 T3N1MO Resection 3 -
1B chemotherapy
8 Huang (4) 63/M Gastric stump 75 T3N2MO NA 16.3 Heterogeneous
1IA
9 67/F Gastric body 6.4 T4bNIMO NA 14.2 +
1B
10 76/F Gastric cardia 4.4 T4aN3bMO0 NA 44 -
1c
11 46/F Gastric antrum 45 T3NIMO NA 190.1 =
1B
12 72/M Gastric antrum 5 T4aN2M0O NA 237 +
1A
13 62/F Gastric body 8 T4aNIMO NA 264 =
1IA
14 Wu (5) 49/M Gastric NA I\ Resection »:12 NA
body chemotherapy

PDI1 immunotherapy
target therapy

15 66/M Gastric NA v Chemotherapy > 10 NA
body PD1 immunotherapy
16 64/M Gastric NA v Chemotherapy 2 NA
body antrum
17 72/F Gastric NA v NA 3 NA
body antrum
18 72/M Gastric NA NA NA Miss NA
fundus
19 Zhang (6) 55/F Gastric antrum 4 T2N2MO NA 11.57 -
1B
20 57/M Gastric body 8 ‘T4bNOMO NA 8.13 -
1A
21 71/F Gastric antrum 14 T3NIMO NA 5.73 -
1B
22 Chen (7) 76/M Gastric antrum 9 T4aN3MO Resection > 18 NA
it chemotherapy
23 Jin (8) 75/M Gastric NA T4aN2MO0O Resection NA NA
1A
24 75/M Gastric NA T4aN1IMO Resection NA NA
1A
25 67/M Gastric NA T4bN2M1 NA NA NA
v
26 48/M Gastric NA T4aN2M1 NA NA NA
v
27 S51/M Gastric NA T3NOMO Resection S NA
1A chemotherapy
PD1 immunotherapy
28 ‘Wang (9) 74/M Gastric cardia, fundus and 8 T4aN5M0 Resection 8 -
body 11 chemotherapy
29 Lin (10) 59/M Gastric body Z NA Resection NA NA
30 This study 65/M Gastric cardia NA NA NA >3 +
31 This study 75/M Gastric antrum 6.3 T2NOMO Resection 45, Reduced
A

NA, not available; M, male; F, female; +, positive; —, negative.






OPS/images/fonc.2024.1528137/fonc-14-1528137-g001.jpg





OPS/images/fonc.2023.1258347/crossmark.jpg
©

2

i

|





OPS/images/fonc.2023.1258347/table1.jpg
FA SPOTLIGHT GLOW
Zolbetuximab Zolbetuximab Control Zolbetuximab Control Zolbetuximab Control
(800/600 (1,000 mg/m?)
mg/m?*)
Key Moderate-to-strong CLDN18.2 expression in 240% tumor Moderate-to-strong CLDN18.2 expression  Moderate-to-strong CLDN18.2 expression
eligibility cells in 275% tumor cells in 275% tumor cells
criteria
Schedule Zolbetuximab (loading Zolbetuximab EOX Zolbetuximab (loading Placebo + Zolbetuximab (loading Placebo +
dose, 800 mg/m” then (1,000 mg/m* dose, 800 mg/m” then mFOLFOX6  dose, 800 mg/m” then CAPOX
600 mg/m* Q3W) + EOX = Q3W) + EOX 600 mg/m”> Q3W) + 600 mg/m* Q3W) +
mFOLFOX6 CAPOX
Patients 77 85 84 283 282 254 253
randomized
Sex
Male 47 (61%) 57 (67%) 56 (67%) 176 (62%) 175 (62%) 159 (63%) 156 (62%)
Female 30 (39%) 28 (33%) 28 (33%) 107 (38%) 107 (38%) 95 (37%) 97 (38%)
Median age 59 (22-77) 60 (28-77) 57 (24-73) 62 (NA) 60 (NA) 61 (22-82) 59 (21-83)
(range)
Region NA NA NA 88 (31%) 89 (32%) 157 (62%) 158 (63%)
Asia 195 (69%) 193 (68%) 97 (38%) 95 (37%)
Non-Asia
Tumor site
Stomach 62 (81%) 77 (91%) 68 (81%) 219 (77%) 210 (74%) 219 (86%) 209 (83%)
GEJ 15 (19%) 8 (9%) 16 (19%) 64 (23%) 72 (26%) 35 (14%) 44 (17%)
ECOG
0 23 (30%) 27 (32%) 25 (30%) 125 (44%) 115 (41%) 108 (43%) 108 (43%)
1 54 (70%) 58 (68%) 59 (70%) 153 (54%) 163 (58%) 145 (57%) 142 (57%)
2 0 0 0 1 (<1%) 0 0 0
Missing 0 0 0 4 (1%) 4 (1%) 1 (<1%) 1 (<1%)
Lauren
classification
Diffuse 35 (45%) 39 (46%) 38 (45%) 82 (29%) 117 (41%) 87 (34%) 100 (40%)
Intestinal 26 (34%) 23 (27%) 27 (32%) 70 (25%) 66 (23%) 36 (14%) 41 (16%)
Mixed/ 16 (21%) 23 (17%) 19 (23%) 130 (46%) 95 (35%) 130 (51%) 112 (44%)
Unknown/
Other
Missing 0 0 0 1 (<1%) 4 (1%) 1 (<1%) 0
Organs with ~ NA NA NA
metastases
0-2 219 (77%) 219 (78%) 189 (74%) 188 (74%)
3 64 (23%) 63 (22%) 65 (26%) 65 (26%)
Previous
gastrectomy
Yes 21 (27%) 24 (28%) 23 (27%) 84 (30%) 82 (29%) 179 (70%) 178 (70%)
No 56 (73%) 81 (72%) 61 (73%) 199 (70%) 200 (71%) 75 (30%) 75 (30%)

EOX, epirubicin, oxaliplatin, and capecitabine; mFOLFOX6, folinic acid (or levofolinate optionally in Japan), fluorouracil, and oxaliplatin; CAPOX, capecitabine and oxaliplatin; NA, not
available; ECOG, performance status score; GEJ, gastro-esophageal junction.





OPS/images/fonc.2024.1355798/fonc-14-1355798-g004.jpg
20210428

kV:130

A Fluorine

PETWB
20210426
PT

T

A18Fluorine §k
Position:HFS






OPS/images/fonc.2023.1258347/table2.jpg
Toxicity All grade AEs No. of trials Grade 3+ AEs No. of trials

((NE) (risk ratio)

Any adverse event 1.00 [0.98 1.01] 4 1.08 [1.02, 1.15, 3

Gastrointestinal disorders

Nausea 1.23 [1.09, 1.39. 4 2.59 [1.70, 3.94. 3
Vomiting 1.66 [1.32, 2.10. 4 3.02 [2.00, 4.56 3
Diarrhea 0.79 [0.55, 1.14: 4 1.01 [0.61, 1.65, 3

Hematologic disorders

Anemia 1.07 [0.91, 1.26 4 1.01 [0.72, 1.41 3
Neutropenia 1.22 [1.04, 1.43 4 1.39 [1.09, 1.76 3
Thrombocytopenia 091 [0.62, 1.33 4 0.80 [0.37, 1.73 3

Metabolism and nutrition disorder

Weight loss 1.20 [0.87, 1.65 4 2.62 [1.04, 6.62 3

Increased ALT 0.73 [0.49, 1.09: 4 0.41 [0.16, 1.03 3
Increased AST 091 [0.73, 1.13 4 0.81[0.38, 1.70; 3
Increased GGT 1.47 [0.73, 2.98 2 Not estimable 2

Nervous system disorders
Paresthesia 1.04 [0.76, 1.43 3 Not estimable

Headache 0.81 [0.59, 1.12 3 0.74 [0.14, 3.81 2
General disorders
Fatigue 1.00 [0.76, 1.30! 4 1.13 [0.67, 1.89) 3
Asthenia 1.08 [0.88, 1.34. 4 1.07 [0.67, 1.71 3

Other disorders

Decreased appetite 123 [1.01, 1.48 4 217 [1.20, 3.93 3
Upper abdominal pain 0.68 [0.27, 1.72. 3 1.93 [0.08, 45.83] 2
Abdominal pain 083 [0.68, 1.02. 4 1.18 [0.55, 2.52 3
Alopecia 134 (091, 1.99 2 Not estimable

Pyrexia 092 [0.59, 1.43 4 1.66 [0.22, 12.53] 2
Peripheral edema 2.14 [1.52, 3.01 4 4.98 (0.24, 103.31] 2
Palmar-plantar syndrome 093 [0.54, 1.62. 3 Not estimable

ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, gamma-glutamyl transferase.
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Hazard Ratio
\ IV, Fixed, 95% CI
FAST armb vs arma -0.821 02136 106% 0.44[0.29, 0.67]

FAST armc vs arma -0.287F 01625 18.3% 0.75[0.55 1.03]
GLOWY -0.3886 01186 34.3% 0.65[0.594, 0.86]
SPOTLIGHT -0.287F 01145 36.8% 0.75[0.60, 0.94]

Total (95% CI) 100.0% 0.68 [0.60, 0.78]
Heterogeneity: Chif=524 df=3 (P =016); F=43%
Test for overall effect: £=5.45 (P = 0.00001)

0.1 nz 0.4 1 2 4] 10
Favours [experimental] Favours [contral]
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Control Experimental Risk Ratio Risk Ratio

Total BEvents Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI
FAST armb vws arma 21 a4 a0 TTOO10.4% 0.64 [0.40,1.02]
i3 LWy 123 252 136 283 45.0% 0.91 [0.77, 1.08]
SPOTLIGHT 134 282 135 283 447% 1.00[0.84,1.18]
Total (95% CI) 618 613 100.0% 0.92 [0.82, 1.03]
Total events 278 301

Heterogeneity: Chif= 3145, df=2 (F=0.21), F= 37%

= _ 0.1 0.z 0.4 1 2 al 10
Testfor overall effect 2=1.33 (F = 0.18) Favours [experimental] Favours [control]
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Diagnosed with BCLC stage C HCC; AFP level of 41.28
ng/ml, Child—Pugh A classification, ECOG-PS score 1
First-line treatment: 200 mg sintilimab intravenously (on

Follow-up assessment: PR, target lesions Discontinued sorafenib and sintilimab
gﬁ?afgr?i?) oer;ﬁ;y three weeks) plus 200-400 mg BID change (70% decrease) , all resolution of No signs of disease recurrence and
: extrahepatic metastasis remained on anti-HBV therapy

Antiviral therapy: tenofovir disoproxil fumarate (300 mg
orally QD)

Tumor response assessment. PR, target lesions Laparoscopic hepatectomy in . .
change (60% decrease), all extrahepatic metastases Pathological assessment confirmed HCC ::ec:;lllfr):;nl:;g.amzsrgrrr‘fai?\fegl?r\a:ﬁti-
resolved (except for a solitary lymph node metastasis) PET-CT examination revealed no clinical HBV therapy

AFP levels decreased to the normal range evidence of disease
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Good Responders n (%)

Poor Responders n (%)

Difference p-Value (test)

Sex

Age (years)

BMI

Clinical Stage

RT scheme

RT

RT/CT

Time RT/S (days)

Surgery mode

ypT

ypN

LNY

Females 11 (45.8) 5(41.7) 6 (50)
Males 13 (54.2) 7 (58.3) 6 (50)
mean (S.D.) 66.0 (10.9) 64 (13.1) 69 (7.9)
median 68.5 65.0 70.5
mean (SD) 262 (4.2) 25.1 (4.0) 27.3 (42)
1T 9 (37.5) 4(33.3) 5(41.7)
I 14 (58.3) 8 (66.7) 6 (50.0)
I\ 1(42) 0(0.0) 1(83)
39 Gy 1(45.8) 4(333) 7 (58.3)
42 Gy 8 (33.3) 3 (25.0) 5 (41.7)
54 Gy 5 (20.8) 5 (41.7) 0 (13.0)
2 (50.0) 4(33.3) 8 (66.7)
2 (50.0) 8 (66.7) 4(333)
mean (SD) 57.0 (22.0) 56.0 (22.2) 57.0 (22.6)
median 54.5 55.0 44.0
AR 15 (62.5) 7 (58.3) 8 (66.7)
APR 9 (37.5) 5 (41.7) 4(333)
0-2 6 (25.0) 4(333) 2(16.7)
3 18 (75.0) 8 (66.7) 10 (83.3)
negative 16 (66.7) 9(75) 7 (58.3)
positive 8(33.3) 3(25) 5(41.7)
mean (SD) 11.2 (5.1) 10.2 (4.1) 12.0 (4.8)

1.0 (Chi2)

0.23 (t-test)

0.19 (t-test)

0.50 (Chi2)

004 (Chi2)

022 (Chi2)

0.88 (t-test)

1.0 (Chi2)

0.64 (Chi2)

0.67 (Chi2)

0.12 (t-test)

BMI, body mass index; RT, neoadjuvant radiotherapy; CT, chemotherapy; Time RT/S, the time from completion of RT to surgery; LNY, node yield; $.D., standard deviation.
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No Gross tterns Cytology

1 Ulcerated Partly abortive gland lumens Anaplastic rhabdoid
transmural and mucinous differentiation

2 Giant Big nests and sheets (40%), Epithelioid tumor
invasive poor cells
ulcerated cohesive pseudoglandular Scattered
(45%), multinucleated
cords (5%), small solid nests giant cells
(5%),

and irregular adenoid pattern
without definite lumen
formation (5%)

3 NA Diffused sheets (> 95%) and Epithelioid tumor
cords cells,
(< 5%) with focal clear cell

cytoplasm (10%)

4 Ulcerated Nests (100%) Epithelioid tumor
cells,
with focal clear cell
cytoplasm (20%)

5 Ulcerated Diffuse sheets (75%) Epithelioid tumor
Poor cohesive nests (25%) cells

Scattered
multinucleated
giant cells

6 NA Nests (100%) Epithelioid
tumor cells

7 Endophytic  Undifferentiated component Rhabdoid tumor cells

8 NA Tubular adenocarcinoma NA

9 NA Tubular adenocarcinoma NA

10 NA Mixed carcinoma NA

11 NA Solid adenocarcinoma NA

12 NA Solid adenocarcinoma NA

13 NA Undifferentiated NA

rhabdoid features

14 NA NA NA

15 NA NA NA

16 NA NA NA

17 NA NA NA

18 NA NA NA

19 NA Dedifferentiated NA

20 NA Dedifferentiated Undifferentiated cell
21 NA Undifferentiated Undifferentiated cell
22 Ulcerative Undifferentiated Rhabdoid appearance
23 NA Diffuse sheet Anaplastic cell with

rhabdoid feature

24 NA Diffuse sheet Anaplastic cell with
rhabdoid feature

25 NA Diffuse sheet Anaplastic cell with
rhabdoid feature

26 NA Diffuse sheet Anaplastic cell with
rhabdoid feature

27 NA Diffuse sheet +20% glandular Anaplastic cell with
rhabdoid feature

28 Ulcerative Diffuse sheet Epithelioid cell with
rhabdoid feature

29 Protuberant | Sheet Round to epithelioid
undifferentiated cells

30 Protuberant = Tubular (30%) and nest (70%) Anaplastic

with glandular differentiation epithelioid cell

31 Protuberant | Nest (50%) with glandular Anaplastic
differentiation and diffuse epithelioid cell and
sheet (50%) rhabdoid cell

NA, not available.
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Primer

Forward: TACAGGATCATTGGCTACACACC
Reverse: GGTCACATCGCTCCAGACT
Forward: GAGTGAGCTACAGTGGGAACA
Reverse: CTATGACGCGGGAGTTTAACAT
Forward: GCAAGACCAGGACGGTCATTT
Reverse: GGCACTTGACACTGCTCGT
Forward: ACCCCACTGTTGCTAAAGAAGA
Reverse: CCATCCTCACGTCGCTGAATA
Forward: GGAGCTCTCAGATGCTGGAC
Reverse: CTACAGGGAGGTGGAATCCG
Forward: TTGGCAGGCTGGTATAAACTT
Reverse: TGTGCTTGGTGGTGGTAATG
Forward: TTGGAATTGCCTGCTTTGAGC
Reverse: CTCTGTTCTGGCAGGGTGAG
Forward: AGTGTTTGCCTTTACGCAGTC
Reverse: GAAGCACTGCATGGTTGCAC
Forward: AATCAAGTGGGGCGATGCTG

Reverse: GGGGCAGAGATGATGACCCT
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ltem Baseline Treatment observation Follow-up

Number of visits Ist time 2nd time 3rd time 4th time Nth time N + Xth time
Observation time Days =7 to 0 | Days 28-35 = Days 56-63 | Days 84-91 = End of Nth treatment course = Once every 3 months
Inclusion/Exclusion criteria v
Sign informed consent form V

Collect medical history

Demographic data v

Diagnosis and TNM classification y

Past history and comorbidities v

Clinical observation
Vital signs v R N V v R
Physical examination V v v v v y
Survival situation v v v v ) v
MDASI-GI v v v v v v
Tongue and pulse condition v v v J v v
TCM syndrome y y v y v Y
PET-CT/CT/X-ray v v v v
MRI, B-mode . . ) . ) .
Imaging examination ultrasonography
Bone scanning d % % i 4 X
Gastroscope % * A ¥ * £
Tumor marker v & ¥ v ¥ ¥
Indicators related to fat distribution v * A v * *
QLQ-STO22 v v v v v \
PGSAS-45 v v v v v v
Safety observation
Blood routine v v v v v v
Hepatic and renal function v y v J v y
Urine and stool routine i % W & £ X
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NCI adverse reaction y N V v J
Adverse event v v v v v
Other work

Bificicy evauation | [ v | v M N I v
Drug combination v N J v 3

“This check is optional.
V This check is necessary.
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Allocated to YWJP intervention (n=106)
Received allocated intervention (n= )

Did not receive allocated intervention (give
reasons) (n= )

Lost to follow-up (give reasons) (n= )

Discontinued intervention (give reasons) (n= )

Analysed (n= )
Excluded from analysis (give reasons) (n= )

Randomized (n= 212)

Excluded (n= )

- Not meeting inclusion criteria (n= )
- Declined to participate (n= )

- Other reasons (n= )

Allocated to placebo intervention (n=106)
Received allocated intervention (n= )

Lost to follow-up (give reasons) (n= )
Discontinued intervention (give reasons) (n= )

Analysed (n= )
Excluded from analysis (give reasons) (n= )
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Exploring the potential significance of the GUCA2A- « TCGA database « GraphPad Prism « Guanylin hormone expression was omitted in = (51)
GUCY2C axis and its viability as a target in tumors « GEO database TAs, SAs, and MSI tumors compared to their
originating from the SA and MSI pathways. « Human tumor corresponding normal adjacent tissues.
tissues and « Silence GUCA2A in pathophysiology and
histological utilize oral hormone replacement to restore
interpretation GUCY2C signaling, preventing MSI tumors.
« Mouse tissues
« RNA isolation
« Quantitative
reverse-transcription
polymerase chain
reaction
« Immunoblot
analysis
To pinpoint a gene with notable clinical relevance for « GEO database « Limma package « GUCA2A was identified as a hubgene in (52)
CRC diagnosis, treatment, and prognosis prediction. « WGCNA « RobustRankAggreg CRC.
« RRA Analysis + WGCNA package + GUCA2A expression was significantly
« Survival Analysis correlated with the OS of CRC patients.
« QRT-PCR + qPCR analysis showed that GUCA2A
expression in tumor and metastatic tissues was
significantly low compared with adjacent
normal tissues.
+ GUCA2A has a potential diagnostic value for
CRC patients with 80.6% sensitivity and 83.5%
AUC.
To pinpoint fundamental genes linked to CRC. « GEO database « clusterProfile « GUCA2A identified as a hub gene in CRC. (16)
« GEPIA database package « Expression levels of GUCA2A were not
« Limma package « Limma package correlated with the overall survival in CRC
« Enrichment « VennDiagram patients.
analysis package « QRT-PCR showed that there was no
« qQRT-PCR significant differential expression of GUCA2A
« STRING database between CRC tissues and normal colorectal
tissues.
To explore potential gene targets for the diagnosis and « GEO database « GEO2R « GUCA2A was identified as a hub gene in (53)
treatment of PCRC « TCGA database PCRC.
K DAVID database ‘ « Expression level of GUCA2A was not
« Enrichment correlated with the overall survival of PCRC
analysis patients.
« STRING database
« cBioPortal database
« Xena database
« GEPIA database
« Kaplan-Meier
plotter
« comparative
toxicogenomics
database
To extract the gene expression profile data of colon « TCGA database « CRAN package « GUCA2A is positively correlated with CRC (54)
cancer from TCGA database, and explore the potential « TMB value « Limma package patients’ survival
utility of the TMB in immunotherapy and individualized estimation « Pheatmap package
medication. « Relationship « clusterProfiler
between TMB value package
and overall survival | « orgHs.eg.db package
« Correlation « ggplot2 package
between TMB value « CIBER-SORT
and analysis platform
clinicopathological « Survival package
features
« Relationship
between TMB and
differentially-
expressed genes
Assess gender-related distinctions in the transcriptome of |« TCGA database « Bioconductor « GUCA2A identified as a CRC prognostic (55)
both non-tumor colon epithelium and CRC « RNA isolation package biomarker in males
« QPCR
« feature selection
« machine learning
classification
« Overall survival
analysis
To identify CRC-associated genes « GEO database « Limma package GUCA2A identified as a core gene in CRC. (56)
« Identifcation of
common DEGs in
CRC
and diferentially
expressed miRNAs
« STRING database
« Identifcation of
CRC-associated core
genes
Discover potential novel biomarkers for CRC and gain « GEO database « GEOquery package « GUCA2A identified as a hub gen in CRC. (57)
deeper insights into the molecular pathways contributing |« Processing of + Limma package
to CRC development. IncRNA expression « WGCNA package
profiles
« WGCNA and the
identification of
modules
To mine the GEO datasets associated with CRC studies « GEO database + GREIN-iLINCS « GUCA2A was identified in a key sub- (58)
and identify potential targets correlated with CRC « Screening common network in CRC.
pathogenesis. DEGs « Expression level of GUCA2A was not
« Kaplan-Meier correlated with the overall survival of CRC
Survival Analysis of patients.
Patients with CRC
‘ To discover key pathways and genes implicated in the « GEO database « GEO2R « GUCA2A identified as a hub gene in CRC. (59) ‘
onset, development, and adverse prognosis of CRC. « GEPIA database + GUCA2A demonstrated a significant
« UALCAN database association with lower survival rates.
« OncoLnc database
« DAVID database
« STRING database
To identify central genes linked to colorectal « GEO database « Limma package « GUCA2A identified as a hub gene in CRC. (60)

adenocarcinoma and subsequently assess their prognostic
relevance.

« TCGA database

+ WGCNA analysis
« Enrichment
analysis

« STRING database
« HPA database

« CLCAL, CLCA4, and GUCA2A were
identified as a 3-Gene Signature in CRC

« Protein levels of GUCA2A are significantly
lower than normal tissues.

GUCA2A, Guanylyl cyclase-activating protein 2A; TCGA, The Cancer Genome Atlas; GEO, Gene Expression Omnibus; TA, tubular adenomas; SA, serrated adenoma; MSI, microsatellite
instability; CRC, colorectal cancer; WGCNA, Weighted gene correlation network analysis; RRA, Rapid Risk Assessment; OS, overall survival; PCR, quantitative polymerase chain reaction; AUC,
Area under the Curve; PCRC, Primary colorectal cancer; GEPIA, Gene Expression Profiling Interactive Analysis; STRING, Search Tool for the Retrieval of Interacting Genes; DEGs, Differentially
Expressed Genes; DAVID, database for annotation; visualization and integrated discovery; CLCA, Chloride channel accessory; HPA, The Human Protein Atlas.
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suggesting a diagnostic method based on KRAS mutation
and gene expression analysis that may be regularly used in
clinics to choose the best course of action for each patient.

In order to outline the indicators and transcriptional
conditions, the goal is to recognize a colonic epithelial cell
and reveal essential factors that lead to barrier dysfunction
in inflammatory bowel disease.

« Twenty-four patients who
underwent surgery in the
years 2013 or 2014 at the two
University hospitals
“Kaspela” and “St. George”

« Isolation of epithelial cells
from patients with IBD
biopsies

« GEO database:
GSE116222

« Github

« ProteomeXchange
Consortium

« DNA Isolation
« RNA Isolation
« qPCR

« Isolation of
epithelial cells
from patient
biopsies

« Droplet-based
single-cell RNA
sequencing

« Plate-based
scRNAseq

+ RT-PCR

« Proteomic
analysis of BEST4/
OTOP2 cell
population

+ Animal
Experiment

« SEM and TEM
+ Organoid culture
*Computational
analysis:

Cell Ranger

+ Crypt-axis score
« Semisupervised
clustering of public
scRNA-seq data

+ TCGA

« Cluster marker
and differentially
expressed gene
identification

« Microarray
analysis

« Ontology
enrichment
analysis

« Smart-seq2
ScRNA-seq data
processing and
analysis

« Proteomics data
analysis

+ BEST4/0TOP2
cell marker overlap
« Trajectory and
pseudo-time
analysis

« Analysis of
tissue-specific «
expression of
GWAS loci

« GUCA2B is the gene with the most (61)
severe downregulation.

« GUCA2B exhibits the most

pronounced transcriptional

downregulation.

« GUCA2B’s peptide uroguanylin (62)
activates GC-C and cyclic GMP in
epithelial cells containing
metallothionein genes, guarding against
free radicals and transporting and storing
metals.

« BEST4/OTOP2 cell which expresses
uroguanylin, identified.

According to the research, IBD and
colorectal cancer cases have lower levels
of uroguanylin-producing colonic
epithelial cells.

Using bioinformatics, this study aims to investigate
possible gene targets for the detection and therapy of
PCRC

The current study aims to apply bioinformatics to discover
the PCRC hub genes and to confirm their impact on
patients’ overall survival based on clinical data.

This study employed an integrated analysis, combining
gene expression patterns from four microarray datasets in
GEO with miRNA expression profiles. The analysis aimed
to identify genes associated with CRC through microarray
data analysis.

Through an in-depth examination of the data in TCGA,
the current work aims to acquire an understanding of the
processes regulating BAGALNT2 expression and its
relationship to cancer

Suggesting chemically altering uroguanylin, which is
expressed in tumors that have metastatic CRC, to
encourage its anchoring to SNs (UroGm-SNs).

The primary objective of the recent study was to investigate
possible transcriptome biomarkers or treatment targets of
CRC.

« GEO database:
1. GSE81558 dataset
« GO database
« KEGG database
+ DAVID

+ GEO database:
GSE81558, GSE41258 and
GSE81558

+ DAVID

« KEGG database

« GEO database:

GSE37182, GSE25070,
GSE10950 and GSE113513
datasets

« miRNA platform:

+ GSE115513 and GSE30454
+ DAVID

« KEGG database

+ Oncolnc website

« Gene expression data of
626 colorectal
adenocarcinomas
(COADREAD) from TCGA
« Gene methylation data of
288 tumor samples were
downloaded from TCGA

« CSmiRTar website

« GEO database:

2. GSE89393 dataset
« preservation analysis:

3. GSE41328, GSE54986,
GSE81582, GSE100179,
GSE113513, and GSE137327
datasets
+ RNA-seq data:

4. Colon Adenocarcinoma
(COAD) patients were
obtained from the TCGA
database
« UCSC Cancer Browser
« TargetScan databases
+ GSE180202 dataset

+ GEO2R

+ Limma

+ GEOquery

+ Metascape

« GSEA

+ STRING

« Molecular
Complex Detection
« cytoHubba

« cBioPortal

+ GEPIA

« Kaplan-Meier
plotter

« CTD

« Pearson’s
correlation test

« principal
component
analysis

+ GEO2R

« Limma package
« GEOquery

« SangerBox

« online Venn tool
« STRING

« Gene Ontology
analysis

« Molecular
Complex Detection
tool

« Cytoscape

« cytoHubba

« cBioPortal

« Coexpedia

« GEPIA

« SPSS software

« RT-qPCR assay

« Limma package
« Venn diagrams
website

« Gene ontology
analysis

« STRING website
+ Cytoscape
program

« Kaplan-Meier
survival curve

« Smartapp tool
« genecards.org”

« Preparation of
UroGm-SNs

« Physicochemical
characterization

« Morphological
examination

« Ligand density
calculation

« Preparation of
dual-loaded SNs

« Cell viability
studies

« Cellular
internalization
studies

« Colony forming
assays

« In vivo
effectiveness of
UroGm-Etp-SNs
in mice harboring
SW620 xenografts.

« edgeR package
« CluePedia

+ WGCNA

« TOM

« dissimilarity
TOM (dissTOM)
« Module
Eigengene

+ GEPIA

« RT-qPCR

« Shapiro-Wilk
normality test

« Venny software
+ STRING website

« The expression of GUCA2B did not (53)
have any statistically significant effects on

0s.

« GUCA2B is a key gene among DEGs.

« GUCA2B is a key gene among 10 hub  (63)
genes.

« The expression of GUCA2B did not

show a statistically significant impact on

overall survival

« GUCA2B is a key gene among 10 hub | (56)
genes.

« GUCA2B with a score of 8 and

standing in 4th rank between other hub

genes and interacting with other nine

hub genes suggesting their crucial role in

CRC progression

« A larger molecular profile, including (64)
GUCAZ2B, is linked to high BAGALNT2
expression as a reliable indicator of a

favorable prognosis in CRC.

« UroGm was effectively engineered to (65)
anchor onto the surface of nanoparticles,
maintaining its therapeutic attributes

without compromise.

« The brown module correlated (66)
positively with CRC in WGCNA.

« CRC tissues showed lower GUCA2B
expression by RT-qPCR.

« GUCA2B is a key gene among DEGs.

« The top miRNAs associated with

GUCA2B were found.

« According to ROC studies, GUCA2B

has a strong diagnostic performance for

CRC.

To find possible targets linked to CRC pathogenesis, we
mined the GEO datasets connected to CRC research.

This study investigated the association between ICIs in
CRC and missense mutations in DNAH7, the gene
encoding the axonemal dynein heavy chain.

To explore the molecular signatures causing CRC as
receptors and drug agents as inhibitors by using integrated
statistics and bioinformatics approaches.

+ GEO database:

5. GSE50760 and
GSE104178 datasets
+ KEGG database

« A clinical cohort (n=690)
+ TCGA database

+ GO database

« KEGG database

+ MSIgDB database

+ GEO database:

6. GSE9348, GSE110224,
GSE23878, and GSE35279
datasets.

+ GREIN-iLINCS
online analysis tool
« EnrichR

« STRING tool

+ miRDB

« Cytohubba tool
« Cytoscape
software

« Kaplan Meier
plotter

« GEPIA tool

« VarScan software
« TCGAbiolinks
package

« GenePattern5,
GISTIC2.0

« Wilcoxon rank-
sum test

« DESeq2 package
« Gene Ontology
analysis

« ClusterProfiler R
software package
+ GSEA

« ESTIMATE
analysis

« The Mann-
Whitney U test

« STRING online
tool

« Cytoscape
(V3.7.2)

« Maximal Clique
Centrality (MCC)
algorithm

« cytoHubba

« LIMMA package
« STRING
database

+ GEPIA

+ TIMER

« MethSurv

« Enrichr

+ DisGeNET

« miRTarBase

« DSigDB

« There was no correlation between the
expression levels of GUCA2B with the
overall survival of CRC patients.

« GUCA2B is a key gene among DEGs.

(58)

+ GUCA2B emerges as a prominent key  (67)

gene linked to the DNAH7 mutation.

« GUCA2B is a key gene among DEGs. (68)
« Downregulation of GUCA2B in COAD

and READ.

+ GUCA2B gene is significantly

methylated at the CpG site

qPCR, quantitative polymerase chain reaction; GUCA2B, Guanylate Cyclase Activator 2B; GEO, Gene Expression Omnibus; RT-PCR, Reverse transcription polymerase chain reaction; SEM,
Scanning electron microscopy; TEM, Transmission electron microscopy; GC-C, Guanylate cyclase-C; 1BD, Inflammatory bowel disease; TCGA, The Cancer Genome Atlas; KEGG, Kyoto
Encyclopedia of Genes and Genomes; DAVID, database for annotation; visualization and integrated discovery; GSEA, Gene set enrichment analysis; STRING, Search Tool for the Retrieval of
Interacting Genes; GEPIA, Gene Expression Profiling Interactive Analysis; CTD, The comparative toxicogenomics database; CRC, colorectal cancer; SN, sphingomyelin nanosystems; UroGm,
uroguanylin expressed in metastatic colorectal cancer tumors; WGCNA, Weighted gene correlation network analysis; TOM, Topological Overlap Matrix; DEGs, Differentially Expressed Genes;
ROS, Receiver operating characteristic; READ, Rectal Adenocarcinoma.
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Search Algorithm

Records

(((GUCA2BTitle/Abstract]) OR (GUCY2C[Title/ 69
Abstract]) OR (GUCA2A[Title/Abstract]) OR
(“guanylyl cyclase C”[Title/Abstract]) OR
(“Guanylate cyclase”[Title/Abstract]) OR (“Ge-¢
receptor”[Title/Abstract]) OR (“guanylate”[Title/
Abstract]) OR (“Guanylin”[Title/ Abstract]) OR
(“uroguanylin”[Title/Abstract])) AND ((Colorectal
[Title/Abstract]) OR (intesti*[Title/Abstract]) OR
(gastro*[Title/ Abstract]) OR (colon(Title/
Abstract])) AND ((cancer|[Title/Abstract]) OR
(malignan*[Title/Abstract]) OR (carcino*[Title/
Abstract]) OR (neoplasm*[Title/ Abstract])))
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Result

« Proposing a new method for predicting qRT-
PCR efficiency by simulating the kinetics of PCR
amplification used to evaluate the expression of
GUCY2C mRNA in the blood samples of
patients having colorectal cancer.

« Investigation of the impact of time,
temperature, and ionic strength on the efficiency
of radiolabeling and the attainable specific
activity of a DOTA-conjugated high-lipophilic
peptide, which incorporates three disulfide
cyclization bonds.

« Vaccine: Employing the CT26 murine
colorectal tumor model to investigate the
capacity of non-thermal plasmas to trigger
immunogenic cell death in vivo

« Investigation of the effectiveness of a human-
specific, GUCY2C-directed scFv as a foundation
for constructing chimeric antigen receptors
aimed at targeting metastases expressing human
GUCY2C.

« Evaluating the impact of cGMP-elevating
substances on the process of tumorigenesis
within the Apc™™* mouse model, a recognized
model for intestinal cancer.

« Evaluate the effects of TAK-264 in Asian
patients with GI malignancies

« Describing TCRs that identify both the
intestinal epithelial cell receptor and the
GUCY2C antigen associated with colorectal
cancer.

« Developing a framework for investigating
mechanisms of self-antigen-specific tolerance.

« Assess the potential therapeutic value of TAK-
164, an advanced investigational ADC of the
human anti-GCC monoclonal antibody linked to
the potent DNA alkylator DGN549 through a
peptide linker.

« Investigation into the implications of mutant
APC-B-catenin-TCF nuclear transcriptional re-
programming on GUCY2C-cGMP signaling
pathways.

« Vaccine: Assessing the capacity of a chimeric
adenoviral vector (Ad5.F35), created by
combining the Ad5 capsid with the Ad35 fiber,
to stimulate immune reactions targeting the
tumor-associated antigen GUCY2C.

« The objective is to explore the presence of
circulating GCC mRNA and its connection with
clinicopathological features, distant organ
metastasis, and long-term survival among
patients with stage I-III CRC.

« The promising therapeutic potential and
tumor-specific effectiveness of PF-07062119, a
CD3-bispecific T-cell engager designed to target
tumors expressing GUCY2C. Its role also
includes addressing immune evasion mechanisms
employed by these tumors.

« Explored the role of APC heterozygosity in
mechanisms repressing hormone expression
which could contribute to loss of heterozygosity

« The objective is to assess the potential of
PTGS2, JAG1, GUCY2C, and PGF-circulating
RNA as biomarkers in metastatic CRC.

« The study involved the utilization of 89Zr-Df-
TAB22M2C (also known as 89Zr-Df-
Crefmirlimab), a human CD8-specific minibody,
for the purpose of monitoring the infiltration of
CD8+ T cells into tumors using positron
emission tomography imaging.

« Investigation into the potential application of
oral dolcanatide, an uroguanylin analog designed
for improved stability and extended presence in
the gastrointestinal tract, to activate GUCY2C
and induce cGMP production in the epithelial
cells of the distal rectum among healthy
volunteers.

« To detect genes as signature related to CRC
which can help to recognition of CRC in the
early stage

« Vaccine: Investigating the immune response
elicited by a Listeria monocytogenes (Lm)
vaccine targeting the colorectal tumor antigen
GUCY2C (Lm-GUCY2C).

« Vaccine: Investigating a prime-boost approach
involving a chimeric adenoviral vector (Ad5.F35)
engineered to overcome pre-existing immunity,
followed by recombinant Lm to enhance
immune response toward the gastrointestinal
cancer antigen GUCY2C.

« Investigating the process of GUCY2C ligand
transcriptional suppression mediated by B-
catenin/TCE signaling.

« Evaluating the safety and tolerability profile of
TAK-164, an experimental antibody-drug
conjugate targeting GCC

577 human blood
samples

+ DOTA-MLN6907 as
a GCC-specific
peptide

«%Ga

« Non-thermal
plasmas

« Cell lines
CT26.WT
CT26-GUCY2C
« Balb/c mice

« Cell lines and
reagents:

CT26
B-galactosidase—
expressing CT26.CL25
T84

SW480
CT26.CL25.hGUCY2C
Luciferase-containing
T84.fLuc

293FT

293F

Metastatic tumor
models:

BALB/c mice

NSG mice

« Animal models of
intestinal cancer

male C57/BL6J-
ApcM™* mice and
female C57/BL6] mice

« 12 patients aged >
18 years diagnosed
with GI carcinoma
expressing GCC

« Animal models:
BALB/c Guey2c /™
and Gue2yc'/* and
Ragl™/~ mice

- Ragl-/- mice as
the retrogenic model

« HEK293 cell line
« CB17 severe
combined
immunodeficient

« Nude female mice

« Human samples:
tumors originated
through the
conventional pathway
(Apc-B-catenin)

+ Animal models:
AchKo mice contain
a conditional
knockout allele of
APC

o Cells:

LS174T

DLD1

HT29

« BALB/cJ] mice

+ Adenovirus vectors:
Ad5.F35-GUCY2C-S1
« Vaccine: Adenovirus
(Ad-GUCY20)

« Ad5-GUCY2C-S1,
Ad5.F35-GUCY2C-S1,
or Ad5.F35-GFP
(control)

« Circulating GCC
mRNA of 160 CRC
patient at stage I-IIT
venous blood samples

« Balb/c mice

« OASIS 3.0 database
for cell lines

« PBMC Collection
and Isolation of
Human T cells for in
vitro and in vivo
studies

« Whole blood of
healthy donors for
mononuclear cell and
T cell isolation

+ Animal model as a
monoallelic Apc loss
Apc™™/* mice

« Tissue specimens
from two FAP
patients as the human
samples

59 serum and blood
samples of metastatic
CRC patients

« 35 patients received
chemotherapy +
antiangiogenic
treatment and 24
patients received just
chemotherapy.

« Samples from 47
age- and sex-matched
healthy controls were
selected

« Whole blood of
healthy donors for
obtaining human T
cells

« Female NSG mice
for xenograft studies

« 27 screened healthy
volunteers

« Eight biopsies
collected from the
rectum during a
flexible sigmoidoscopy
procedure

+ GEO database:
GSE21510, GSE4107,
GSE25071, GSE15781
and GSE8671

+ Lm-GUCY2C

+ Lm-LacZ

« BALB/c] mice

« CT26 cell line for in
vivo tumor studies

 Vaccines:
Ad-GUCY2C

+ Adenovirus
expressing mouse
GUCY2C1-429 fused
to the influenza
HA107-119 CD4+ T-
cell epitope

+ Lm-GUCY2C and
Lm-LacZ

« mouse macrophage
cell line J774A.1
(ATCC)

« BALB/c] mice

+ RNA-seq gene
expression data from
normal mucosa n=51
and primary colon
tumors n=380 from
TCGA COAD/READ
dataset

« 4 unique conditional
human colon cancer
cell models of B-
catenin/TCF signaling
« Wild-type C57B/6(])
mice

« Cell lines:

DLDI, LS174T,
TCF7L2, LS174T

« 31 patients with
GCC-positive,
advanced
gastrointestinal
cancers

« QRT-PCR

« Reagents:

Citric acid solution
Sodium acetate buffers
Ethanol solution
«Classic and modified
acetone approach

« Purification and quality
assessment following
labeling using C-18

« Classic and alternative
purification approaches
« Detection of free thiol
groups

« Radiochemical purity
and instrumentation

« In vitro plasma
treatment

« In vivo plasma
treatment

o Cell viability assay

« ATP release assay

« Detection of
calreticulin exposed on
the cell surface using
fluorescence-based
methods.

« Anti-tumor vaccination
assay

« Staining tissue sections
with H&E and
evaluation of tissue
damage.
eImmunofluorescence
staining of tumor tissue
+ ELISpot analysis

« Cell culture

« Murine CAR-T Cell
Generation

« Human CAR-T Cell
Generation

« CAR Surface Detection
« Characterization of
mouse T-cells through
analysis of phenotypic
markers, assessment of
activation markers, and
intracellular staining of
cytokines.

« Detection and analysis
of activation markers in
human T-cells, along
with intracellular
staining of cytokines.

« T-Cell Cytotoxicity
Assays

« Histopathology
« QRT-PCR

« Patients’ eligibility test:
immunohistochemistry

« TAK-264 intravenous
infusions as a human
monoclonal anti-GCC
antibody conjugated to
‘monomethyl auristatin E
« Evaluations:
Dose-limiting toxicities
Maximum tolerated dose
Pharmacokinetics

« Immunization with
Ad5-GUCY2CECD

« Immune responses:
ELISpot or intracellular
cytokine staining

« GUCY2C-specific CD4
+ T-cell isolation and
TCR sequencing

« Creating TCRs,
generating retroviruses,
and introducing TCRs
into T-cells through
transduction.

« Surface markers and
intracellular cytokine
staining

« Dual-color enzyme-
linked ImmunoSpot
assays

« TCR avidity analysis

« Generation of anti-
GCC antibodies and
conjugation to DGN549
« Flow cytometry

« In vitro cytotoxicity
assay

« Human xenograft
tumor studies in mice

« HEK-293 GCC cells or
human primary tumors
in DMEM were injected
to mice

« Pharmacokinetics
analysis

« Immunohistochemistry
« “Zr-immuno PET
imaging

« Cell culture
«Immunofluorescence
« Immunoblots

« Messenger RNA
analysis

« New RNA synthesis

« Western blot

+ Quantifying T-cell
responses by ELISpot
« CRC cells in vivo
tumor studies

« Antibody
neutralization assay
« Ad5 neutralizing
immunity studies

« Biodistribution and
toxicology study

« QRT-PCR

« Generation of anti-
GUCY2C antibodies

« Mouse lymphoma
300.19 cells over-
expressing human
GUCY2C

« Characterization of
KRAS and BRAF
mutational status of
Colorectal Cancer CLX
and PDX models

« Immunohistochemistry
« Human T Cell
Adoptive Transfer
Established Tumor
Model

« 151034 Colorectal
Orthotopic Tumor
Model

« CT26-mGUCY2C
efficacy study in human
CD3e¢ transgenic mice

« Pharmacokinetic
Measurements of
GUCY2C(M)-CD3 in
151034 Adoptive
Transfer Model

« Cell Culture

+ GUCY2C Receptor
Density Measurements
« Characterization of PF-
07062119 Binding to
human T cells and
GUCY2C expressing
tumor cells

« Cytotoxic T
Lymphocyte Assay

« IFNYy Induced In Vitro
by PF-07062119

« TCGA database

« Immunofluorescence
« Western blots

+ Messenger RNA
analysis

« Digital PCR

« Generation of anti-
GUCY2C antibodies

« PBMC collection and
isolation and expansion
of human T cells

« 151034 xenograft
tumor model and
bispecific antibody
treatment

« PET/CT Imaging and
Tissue Assessments and
analysis

« CD8
Immunohistochemistry

« Direct comparison of
cGMP levels versus
placebo

« Cyclic GMP
quantification

« Messenger RNA
quantification

« GEO2R
« STRING database

« live-attenuated double-
deleted strain of Lm
containing deletions in
virulence factors
internalin B and actA

« IFNy ELISpot Assay

« MHC Class 1 Stability
Assay « CAR Surface
Detection

« Tumor Studies

« In vitro infections

« Immunizations

« Ad5-neutralizing
immunity studies

« IENy ELISpot assay

« Intracellular cytokine
staining

« In vivo tumor studies
« Safety studies

« Blood chemistry and
cytokine analyses

« Western blot

« RNA sequencing
analysis

« luciferase reporters

« Immunofluorescence
« Immunoblots

RNA analysis and
sequencing

« Plasmids and Cloning
« CRISPR Cell Line
Generation

« Lentiviral Production
and Transduction

« Chromatin
Immunoprecipitation
and sequencing

« TCGA dataset analysis

« Intravenous TAK-164
on day 1 of 21-day
cycles via a Bayesian
model

« Correlation between the duration until
reoccurrence and the longitudinal patterns in
GUCY2C. expression was clinically meaningful

« The radiolabeling process achieved an efficiency [€29]
exceeding 9%, with a specific activity surpassing 35
MBgy/umote Within time frame of under 30 minutes.

« The fine-tuned parameters were suitable for
implementing an automated 68Ge/68Ga generator
and a fluid-handling system, enabling the clinical-
scale production of the [68Ga] DOTA-MLN6907
peptide targeted to the GCC receptor.

« The chemical properties unique to each peptide
dictate the optimal conditions for radiolabeling,
ensuring effective preparation of
radiopharmaceuticals.

« Application of plasma treatment to subcutaneous (32)
tumors resulted in the release of danger signals and
the attraction of antigen-presenting cells into the
tumor microenvironment.

« Enhanced T cell responses directed against the
colorectal cancer-specific antigen GUCY2C were
noted.

« This research offers initial proof that non-thermal
plasma genuinely triggers immunogenic cell death,
underscoring its potential for practical application in
cancer immunotherapy.

« Murine CAR-T cells directed toward human (33)
GUCY2C exhibited antigen-driven activation of T-
cells, as evidenced by increased expression of
activation markers, cytokine secretion, and selective
elimination of GUCY2C-positive cancer cells in
vitro.

« CAR-T cells targeting GUCY2C conferred
enduring safeguarding against lung metastases
originating from murine colorectal cancer cells
modified to express human GUCY2C, as
demonstrated in a syngeneic mouse model.

« Murine CAR-T cells targeting GUCY2C effectively
identified and eliminated human colorectal cancer
cells naturally expressing GUCY2C, leading to
prolonged survival in a human xenograft model
using immunodeficient mice.

« Administering Apc™™* mice with the receptor
GCC agonist linaclotide or the PDES5 inhibitor
sildenafil resulted in a noteworthy decrease in the
polyp count per individual mouse.

« Both PDES5 inhibitors and receptor GCC agonists
demonstrate equal capability in inhibiting intestinal
tumorigenesis in mice.

« This study emphasizes the promising prospect of
manipulating cGMP signaling as a strategy for
chemopreventing colorectal cancer in human
individuals with elevated risk.

« TAK-264 exhibited an acceptable safety record
with modest effectiveness against tumors, aligning
with findings from research involving patients with
advanced gastrointestinal cancers in Western

(35)

populations.
« The amount of TAK-264 in the body rose in
direct proportion to the dosage administered.

« Gucy2c /™ mice lack self-tolerance toward the
GUCY2C protein, leading to the production of
immune responses targeting this protein.

+ GUCY2C-specific T-cell responses were observed
upon immunization of Gucy2¢™/™ mice carrying the
TCR 4A or 5B variant.

« GUCY2C-specific CD4+ T-cell responses, which
were suppressed by tolerance in Gucy2c'/* mice,
were detected in Gucy2c™/~ mice that lacked
tolerance mechanisms.

« Collectively, these findings validate the
effectiveness of TCR retrogenic mice generated
through ex vivo TCR repertoire sequencing as a
valuable model for investigating mechanisms related
to GUCY2C-specific tolerance.

« Imaging investigations examined the uptake and (37)
functionality of TAK-164, revealing positive
associations between tumor uptake and GCC
expression, which were consistent with the observed
antitumor effects.

« TAK-164 exhibits significant efficacy across
various GCC-positive tumors, even in cases where
TAK-264, a GCC-targeted auristatin ADC, has
proven ineffective.

« A robust correlation exists among the uptake of
89Zr-labeled TAK-164, the extent of GCC
expression, and notably, the response to TAK-164
treatment in both GCC-expressing xenografts and
PHTX models.

« In both human and mouse APC-dependent
tumors, the loss of guanylin hormone expression

(38)

occurs at the initial stages of transformation, while
the GUCY2C receptor remains unaffected.

« Broadening the mechanistic framework for
colorectal cancer from being solely characterized by
irrevocable mutations in APC and B-catenin, to
encompass the loss of guanylin hormone, whose
restoration and revival of GUCY2C signaling might
hold the potential to deter tumorigenesis.

« Ad5.F35-GUCY2C-S1 elicits a targeted immune 39)
response against GUCY2C, fostering antitumor

immunity.

« Antibody responses directed specifically against

GUCY2C do not exhibit observable antitumor

effects.

« Both Ad5 and Ad5.F35 vaccines generated similar

S1-specific CD4+ T-cell responses

« The study demonstrated that circulating GCC (40)
mRNA serves as a dependable indicator for

predicting metastasis and as a prognostic marker in

patients with early-stage CRC. This underscores its

potential to offer valuable guidance for initiating

clinical interventions before tumor dissemination

occurs.

« Tumors that express GUCY2C can be specifically (1)
targeted using an anti-GUCY2C/anti-CD3e
bispecific antibody, which results in the preferential
distribution of the drug to the tumor sites.

« F-07062119 demonstrated strong T-cell mediated
activity in vitro and significant effectiveness in vivo
across various human colorectal cancer xenograft
models, including those with KRAS and BRAF
mutations. Additionally, its efficacy was confirmed
in an immunocompetent mouse model with
syngeneic tumors.

« The activity of PF-07062119 was amplified
through synergistic effects when administered in
combination with anti-PD-1/PD-L-1 treatment or
alongside anti-angiogenic therapy.

« The presence of monoallelic APC loss in Apc™™/*  (42)
mice did not result in any changes to hormone

expression.

« In patients with FAP, the loss of one allele of APC

led to the expression of guanylin, whereas adenomas

and cases with biallelic APC loss did not exhibit

hormone expression.

« Normal intestinal epithelial cells maintain

uroguanylin and guanylin expression despite APC
heterozygosity, but this expression is lost only after

tumor initiation due to APC LOH.

« In terms of predicting treatment response, serum
GUCY2C gene expression emerged as the most
effective marker, demonstrating its utility in
forecasting patient responses for both individuals
receiving antiangiogenic treatment and those not
undergoing such therapy.

« Serum expression of GUCY2C and GUCY2C/
PTGS2 demonstrated significant correlations with
therapeutic response. However, none of the
biomarkers showed correlations with overall survival
or progression-free survival.

« Substantial uptake of 89Zr-Df-IAB22M2C was (44)
seen in PF-07062119-treated tumors, significantly

higher than controls, and response varied with PE-
07062119 dose and treatment duration.

« A moderate correlation was found between the

uptake of radioactivity in tumor tissue and the

density of CD8+ cells, underscoring the imaging

agent’s utility for non-invasive evaluation of intra-

tumoral CD8+ T cells and the mechanism of action

of PF-07062119.

« While dolcanatide’s improved stability allows it to  (45)
persist along the entire length of the small and large
intestine, this alone is insufficient to effectively

regulate GUCY2C throughout the colorectum and

prevent tumorigenesis.

+ GUCY2C was found as a suppressor gene in PPi (46)
networks of downregulated DEGs between CRC and

normal samples in GSE datasets

« Lm-GUCY2C induced strong CD8+ T-cell 47)
reactions against Lm-specific peptides, implying that
the GUCY2C254-262 peptide might have a
subordinate role compared to the Lm-derived
peptides.

« By introducing an amino acid substitution at a
crucial anchoring site for H-2Kd binding, resulting
in GUCY2CF255Y, the stability of the peptide
complex improved significantly with H-2Kd. This
modification effectively restored the immunogenicity
of GUCY2C254-262 when integrated into the
context of Lm vaccination.

« Immunization with both heterologous Ad- (48)
GUCY2C and Lm-GUCY2C enhances CD8+ T-cell
responses specific to GUCY2C and boosts antitumor
immune activity.

« Previous exposure to Ad5 restricts the effectiveness
of Ad5.F35+Lm immunization protocols, whereas
prior Lm exposure does not impose such
limitations.

« Alterations in the qualitative characteristics of the
CD8+ T-cell population after a prime-boost
vaccination regimen.

« Lm-GUCY2C could potentially be employed to
enhance GUCY2C-specific immune responses in
patients undergoing clinical trials with adenovirus-
based GUCY2C vaccines, aiming to prevent or
manage recurrent GI cancer.

« RNA sequencing analyses uncover GUCY2C (49)
hormones as among the most responsive targets of
B-catenin/TCF signaling, indicative of
transcriptional downregulation.

« The GUCY2C hormones are situated within a
distinct genomic region, featuring a novel locus
control region positioned upstream of the guanylin
promoter. This regulatory element plays a role in
orchestrating the simultaneous suppression of both
genes.

« Using CRISPR epigenome editing to target this
region led to the restoration of GUCY2C ligand
expression, effectively overcoming the gene
inactivation caused by mutant B-catenin/TCF
signaling.

« Except cycle 1, dose-limiting toxicities evaluation (50)
in subsequent cycles dose-limiting treatment-

emergent adverse events such as grade 3 pyrexia,

grade 5 hepatic failure, decline in platelet and

neutrophil count in patents were observed

« A single patient (at a dose of 0.008 mg/kg) who

exhibited elevated initial GCC expression

demonstrated a preliminary but unconfirmed partial
response.

« TAK-164 exhibited a controlled and well-handled
safety profile when administered at a dose of 0.064
mg/kg.

« The Recommended Phase 2 Dose (RP2D) of 0.064
mg/kg was deemed inadequate to achieve clinical
benefit, consequently leading to the decision of not
pursuing further clinical development.

qRT-PCR, Quantitative Real-Time Polymerase Chain Reaction; GUCY2C, Guanylate Cyclase 2G;DOTA, Dodecane Tetraacetic Acid; ScFv, Single-chain variable fragments; H&E, haematoxylin
and eosin; TCR, T cell receptor; CAR, Chimeric Antigen Receptors; APC, Adenomatous Polyposis Coli; PDE, phosphodiesterase; GC-C, Guanylate Cyclase-C; TCR, T cell receptor; ELISpot,
enzyme-linked immunosorbent spot; DMEM, Dulbecco’s Modified Eagle Medium; PET, positron emission tomography; PHTX, Primary Human Tumor Xenograft; TCE, T Cell Factor; ADC,
antibody-dug conjugate; CRC, colorectal cancer; Ad, Adenovirus; GFP, Green Fluorescent Protein; PBMC, Peripheral Blood Mononuclear Cells; CLX, cell line xenograft; PDX, patient-derived
xenograft; TCGA, The Cancer Genome Atlas; FAP, Familial Adenomatous Polyposis; LOH, loss of heterozygosity; NSG, NOD-scid IL2Rynull; GEO, Gene Expression Omnibus; STRING, Search
Tool for the Retrieval of Interacting Genes/Proteins; PPi, Protein-protein interaction; DEGs, Differentially Expressed Genes; Lm, Listeria Monocytogenes; ATCC, American Type Culture
Collection; MHC, Histocompatibility Complex; GI, Gastrointestinal; CRISPR, clustered regularly interspaced short palindromic repeats; RP2D, Recommended Phase II Dose.
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