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Background: Recurrent metastasis after radical resection in patients of colorectal cancer (CRC) is a great challenge for the world, in
which genomic alterations play a major role in tumorigenesis. MUC4 plays a significant role in recurrence and metastasis in tumor.
This study is aimed at exploring the association between MUC4 variants and metastatic recurrence of CRC.

Methods: Forty-seven patients relapsing with metastasis and 37 patients remaining disease-free postoperatively were enrolled. Next-
generation sequencing (NGS) detected mutations. Mutation and mRNA expression data were downloaded from TCGA and cBioPortal
databases. We analyzed the relationship between MUC4 variants and clinical parameters, as well as possible molecular mechanisms.
Results: MUC4 variants rs56359992 and rs781124621 were associated with survival in patients with CRC. Rs56359992 was more
common in patients with metastatic recurrence. MAPK pathway, PI3K-Akt pathway, JAK-STAT pathway, cell cycle, WNT pathway
and mTOR pathway were found to correlate with MUC4 mutation by GO/KEGG analysis, as well as resting and activated mast cell
related to MUC4 mutation by CIBERSORT analysis.

Conclusion: Genetic variants of MUC4 with CRC may constitute a molecular signature of metastatic recurrence. MUC4 may become
a new target for the treatment of CRC recurrence.
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Introduction
Colorectal cancer (CRC) is a common malignant tumor that seriously threatens human life. Colorectal cancer is the third most
common malignancy in cancer according to existing studies.' In 2020, CRC accounted for 10% of global cancer incidence
and 9.4% of cancer deaths, just less than breast cancer and lung cancer. Based on population aging, population growth and
human development, new CRC cases worldwide are expected to reach 3,200,000 in 2040.> According to data evaluation, in
the next 20 years, the number of new CRC patients in China will increase from 560,000 in 2020 to 910,000 in 20403

Mucins are high molecular weight glycoproteins responsible for protecting, repairing, and surviving epithelial tissue
in the gut.*> Mucins have a surface protective effect on epithelial cells by trapping pathogens and are also involved in
cell signaling pathways.®’ Several mucins have been found to be involved in the tumorigenesis of various solid tumors.
In addition, limited studies are published about MUCs in CRC.®

MUC4 ordinarily lines the goblet cells and epithelial cells of the normal human small and large intestine.” MUC4 has
an effect on tumor proliferation, recurrence and metastasis. MUC4 promoted aggressive activity in triple negative breast
cancer cells by altering the expression of EGFR, ErbB2, and ErbB3 molecules and their downstream signaling.” In two
pancreatic cancer cell lines, knocking down MUC4 downregulated lysosomal degradation of E-cadherin, resulting in
downregulation of Wnt/B-catenin signaling pathway. The above process eventually led to the proliferation and metastasis
of the tumor.'® In stage I non-small cell lung cancer, MUC4 mutation was related to early recurrence.'’ Conflicting
results associated with MUC4’s role in colon tumor have been reported.'? It was reported that overexpression of MUC4
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in tissues obtained from colon cancer was related to a poorer prognosis.'> However, others reported a loss of MUC4 in
tissue samples from patients diagnosed with CRC."

Recurrent metastasis after radical resection in CRC patients is a great challenge.'* About 60-80% of recurrences of
CRC occurred 2 years after radical resection and 90% in the first 4 years.'> Metastasis is the main driver of CRC-related
mortality, with liver, lung and peritoneal metastasis being the most commonly affected.'®'® CRC with peritoneal
metastasis had a poor prognosis and was generally considered a terminal illness.'"” A comparison of isolated site
metastases among peritoneal, liver and lung metastasis reported median overall survival (OS):16.3 months in peritoneal
metastasis, 19.1 months in liver metastasis, and 24.6 months in lung metastasis.?’

Although many studies have shown abnormal expression of MUC4 in CRC,?' the relationship between genetic
variants of MUC4 and metastatic recurrence in CRC is not clear. We analyzed genetic mutations of MUC4 in Chinese
based on next-generation sequencing (NGS). Our study assessed the association of MUC4 variants with metastatic
recurrence in CRC.

Materials and Methods

Study Population

This study included patients diagnosed with CRC who underwent radical surgery at Cangzhou Central Hospital from
January 2018 to March 2021. A total of 84 patients with CRC stage I-III were enrolled: 47 patients in case group subsequently
relapsed with metastasis; 37 age-matched patients in control group remained disease-free postoperatively. Clinicopathological
data and follow-up data were collected from the hospital’s case database and follow-up office respectively. We obtained
information on registered patients including age, gender, time to diagnosis, TNM stage, nodules, lymphovascular invasion,
perineural invasion, tumour localization, and their follow-up data on recurrence, metastasis, and survival. The study’s
inclusion criteria included: (1) Patients were not less than 18 years old; (2) Patients were pathologically diagnosed with
CRC; (3) Patients had radical surgery. Patients would be excluded if they: (1) had metastasis; (2) comorbid other malignancies;
(3) received neoadjuvant chemotherapy or targeted therapy or radiation therapy; (4) had no follow-up. This retrospective
study was approved by the ethics committee of the Chinese PLA General Hospital and Cangzhou Central Hospital (S2022-
305-01) and conformed to the 1964 Helsinki Declaration and its later amendments or comparable ethical standards.

Genomic Data Analysis

DNA was extracted from formalin-fixed, paraffin-embedded (FFPE) of tumor tissue specimens for NGS. We used
noncancer Genome Aggregation Database (gnomAD) as representative of normal population controls. Genetic alterations
were subsequently analyzed according to standard principles. Clinical and genetic data were downloaded from cBioPortal
for Cancer Genomics (https://www.cbioportal.org).

mRNA Expression Profile Analysis

Corresponding mRNA expressions were downloaded from TCGA database. The expression data were divided into two
groups including MUC4 mutation group and MUC4 wild type (MUC4 WT) group based on mutation data. R package
was used for GO, KEGG, GSEA, ESTIMATE and CIBERSORT analysis and visualization.

Statistical Analysis

Data analyses were performed by using R software version 4.2.2 for Windows and SPSS 23.0. The Kaplan—Meier
method and Log rank test were applied to determine survival function. Chi-squared test or Fisher’s exact test was used to
evaluate statistical heterogeneity. Differences between two groups were determined by Student’s ¢ test when data were
normally distributed. The p-value obtained was considered statistically significant at a threshold of p <0.05.

5078 "o International Journal of General Medicine 2023:16

Dove!


https://www.cbioportal.org
https://www.dovepress.com
https://www.dovepress.com

Dove Liu et al

Results

Comparison of Baseline Characteristics

We consulted NCBI database and selected three genetic variants of MUC4 with mutation frequency >10% in our study,
including rs56359992, rs1560322790, and rs781124621. We assessed baseline characteristics of 84 patients (Table 1).
Colon cancer, N stage (N1-N2), lymphovascular invasion and rs56359992 were more in the case group than control
group, with P=0.013, P<0.001, P=0.039, P=0.019 respectively (Table 1). Other demographic and clinicopathological
characteristics were not statistically significant in the comparison between the two groups.

Relationship Between MUC4 Mutations and CRC Metastasis Recurrence

Kaplan—Meier analysis was used for survival analyses (Figure 1). We found potential relations between genetic variants
of MUC4 and patient survival. Variants 1s56359992 (Figure 1A) and rs781124621 (Figure 1C) were related to prognosis.
Variants rs1560322790 (Figure 1B) were not related to prognosis. We further analyzed the association of genetic
mutations with specific metastasis of CRC, including liver, lung, peritoneal and other organs. 70.3% of rs56359992,

Table | Baseline Characteristics of Case and Control Group (n,%)

Parameter Total Case Group Control Group P
(n=84) (n=47) (n=37)

Gender 0.759
Female 37 (44.0%) 20 (42.6%) 17 (45.9%)
Male 47 (56.0%) 27 (57.4%) 20 (54.1%)

Age 0.922
<60years 30 (35.7%) 17 (36.2%) 13 (35.1%)
260years 54 (64.3%) 30 (63.8%) 24 (64.9%)

Tumour Localization 0.013
Colon 20 (23.8%) 16 (34.0%) 4 (10.8%)
Rectum 64 (76.2%) 31 (66.0%) 33 (89.2%)

T Stage 0.623
TI-T2 14 (16.7%) 7 (14.9%) 7 (18.9%)
T3-T4 70 (83.3%) 40 (85.1%) 30 (81.1%)

N Stage <0.001
NO 32 (38.1%) 10 (21.3%) 22 (59.5%)
NI-N2 52 (61.9%) 37 (78.7%) 15 (40.5%)

Nodules 0.117
Yes 18 (21.4%) 13 (27.7%) 5 (13.5%)
No 66 (78.6%) 34 (72.3%) 32 (86.5%)

Perineural invasion 0.443
Yes 8 (9.5%) 6 (12.8%) 2 (5.4%)
No 76 (90.5%) 41 (87.2%) 35 (94.6%)

Lymphovascular invasion 0.039
Yes 12 (14.3%) 10 (21.3%) 2 (5.4%)
No 72 (85.7%) 37 (78.7%) 35 (94.6%)

MUC4 Mutations

rs56359992 0.019
Yes 37 (44.0%) 26 (55.3%) 11 (29.7%)
No 47 (56.0%) 21 (44.7%) 26 (70.3%)

rs1560322790 0.267
Yes 18 (21.4%) 8 (17.0%) 10 (27.0%)
No 66 (78.6%) 39 (83.0%) 27 (73.0%)

rs781124621 0.381
Yes I (13.1%) 8 (17.0%) 3 (8.1%)
No 73 (86.9%) 39 (83.0%) 34 (91.9%)
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Figure | Correlation between MUC4 variants and prognosis in CRC patients.(A) Kaplan—-Meier DFS curves for CRC patients with rs56359992 and without rs56359992.
(B) Kaplan—Meier DFS curves for CRC patients with rs1560322790 and without rs1560322790. (C) Kaplan—Meier DFS curves for CRC patients with rs781124621 and
without rs781124621.

44.4% of 151560322790 and 72.7% of rs781124621 were metastasis (Figure 2). The analysis showed that different
metastases were distributed differently in rs781124621, while no statistical significance in rs56359992 and rs1560322790
(Figure 2). We analyzed that patients with rs781124621 were more likely to have recurrent peritoneal metastasis
(Figure 3).
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Figure 2 Relationship between MUC4 variants and CRC metastasis after radical surgery. The barplot showed the proportion of CRC patients with metastasis. *p<0.01.
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Figure 3 Relationship between variant rs781124621 and peritoneal metastasis. ****p<0.0001.

Functional Enrichment Analysis

We downloaded data from public databases to further analyze possible biological processes involved in MUC4
mutation in CRC. We divided data into MUC4-mutated and MUC4-WT groups and performed GO, KEGG and
GESA analysis (Figure 4). The volcano map showed that 268 of differentially expressed genes (DEGs) were
upregulated and 451 were downregulated (Figure 4A). Enrichment analysis showed that DEGs were mainly
involved in some biological functions (Figure 4B) like cell-substrate junction, focal adhesion, and signaling
pathways (Figure 4C) such as MAPK pathway, PI3K-Akt pathway, JAK-STAT pathway, cell cycle, WNT pathway
and mTOR pathway. GSEA analysis also found immune activity like natural killer cell-mediated cytotoxicity
(Figure 4D).

Immunological Correlation of MUC4 Mutation

MUC4 mutations were found to be associated with immune-related biological activity in our study. To obtain more
specific results, we performed ESTIMATE and CIBERSORT analyses. The immunescore of the MUC4 mutated group
was significantly higher than that of the MUC4 WT group (Figure 5). Analysis of infiltrated immune cells of two groups
showed that activated mast cell was higher in MUC4-mutated group, while mast cell resting was higher in MUC4-WT
group (Figure 6).

Discussion

CRC is a worldwide problem, and surgery is still the first-line treatment for early-stage CRC.?* Despite the improved
initial cure rates for CRC, 20%-30% of stage I-11II patients still experienced recurrences, including liver metastasis, lung
metastasis, peritoneal metastasis and other types of recurrence.”> Metastatic recurrence of tumors involved a series of
complex processes. For example, epithelial-mesenchymal transition (EMT) can promote tumor recurrence and
metastasis.>* Early detection and treatment of disease recurrence were proved beneficial.>® Patients were detected
metastases by regular surveillance to improve prognosis,” but the results were not satisfactory. Therefore, scholars
tried to find suitable predictors for CRC recurrence and prognosis.’®>® For this purpose, we investigated the relationship
between CRC recurrence and MUC4 mutations.

First, we compared the baseline characteristics of patients and found that people with metastatic recurrences had more
colon cancer, N stage (N1-N2) and lymphovascular invasion. Researchers found that anatomical location of primary
tumor and N stage were related to tumor recurrence.”’*° Lymphovascular invasion was also detected to be associated
with a high recurrence rate.”> Therefore, recurrence of CRC was associated with clinicopathological features, such as

tumor localization, N stage and lymphovascular invasion.
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Figure 4 Analysis of biological activity associated with MUC4 mutations. (A) The volcano plot of the DEGs. (B) Gene ontology enrichment analysis. (C) Kyoto Encyclopedia
of Genes and Genome pathway enrichment analysis. (D) Gene set enrichment analysis.
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In addition, we analyzed the relationship between MUC4 mutations and CRC prognosis and found that MUC4
variants 1s56359992 and rs781124621 were associated with CRC prognosis. Meanwhile, MUC4 mutation 1s56359992
was found associated with CRC metastatic recurrence

Scholars looked for molecular markers to predict CRC recurrence and mucins had great exploration value. Mucins
Mucins play a role in cell adhesion, metastasis

contain a large amount of clustered oligosaccharides O-glycosidically.
In the early stages of metastasis, mucins reduced cell adhesion, and changed matrix interaction
MUC4 was found to be involved in both tumor metastasis
35

and signal transduction

which gave cancer cells access to cell motility and invasion

and progression.** Loss of MUC4 expression in gastric adenocarcinoma was significantly related to recurrence
Previous studies showed that MUC4 was related to proliferation, invasion and distant metastasis of pancreatic cancer

Mutations were found to be associated with recurrent metastasis of CRC.*” MUC4 genetic variants were

5083

https:
Dove:

cells.?

International Journal of General Medicine 2023:16


https://www.dovepress.com
https://www.dovepress.com

Liu et al Dove

associated with mortality and susceptibility to CRC.*® These findings showed that MUC4 mutations were closely related
to CRC metastasis and prognosis and could be novel biomarkers for the prediction of CRC patients’ prognosis.

Moreover, we further analyzed the relationship between MUC4 variants and CRC metastasis, and found that CRC
patients with rs781124621 were more likely to have peritoneal metastasis. Recurrent peritoneal metastasis in CRC
patients was tricky. The first three sites of recurrent metastasis after radical CRC surgery were liver, lung and
peritoneum.”> The median overall survival of patients with peritoneal metastasis was found to be not optimistic and
related to mucus histology.!”*° People were still not very clear about the genetic changes and mutations in peritoneal
metastasis. Researchers found that mutations in KRAS and BRAF were associated with overall survival in peritoneal
metastasis patients.*® Peritoneal metastases were presumed to begin with the shedding of single cells or tumor masses by
transmitting tumor cells through the adhesion molecule E-cadherin.*! Downregulation of E-cadherin was also involved in
the EMT process, which could promote tumor metastasis.*? At the same time, high levels of E-cadherin were required for
adhesion connections.*> MUC4 loss in pancreatic cancer cells resulted in downregulation of lysosomal degradation of
E-cadherin.'® MUC4 may promote peritoneal metastasis of CRC via E-cadherin. Thus, MUC4 mutation may play an
important role in peritoneal metastasis in CRC patients.

Furthermore, we analyzed the biological activity associated with MUC4 mutations in CRC through GO, KEGG and GSEA
analyses. We obtained some biological functions like cell-substrate junction and focal adhesion through GO analysis, and MAPK
and PI3K—Akt signaling pathways through KEGG analysis, and natural killer cell-mediated cytotoxicity through GSEA analysis.
Focal adhesion played a significant role in tumor cell survival, proliferation, differentiation and invasion.** MUC4 deletion led to
a decrease in focal adhesion kinase which promoted tumor progression.**** MAPK and PI3K—Akt signaling pathways highly
depended on calcium ion to activate key component proteins.*’ Regulating E-cadherin and B-Chain protein signaling promoted
the progression of CRC through MAPK pathway.*® Autophagy activated through PI3K/Akt/mTOR pathway could suppress
cancer cell migration and invasion.*” Enhancing the EMT process through PI3K/AKT/mTOR pathway can promote migration

5! These results

and invasion of CRC cells.”® MUC4 was demonstrated to regulate the MAPK signaling pathway.
suggested MUC4 may be involved in CRC recurrent metastasis by regulating MAPK pathway and PI3K-AKT pathway, but
more experiments were needed to prove these conjectures.

Finally, we analyzed the relationship between MUC4 mutations and immune activity, and found immune score of
MUC4 mutation group was higher than that of MUC4 WT group, and found that activated mast cells appeared higher in
MUC4 mutation group. In our study, MUC4 mutations were also involved in inflammatory pathways in KEGG analysis,
such as JAK-STAT signaling pathway. Meanwhile GSEA also found natural killer cell-mediated cytotoxicity. MUC4
protects disseminated tumor cells from immune recognition by masking various immunogenic cell surface antigens
through its large glycosylated extracellular domain.** The physical interaction between MUC4 and platelets and immune
cells enhanced the survival and extravasation of disseminated tumor cells.”> In CRC, mast cell was correlated with
angiogenesis, migration and prognosis.”® The relationship between MUC4 and mast cells was not clear. MUC4 and mast
cells may influence CRC through interactions, which needed further verification. Our research suggested that MUC4
mutations were related to immune activity in CRC.

Several limitations in this study may affect the accuracy of experiment and further research is needed. Firstly, the
DNA required for NGS was extracted from FFPE, resulting in more pseudo mutations than fresh or frozen tissue.
Secondly, not enough patients were recruited to the point which may occur inaccurate results. Thirdly, no matching other
omics data accompanied the NGS data for in-depth analysis. Finally, the potential targets found in this study required
further biological validation.

Conclusion

Understanding molecular characteristics of metastatic recurrence of CRC was crucial to evolve future therapeutic
strategies. NGS was performed on FFPE from CRC patients to show that MUC4 may play a key role in CRC metastatic
recurrence especially peritoneal metastasis, and maybe a potential therapeutic target. This study investigated the

molecular mechanism of CRC metastatic recurrence and provided some new insights for further genomic research.
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