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A B S T R A C T   

The main component of O-glycoproteins, mucin, is known to play important roles in physiological 
conditions and oncogenic processes, particularly correlated with poor prognosis in different 
carcinomas. Diffuse-type gastric cancer (DGC) has long been associated with genomic stability 
and unfavorable clinical outcomes. To investigate further, we obtained clinical information and 
the RNA-seq data of the TCGA-STAD cohort. Through the use of unsupervised clustering methods 
and GSEA, we identified two distinct clusters, characterized by higher and lower expression of 
MUC2 and MUC20, denoted as cluster 1 and cluster 2, respectively. Subsequently, employing 
CIBERSORT, it was determined that cluster 2 exhibited a higher tumor mutation burden (TMB) 
and a greater abundance of CD8+ T cells and activated CD4+ memory T cells, in addition to 
immune checkpoints (ICPs). On the other hand, cluster 1 showed a lower TIDE score estimation, 
indicating a higher probability of tumor immune escape. Furthermore, overexpression of MUC15 
and MUC20 was confirmed through qPCR and Western blotting, and their specific roles in 
mediating the epithelial-mesenchymal transition (EMT) process of GC cells (SNU484 and Hs746t) 
were validated via CCK-8 assay and wound healing assay in vitro. These findings highlight the 
potential prognostic value of MUC20 and offer insights into the prospects of immunotherapy for 
DGC by targeting MUC20.   

1. Introduction 

Gastric cancer (GC) has been a major global public health concern due to its high morbidity and mortality rates, accounting for 
more than half of deaths annually and ranking as the third leading fatal cancer. The prognosis of GC has been found to be correlated 
with histological characteristics and tumor stage. The World Health Organization (WHO) has classified gastric cancer into diffuse, 
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intestinal, and mixed types, with the diffuse-type gastric cancer (DGC) consistently associated with the worst outcomes [1,2,3]. 
Given its genetic and cellular heterogeneity, molecular classifications of GC encompass somatic mutations, gene expressions, 

clinical features, and outcomes. The Cancer Genome Atlas (TCGA) has distinguished GC into four types—chromosomal instability 
(CIN), Epstein–Barr virus positive (EBV), microsatellite unstable (MSI), and genome stable (GS). Notably, DGC is predominantly 
classified as the genome stable (GS) type, indicating genomic stability and a critical need for targeted therapy.3The Asian Cancer 
Research Group (ACRG) has also classified GC into four subtypes associated with distinct clinical prognosis, revealing that DGC is 
mainly classified as the MSS/EMT subtype, signaling poor clinical outcomes and limited treatment options [4]. The urgent need for 
effective treatment strategies and personalized medicine for individuals suffering from DGC is evident. 

Additionally, mucin, the main component of epithelial cells-expressed O-glycoproteins with diverse biophysiochemical properties, 
plays a crucial role in both physiological conditions and oncogenic processes [5]. The expression of different mucins has been linked to 
poor prognosis in various cancers, while the comprehensive evaluation of MUCIN family members in DGC and their role in the immune 
process remains elusive. 

Immunotherapy has revolutionized the paradigm of cancer treatment by aiming to restore immune surveillance and elicit an 
antitumor response [6,7].However, responses to immune checkpoint inhibitors (ICIs) and immune cell infiltration (TCIs) in the tumor 
microenvironment (TME) significantly impact the outcome of immunotherapy [8–10]. Tumors are categorized as ‘hot’ or ‘cold’ based 
on the amount of tumor-infiltrating lymphocytes (TILs), ultimately influencing the effectiveness of immunomodulatory strategies 
[11–13]. The current clinical guidelines specify programmed death 1 (PD-1) and programmed death ligand 1 (PD-L1) monoclonal 
antibodies as the ICIs for GC; however, their benefits are limited compared to traditional chemotherapy. One of the key mechanisms 
underlying immunotherapy resistance is immune evasion, wherein tumor cells evade immune surveillance and elimination in the TME 
[14–16]. 

In this context, the study aimed to evaluate the patterns of the MUCIN family in DGC and their relationship with clinical outcomes. 
The clustering of the MUCIN family members’ expression revealed two distinct clusters with differing survival and immunity acti-
vation patterns. The analysis of MUCIN expression with immune cell infiltration and the tumor microenvironment aimed to provide 
insights for the clinical management of DGC and the broader application of immunotherapy. 

2. Materials and methods 

2.1. Data sources 

In this study, clinical information and RNA-seq data of gastric carcinoma were downloaded from the TCGA-STAD cohort (https:// 
portal.gdc.cancer.gov/), with a subset of 375 samples being selected for analysis. Additionally, detailed clinical characteristics and 
survival information were obtained from the GSE66229 dataset in the gene expression omnibus (GEO) database. 

2.2. Data processing and differentially expressed genes selection 

First, 63 out of 375 samples were chosen for subsequent analysis as diffuse-type gastric adenocarcinoma. The data of the selected 
samples on RNA-seq were then CPM transformed using “edgeR” [17]. Following this, the Limma [18] package and Wilcoxon test were 
employed to identify differentially expressed genes between normal and tumor tissues, with a false discovery rate FC ≥ 2 and p < 0.05. 

2.3. Clustering analysis 

The MUC gene family, CLDN gene family, and ZNF gene family were among the regulated genes selected for univariate COX 
analysis, based on previous reports [19–21]. Following this, the R package “ConsensusClusterPlus” [22] was used to perform consensus 
clustering of the subtypes within the cohort. 

2.4. Survival analysis and construction of nomogram 

Using survival packages [23], Kaplan–Meier Plotter (www.kmplot.com) was utilized for overall survival and disease-free survival, 
with P value 0.05. Univariate logistic regression and multivariable logistic regression was performed. Regression equations were 
calculated, and nomograms were plotted. Moreover, receiver operating characteristic (ROC) curve was also employed for model 
evaluation. Finally, decision curves were plotted by calculating the net benefits corresponding to different threshold probabilities. 

2.5. Gene set enrichment analysis (GSEA) 

Accounting for Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses database [24], we adopted 
GSEA application (https://www. broadlnstitute. org/gsea/) for detection of changes in expression of genes. Containing valuable in-
formation about biological characteristics [25], gene regulatory networks and enriched signaling pathways between clusters were 
carefully analyzed, with P-value<0.05 and FDR<0.05 defined significant. 
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2.6. Infiltration level of TIICs 

The CIBERSORT deconvolution algorithm (https://cibersort.stanford.edu/) method is adopted to evaluate the proportion of 20 
immune cells based on transcriptional data [26]. Wilcox. test was used to for differential estimation on immune infiltration. The P 
value cutoff was 0.05. The ESTIMATE algorithm was applied to calculate immune scores (https://bioinformatics. mdanderson. 
org/estimate/). 

2.7. T cell-inflamed score 

T cell-inflamed score defines preexisting cancer immunity and predicts the clinical response of ICB. Eighteen genes and several 
algorithms are involved in T cell-inflamed score according to gene expression profiles of T cells family. Wilcox. test was used for 
differential estimation on immune infiltration. The P value cutoff was 0.05. 

2.8. Tumor immune dysfunction and rejection (TIDE) algorithm 

We adopted the TIDE algorithm (http://tide.dfci.harvard.edu/) to predict the immunotherapy efficiency to checkpoint blockade 
between clusters [27]. Cells limiting T cell infiltration in tumors, such as tumor associated macrophages (TAM), myeloid derived 
suppressor cells (MDSCs) and tumor associated fibroblasts (CAF) were evaluated. Tumor infiltration cytotoxic T lymphocyte (CTL) 
dysfunction, indicating tumor immune escape indicator were also calculated. Wilcox. test was used to produce the P value between 
clusters for differential estimation on immune infiltration. The P value cutoff was 0.05. 

2.9. Cell culture 

Human gastric mucosal epithelial cells (GES-1) as well as human GC cells (SNU484 and Hs746t) (American Type Culture Collection 
(ATCC)) were cultivated in RPMI-1640 (Gibco) plus 10 % fetal bovine serum (FBS; Gibco) with 1 % penicillin-streptomycin solution 
(Yeasen). All cells were grown in an atmosphere with 5 % CO2 at 37 ◦C. 

2.10. Quantitative real-time PCR (qPCR) 

The isolation of total RNA was carried out using TRIzol solution (Sigma-Aldrich), followed by antisense transcription into com-
plementary DNA using PrimeScript RT Master Mix (Takara) and 7500 Real-Time PCR System (Applied Biosystems). Subsequently, 
qPCR was conducted with SYBR qPCR Master Mix (Takara), and the following primers were utilized: MUC2 (5′-GAGGGCA-
GAACCCGAAACC-3’ (sense), 5′-GGCGAAGTTGTAGTCGCAGAG-3’ (antisense)), MUC15 (5′-TATTCACTTCTATCGGGGAGCC-3’ 
(sense), 5′-GGGAATGACTCGCCTTGAGAT-3’ (antisense)), MUC19 (5′-TTACCACTGGGATAACTACTGGC-3’ (sense), 5′- 
GCCTCTGTAAGAGCAAATCAAGA-3’ (antisense)), MUC20 (5′-ATGACAACGGACGACACAGAA-3’ (sense), 5′-TCAGCGTTTGAGTTTC-
CAGAG-3’ (antisense)), and GAPDH (5′-CTGGGCTACACTGAGCACC-3’ (sense), 5′-AAGTGGTCGTTGAGGGCAATG-3’ (antisense)). The 
quantification of relative expression values was performed using 2-ΔΔCt, where GAPDH served as an endogenous reference. 

2.11. Western blotting 

The protein extraction process began with the use of RIPA reagent (Thermo Fisher) and protease/phosphatase inhibitors (Thermo 
Fisher) on ice for 30 min. Subsequently, the protein concentration was determined using the BCA Protein Assay Kit (Pierce). Following 
this, 20 μg of the proteins were loaded onto SDS-PAGE gels and transferred to PVDF membranes (Millipore). The membranes were then 
incubated in 5 % BSA for 1 h, after which they were exposed to primary antibodies against MUC15 (abs101729; Absin; 1:1000), 
MUC19 (ab123813; Abcam; 1:2000), MUC20 (ab231659; Abcam; 1:2000) or GAPDH (ab181602; Abcam; 1:15,000) at 4 ◦C overnight, 
and subsequently with HRP-conjugated secondary antibody (ab288151; Abcam; 1:2000) for 2 h at room temperature. Finally, the 
protein blots were exposed using enhanced chemiluminescence reagent (Millipore), and the grey values were quantified using ImageJ 
software. 

2.12. Transfection 

When the cellular density reached 60–70 %, gene knockdown was performed by transfecting specific small interfering RNAs 
(siRNAs) targeting MUC15 (si-MUC15) or MUC20 (si-MUC20) (GenePharma) into cells using Lipofectamine 3000 (Invitrogen) ac-
cording to the manufacturer’s instructions. 

2.13. Immunofluorescent staining 

The experiment began with the cultivation of cells on glass cover slips in 24-well plates. The following day, the cell medium was 
removed, and the cells were fixed with 4 % paraformaldehyde (Thermo Fisher) and then permeabilized with 0.01 % Triton X-100 
(Beyotime) for 15 min. The slides were then sealed with 1 % BSA/PBS before being exposed to primary antibodies against MUC15 
(abs101729; Absin; 1:200), MUC20 (ab231659; Abcam; 1:100), E-cadherin (ab40772; Abcam; 1:100), or N-cadherin (ab18203; 
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Abcam; 1:100) overnight at 37 ◦C away from light. Following this, the slides underwent incubation with Alexa Fluor® 488 (ab150077; 
Abcam; 1:200) or Alexa Fluor® 647 (ab150079; Abcam; 1:250) secondary antibody. Subsequently, cell counterstaining with DAPI was 
performed for 30 min. Finally, the fluorescence distribution and intensity were examined under an immunofluorescence microscope 
(Olympus). 

2.14. Cell counting kit 8 (CCK-8) assay 

Cell viability was tested via CCK-8 kit (Yeasen) based upon the manufacturer’s procedures. Cells were cultivated in 96-well plates 
(1*104 cells/well). After 2 days, they were administrated with 10 μL CCK-8 reagent lasting 2 h at 37 ◦C. Utilizing a microplate reader 
(BioTek), the absorbance values were detected at 450 nm. 

2.15. Wound healing assay 

Cells were cultivated on 6-well plates (5*104 cells per well). When the cellular confluence was ~90 %, scratches were made via a 
pipettor tip and the detached cells were rinsed by PBS. Subsequently, cells were cultivated in media without FBS lasting 24 h. The 
scratches were separately captured at 0 h and 24 h with an inverted microscope (Olympus). 

2.16. Statistical analysis 

Spearman correlation was applied to calculate the correlation coefficients between the hub genes. Wilcoxon test and Kruskal– 
Wallis test were applied to separately conduct the group comparisons of 2 groups and more than 2 groups. Overall survival curves were 
generated using the Kaplan–Meier method, and the group comparisons were performed with the log-rank test. All experimental data 
were displayed as the mean ± standard deviation, and analyzed via GraphPad Prism (v 9.0.1). Statistical analysis of two groups was 
evaluated via Student’s t-test. One-way ANOVA was adopted to compare three groups. P < 0.05 was statistically significant. 

3. Results 

3.1. Map of differentially expressed genes and genetic alteration in MUCIN, CLDN and ZNF family 

In the STAD cohort, 375 samples were analyzed, with 63 diagnosed with diffuse-type gastric cancer and 5 normal tissue samples 
serving as control. Utilizing the Limma package and counts data, a differential expression analysis was conducted, identifying a total of 
17,687 differentially expressed genes, with 2822 upregulated and 2478 downregulated under the conditions of FC≥2 and P < 0.05 
(Fig. 1A). Additionally, the heat-map depicted the top 20 most differentially expressed genes (Fig. 1B). 

Fig. 1. The DEGs and their distributions between normal and tumor tissue. A. Volcano plot showed upregulated and down regulated genes 
between normal and tumor tissues. B. Heatmap showed top 20 genes upregulated and downregulated between normal and tumor tissues. 
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3.2. The relationship between MUCIN expression and its prognostic role in DGC 

Our findings, illustrated in Fig. 2, S1, and S2, highlighted the MUC, ZNF, and CLDN families, respectively. Notably, the univariable 
Cox analysis revealed significant prognostic potential in genes of the MUC and CLDN families, with specific genes such as CLDN11 (P =
0.03779, HR = 1.291), CLDN34 (P = 0.02257, HR = 1.466), CLDN9 (P = 0.00430, HR = 1.284), MUC15 (P = 0.008, HR = 1.226), 
MUC19 (P = 0.011, HR = 1.228), and MUC2 (P = 0.029, HR = 1.11) being notable (Fig. 3A). Notably, the MUCIN family emerged as 
significantly relevant, prompting us to select MUCIN genes with positive univariable Cox results for further multivariable analysis. 
Subsequently, our multivariable Cox analysis, depicted in Fig. 3B, revealed that MUC15 (P = 0.008, HR 1.23, 95%CI 1.05–1.43), 
MUC19 (P = 0.011, HR 1.23, 95%CI 1.05–1.44), MUC2 (P = 0.029, HR 1.11, 95%CI 1.01–1.21), and MUC20 (P = 0.032, HR 1.25, 95% 
CI 1.02–1.54) exert a negative influence on overall survival. 

Fig. 2. Relative mRNA expression levels in DGC and normal tissues. A. Membrane-bound MUCINs (MUC1, MUC3A, MUC4, MUC12, MUC15, 
MUC16, MUC17, MUC20, MUC21, and MUC22) and secreted MUCINs (MUC2, MUC5AC, MUC5B, MUC6) were labeled with red and blue titles, 
respectively. Statistical analyses were performed using unpaired t-test. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001. 

X.-X. Luo et al.                                                                                                                                                                                                         



Heliyon 10 (2024) e31403

6

3.3. The result of clustering analysis and nomogram analysis 

After consensus clustering of the subtypes in this cohort, we identified 2 clusters based on the expression levels of MUC15, MUC19, 
MUC2, and MUC20 (Fig. 4A–C). Subsequently, Kaplan-Meier analysis revealed that cluster 2 exhibited a significantly better disease- 
free-survival (P = 0.021) and overall-survival (P = 0.011) compared to cluster 1, suggesting distinct prognostic implications for the 
clusters (Fig. 4E). Following this, ROC curve analysis was performed to estimate the prediction probability for each candidate gene 
(Fig. 5A–D). The AUC values for MUC2 and MUC20 were calculated and indicated that both had AUCs above 0.7 for 1-year survival 
prediction, demonstrating their high predictive value for prognosis. Moreover, the analysis of clinical characteristics between clusters, 
presented in Fig. S3, yielded statistically insignificant results. Subsequent to the multivariable analysis, the expression of MUC2, 
MUC15, MUC19, MUC20, and M stage were used to construct a nomogram for survival prediction (Fig. 5E). In the nomogram model, 
the total score was derived from the summation of individual scores for each variable, enabling the prediction of probable survival rate 
based on the total points. Furthermore, ROC curve analysis indicated that the nomogram model exhibited satisfactory predictive 
ability for 1-year survival (Fig. 5G). The total score was further stratified into low-risk and high-risk groups, with patients below the 
median risk score considered as the low-risk group, and the opposite as the high-risk group. Subsequently, Kaplan-Meier analysis 

Fig. 3. Identification of prognostic-related genes. A. Univariate Cox analyses showed the hazard ratios (HRs) of selected CLDN and MUNCIN 
genes with forest plot. B. Multivariate Cox regression analyses showed four selected MUCIN genes and clinicopathological features in DGC patients. 

Fig. 4. Identification of clusters. A. Heat map of sample clustering. B. Cumulative distribution function curve. C. Delta area of related genes. D. 
Expression of targeted MUNCINs between clusters E. Survival curves of cluster1 and cluster2 in test cohort. 
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revealed that the low-risk group had significantly better overall-survival than the high-risk group, validating the performance of the 
nomogram model (Fig. 5F). 

3.4. MUCIN signature and different characteristics between clusters in immune activity 

Upon conducting GSEA analysis to compare the biological behaviors of two clusters, we identified the mechanism responsible for 
the poor prognosis in cluster 1. Subsequently, KEGG pathway analysis revealed that cluster 1 was markedly enriched in 

Fig. 5. Construction and validation of predicting model for overall survival. A.-D. Receiver operating characteristic (ROC) curve of 1,3,5 and 7 
years of selected MUCINs. E. Nomogram showed the potential prognostic role for four selected MUCINs. F. Receiver operating characteristic (ROC) 
curve of 1,3,5 and 7 years of nomogram model. G. Kaplan–Meier survival curve showed the overall survival in two clusters. 

Fig. 6. Comparison of various metabolic patterns of DGC. A. GSEA analysis of top 6 metabolic patterns between clusters. B. GSEA analysis of top 
6 most immune-related biological pathways between clusters. The TGF-beta, WNT, and MAPK signaling pathways were up-regulated in high- 
MUC20-expression cluster. 

X.-X. Luo et al.                                                                                                                                                                                                         



Heliyon 10 (2024) e31403

8

glycosaminoglycan biosynthesis and glycosphingolipid, while cluster 2 exhibited enrichment in primary immunodeficiency, allograft 
rejection, and graft-versus-host disease (Fig. 6A and B). Further, MF analysis demonstrated that cluster 1 was markedly enriched in 
transforming-growth factor beta binding and muscle alpha-actinin binding, while cluster 2 was enriched in single-stranded DNA 
helicase activity and MHC protein binding (Fig. S4A). Additionally, BPs showed that cluster 1 was markedly enriched in regulation of 
WNT signaling pathway and membrane repolarization, while cluster 2 was enriched in regulation of natural killer cell-mediated 
immunity and positive regulation of natural killer cell-mediated immunity (Fig. S4B). Moreover, CCs indicated that cluster 1 was 
markedly enriched in presynaptic active zone membrane, whereas cluster 2 was enriched in T cell receptor complex and nucleosome 
(Fig. S4C). These findings collectively denote a discernible difference in immunity between clusters. Our immune-related KEGG 
analysis further revealed that cluster 1 was markedly enriched in TGF-beta signaling pathway, WNT signaling pathway, and MAPK 
signaling pathway, while cluster 2 was enriched in T cell receptor signaling and RIG-I-LIKE receptor signaling pathway, suggesting 
varying immune activity between the clusters. 

Upon further analysis of immune-related signatures in the two clusters, our results demonstrated that cluster 1, with higher 
expression of MUC20, exhibited a lower TMB than that of cluster 2, indicating limited benefits of immunotherapy (Fig. 7A and B). 
Additionally, the frequency of mutated genes in the clusters was reflected in Fig. 7C and D, revealing that TGFBR1, MAP2k, FGF9, 
JAKMIP1, KPNB1, PCDHGA12, PTCHD3, SLC12A5, TNRC6A were highly mutated genes in cluster 1 compared to cluster 2. Subse-
quently, we delved into the characteristics of immune activity and the proportion of immune cells in each cluster. The heatmap 
visualization showcased evident differences in the infiltration of immune cells, with the score of M0 macrophages of innate immune 
being higher in cluster 1 compared to cluster 2, and the abundance of CD8+ T cells and activated CD4+ memory T cell being increased 
in cluster 2, signifying a synergistic relationship between them (Fig. 8A, B, and 8C). Considering the pivotal role of immune check-
points (ICPs) in anti-tumor immunity and their influence on the efficacy of immunotherapy, we assessed the expression of 20 ICPs in 
the two clusters, revealing higher expression of LGALS3 and CEACAM1 in cluster 1, and higher expression of PDCD1 (PD-1), KIR3DL1, 
LAG3, and TIGIT in cluster 2 (Fig. 9A). Furthermore, the result of T cell-inflamed score, which defines preexisting cancer immunity and 
predicts the clinical response of immune checkpoint blockade (ICB), indicated higher scores in cluster 2 (Fig. 9C), while TIDE score 
estimation revealed a lower score in cluster 1, implying a higher tumor immune escape probability, limited benefits of immune 
therapies, and poor prognosis, consistent with the TMB results (Fig. 9D and E). Moreover, further analysis of immune correlation with 
targeted MUCIN family in DGC found a positive correlation between MUC 20 and the infiltration of various immune cells, including M2 
macrophages and regulatory T cells, and a negative correlation with M1 macrophages, activated memory CD4+ T cell, follicular helper 
T cell, and resting NK cells. Additionally, MUC20 was positively associated with immune checkpoints, such as VTCN1, CEACAM1, and 
CD276, and negatively associated with TIGIT, PDCD1, LAG3, IDO1, CTLA4, CD80, CD274, and ADORA2A, suggesting that MUC20 
may hold crucial prognostic value and offer insights into immunotherapy for DGC. 

Fig. 7. Mutation burden and CNV analysis. A.-B. Barplot showed tumor mutation burden between clusters. C.-D. Numbers of mutation genes and 
CNV analysis between clusters. 
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Fig. 8. Immune cell infiltration pattern in tumor and normal tissue. A. Barplot showed the distribution of 22 immune cells in tumor samples. B. 
Boxplot showed the distribution of 22 immune cells in tumor tissue between clusters. C. Heatmap showed correlation between four targeted 
MUNICNs and the 22 immune cells infiltration in tumor tissue. ***p < 0.001, **p < 0.01, *p < 0.05, ns p > 0.05. 

Fig. 9. Distributions of ICBs between clusters. A. Boxplot showed expression of ICBs between clusters. B. Heatmap showed correlation between 
four targeted MUNICNs and ICBs in tumor tissue. C. Boxplot showed T-cell inflammation score between clusters. D-E. Boxplot showed wilcox. test 
and chisq. test of TIDE score between clusters. ***p < 0.001, **p < 0.01, *p < 0.05, ns p > 0.05. 
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3.5. Experimental validation of aberrantly expressed MUCIN family members in GC cells 

The expressed levels of MUCIN family members: MUC2, MUC15, MUC19, and MUC20 in gastric mucosal epithelial cells (GES-1) as 
well as GC cells (SNU484 and Hs746t) were experimentally verified in this study. Our qPCR results revealed that MUC2 expression did 
not show a statistically significant difference in SNU484 and Hs746t cells compared to GES-1 cells (Fig. 10A). Conversely, MUC15, 
MUC19, and MUC20 exhibited significant up-regulation in the two GC cell lines compared to GES-1 cells (Fig. 10B–D). Subsequently, 
we conducted a Western blot analysis to measure the expression of MUC15, MUC19, and MUC20. The results indicated notable 
overexpression of MUC15 and MUC20 in the GC cells as compared to GES-1 cells, while no differential difference in MUC19 expression 
was observed (Fig. 10E–H). Consistent with previous studies [28], our findings confirm the overexpression of MUC15 and MUC20 in 
GC cells. 

3.6. Both knockdown of MUC15 and MUC20 restrained cell viability and migration of GC cells 

The study aimed to validate the precise roles of MUC15 and MUC20 in the biology of gastric cancer (GC) cells. To achieve this, 
specific siRNAs targeting MUC15 or MUC20 were transfected into SNU484 and Hs746t cells. Immunofluorescence analysis confirmed a 
remarkable suppression of MUC15 and MUC20 in the GC cells compared to the control group (Fig. 11A–D). Following this, cell 
viability was assessed using the CCK-8 assay, which revealed significantly reduced viability in MUC15- or MUC20-silenced SNU484 
and Hs746t cells (Fig. 11E and F). Moreover, the data from the wound healing assay demonstrated a notable hindrance in the migration 
of SNU484 and Hs746t cells upon MUC15 or MUC20 knockdown (Fig. 11G–J). Combined, these results indicate that therapeutic 
targeting of MUC15 or MUC20 has the potential to restrain the growth and migration of GC cells. 

Fig. 10. Experimental verification of dysregulated expression of MUCIN family members in GC cells. (A–D) Detection of mRNA levels of (A) 
MUC2, (B) MUC15, (C) MUC19 and (D) MUC20 in GES-1, SNU484 and Hs746t cells through qPCR. (E) Representative Western blot images of 
MUC15, MUC19 and MUC20 in GES-1, SNU484 and Hs746t cells, raw data in supplementary materials FigureS 5 A-D. GAPDH was served as an 
internal reference. (F–H) Quantification of protein levels of (F) MUC15, (G) MUC19 and (H) MUC20 in GES-1, SNU484 and Hs746t cells based upon 
protein bands. *P < 0.05; **P < 0.01; ns: no statistical significance. 

X.-X. Luo et al.                                                                                                                                                                                                         



Heliyon 10 (2024) e31403

11

(caption on next page) 
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3.7. Both knockdown of MUC15 and MUC20 suppressed epithelial-to-mesenchymal transition (EMT) process in GC cells 

EMT is essential for invasive and metastatic cancer cell spreading [21]. Thus, we focused on the influence of MUC15 and MUC20 on 
EMT process. The immunofluorescence results demonstrated that E-cadherin expression was remarkably up-regulated by MUC15 or 
MUC20 knockdown both in SNU484 and Hs746t cells (Fig. 12A–D). It was also found the reduced expression of N-cadherin in MUC15- 
or MUC20-silenced SNU484 and Hs746t cells (Fig. 12E–H). Combining with prior studies [29–31], our findings unveil that MUC15 and 
MUC20 participate in mediating EMT process of GC cells. 

4. Discussion 

In this study, we focused on the analysis of MUCINs, which are O-glycoproteins primarily expressed by epithelial cells and are 

Fig. 11. Effects of MUC15 and MUC20 knockdown on cell viability and migratory abilities of GC cells. (A) Representative immunofluo-
rescence photographs of MUC15 and MUC20 in SNU484 cells in the context of transfection of si-MUC15, si-MUC20 or controls. Scale bar, 20 μm. (B) 
Quantification of fluorescence intensity of MUC15 and MUC20 in the figure above. (C, D) Representative immunofluorescence photographs of 
MUC15 and MUC20 and quantification results in Hs746t cells transfected with si-MUC15, si-MUC20 or controls. (E, F) Detection of OD values at 
450 nm in SNU484 and Hs746t cells in the context of si-MUC15, si-MUC20 or control transfection by CCK-8 assay. (G) Representative wound 
healing photographs of SNU484 cells under transfection of si-MUC15, si-MUC20 or controls at 0 h and 24 h. Scale bar, 50 μm. (H) Calculation of 
wound distance (%) in the figure above. (I, J) Representative 0- and 24-h wound healing images in Hs746t cells transfected with si-MUC15, si- 
MUC20 or controls as well as quantification of wound distance (%). **P < 0.01. 

Fig. 12. Effects of MUC15 and MUC20 knockdown on EMT process in GC cells. (A, B) Representative immunofluorescence photographs of E- 
cadherin in SNU484 and Hs746t cells in the context of si-MUC15, si-MUC20 or control transfection. Scale bar, 20 μm. (C, D) Calculation of fluo-
rescence intensity of E-cadherin in the figures above. (E–H) Representative immunofluorescence photographs and fluorescence intensity of N- 
cadherin in SNU484 and Hs746t cells with si-MUC15, si-MUC20 or control transfection. **P < 0.01. 
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categorized into secreted, membrane-bounded, and atypical types [32].Although the secreted and membrane-bounded types of 
MUCINs have been implicated in facilitating oncogenic processes in various malignancies, the relationship between the expression 
levels of MUCINs and the prognosis of patients with diffuse gastric cancer (DGC) remains ambiguous [32–34]. To address this gap, we 
gathered DGC data from the TCGA database and conducted an analysis of MUCINs’ correlation with clinical outcomes. Notably, our 
analysis revealed the existence of two distinct clusters based on the expression levels of MUCIN2, MUCIN15, MUCIN19, and MUCIN20, 
and their association with clinical outcomes. Notably, cluster 2, characterized by lower expression of MUCIN2 and MUCIN20, was 
found to be associated with a more favorable survival outcome. 

MUCIN2 is one of the secreted MUCINs, and it is commonly overexpressed in mucinous adenocarcinomas, particularly in CRCs. 
These tumors are associated with mutation of KRAS and BRAF [35], and displaying microsatellite instability [36], leading to a greater 
tendency of recurrence and metastasis [37]. The clinical significance of MUC2 as a diagnostic marker and prognostic factor in CRC is 
supported by several lines of evidence. A systemic meta-analysis involving 6032 CRC patients revealed a link between increased MUC2 
expression and prolonged overall survival [38]. There is a lack of research focusing on MUC19, another secreted mucin, except for an 
interesting finding that long non-coding RNA A2M-AS1 promotes breast cancer through the upregulation of MUC19 [39]. Although 
MUCIN15, a highly glycosylated protein found in the small intestine, colon, and liver [40], has not been reported in GC, further 
investigation regarding its specific role is necessary. 

MUCIN20, a membrane-bound mucin, has been correlated with enriched immune-related activities in ccRCC, indicating its role in 
tumor microenvironment modulation [41]. Moreover, MUC20-overexpressing GC cells have been found to exhibit chemoresistance to 
cisplatin and paclitaxel, suggesting a potential role as a target for reversing drug resistance [28]. Our experiments in vitro have 
demonstrated overexpression of MUC20 on GC cells and its positive relationship with EMT viability, suggesting its involvement in 
tumor metastasis and a potential therapeutic target. 

The results of GSEA analysis revealed differences in immune activity between clusters. Cluster 1 was notably enriched in 
transforming-growth factor beta (TGF-β) and WNT signaling, associated with poor prognosis. It is reported that c-Jun/TGF-β signaling 
contributes to the progression of RCC by increasing RCC cell growth and cell invasion [42,43]. Additionally, WNT and TGF-β signaling 
have been found to cooperate in inducing tumorigenesis in gastric cancer, suggesting the potential value of targeting this crosstalk for 
therapeutic intervention in DGC [44]. 

With the advancements in genome technologies and targeted therapies, three approved strategies are recommended by guidelines 
for cancer treatment: trastuzumab targeted at HER2 [7,45,46], ramucirumab targeted at VEGF2 [47], and nivolumab and pem-
brolizumab, ICIs targeted at PD-1 [48].In the last decade, cancer immunotherapy has emerged as a milestone in cancer treatment, 
including checkpoint inhibitors, adoptive immune cell therapy, and cancer vaccines. GC of EBV + or MSI subtype with high expression 
of immune checkpoints are promising candidates for cancer immunotherapy according to TCGA classification. 

In our study, we observed that cluster 2, with lower expression of MUC2 and MUC20, has a higher tumor mutation burden (TMB) 
and higher TIDE score than cluster 1, indicating its potential benefit from immunotherapy. Additionally, we found that cluster 2 had 
better prognosis with less M0 macrophages and more CD8+ T-cell infiltrate. Similarly, longer survival is associated with greater CD8+

T-cell infiltrate and the presence of M1 macrophages in tumors. Furthermore, higher baseline CD8+ T-cell infiltrate indicates a stronger 
response to anti-PD1 treatment [49–52]. Moreover, the expression of MUC20 in cluster 2 is positively related to M2 macrophage and 
regulatory T cell infiltration, along with lower levels of surface molecules associated with T cell activation, such as LAG-3 and TIGHT. 
Targeting surface molecules on Tregs, such as CTLA-4, CD25, OX-40, LAG3, and TIGIT, may help control tumor burden [53,54]. Based 
on the expression of MUCINs, we identified two clusters with different clinical outcomes and distinct immune characteristics, and 
developed a nomogram model for prediction in this study. Notably, MUC20 was found to be an independent prognostic factor and 
correlated with the levels of ICBs and immune cell infiltration in the tumor, indicating its potential role as an immune therapy in-
dicator. However, our study has certain limitations. Firstly, it is a small retrospective study based on public data with some clinical 
details missing, such as adjuvant therapies and recurrence patterns. Secondly, a validation set of DGC is needed to confirm our 
nomogram model, which should be further validated by prospective studies in the future. 

In conclusion, we have successfully identified 2 clusters in DGC with distinct clinical and immune characteristics and constructed a 
nomogram model based on the expression of MUCINs. Furthermore, MUC20, which is correlated with EMT viability, clinical outcomes, 
and immune activity, has the potential to serve as a valuable prognostic factor for DGC. This suggests that it may provide a better 
therapy choice for DGC patients and could be considered as a potential clinical target. 
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