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Purpose: To clarify the significance of mitochondria-related differentially expressed genes (MTDEGs) in UC carcinogenesis through
a bioinformatics analysis and provide potential therapeutic targets for patients with UC associated colorectal cancer.

Methods: Microarray GSE37283 was utilized to investigate differentially expressed genes (DEGs) in UC and UC with neoplasia
(UCN). MTDEGs were identified by intersecting DEGs with human mitochondrial genes. Utilizing LASSO and random forest
analyses, we identified three crucial genes. Subsequently, using ROC curve to investigate the predictive ability of three key genes.
Following, three key genes were confirmed in AOM/DSS mice model by Real-time PCR. Finally, single-sample gene set enrichment
analysis (ssGSEA) was employed to explore the correlation between the hub genes and immune cells infiltration in UC carcinogenesis.
Results: The three identified hub MTDEGs (HMGCS2, MAVS, RDH13) may exhibit significant diagnostic specificity in the transition
from UC to UCN. Real-time PCR assay further confirmed that the expressions of HMGCS2 and RDH13 were significantly down-
regulated in UCN mice than that in UC mice. ssGSEA analysis revealed the hub genes were highly associated with CD56dim natural
killer cells.

Conclusion: RDH13, HMGCS2, and MAVS may become diagnostic indicators and potential biomarkers for UCN. Our research has
the potential to enhance our understanding of the mechanisms underlying carcinogenesis in UC.
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Introduction

Ulcerative colitis, characterized by chronic inflammation of the colonic mucosa, is recognized as a potential precursor for
the onset of colorectal cancer,' and its pathogenesis remains unclear. Despite accounting for only 1% to 2% of all
colorectal cancers, UC-associated colorectal cancer contributes to 10% to 15% of deaths in UC patients,” making it the
leading cause of mortality among this population. Consequently, unraveling the intricate mechanism linking UC and
colorectal cancer is crucial for developing targeted interventions to mitigate the risk and progression of colorectal
malignancy in individuals with UC.

Mitochondria are vital organelles within cells that possess genetic material independent of the nucleus along with
corresponding gene transcription and protein translation systems.® Additionally, mitochondria play pivotal roles in
cellular energy metabolism,* apoptosis,” and oxidative stress response processes implicated in cancer development.® In
the context of UC, the epithelium of the colon undergoes recurring episodes of inflammation and tissue repair, leading to
oxidative stress and the accumulation of reactive oxidative species (ROS), contributing to tumor development and
progression in CRC.” Recent studies have implicated mitochondrial dysfunction as a trigger of UC patients.®’
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Mitochondrial dysfunction can exacerbate chronic inflammation, which is a hallmark of UC. Chronic inflammation leads
to the continuous release of inflammatory cytokines and growth factors, creating a microenvironment conducive to tumor
development.'® Furthermore, mitochondrial loss contributes to dysplastic lesion formation in ulcerative colitis patients."'
However, only limited studies have shown the significant involvement of mitochondria in the carcinogenesis of UC.'*"'
Hence, conducting a comprehensive examination of genes associated with mitochondria and investigating their roles in
the tumorigenesis of UC may prove beneficial in identifying innovative prognostic biomarkers and devising efficient
prevention strategies for UCN.

In the present investigation, we utilized the GSE37283 dataset to identify differentially expressed genes (DEGs) that
differentiate between UC and UCN. Employing a comprehensive approach that integrates mitochondria-related genes,
bioinformatic analysis, and experimental verification, the aim was to pinpoint to identify mitochondria-associated genes
that hold potential as biomarkers for the carcinogenic processes in UC. Furthermore, we investigated the relationship
between key genes and immune cell infiltration, aiming to enhance our understanding of the UCN immunity process. Our
primary goal was to provide novel perspectives on the intricate interplay among mitochondria, immune responses, and
the carcinogenic processes in UC.

Materials and Methods

Datasets Preprocessing

Data for this study was gathered from the public database - GEO (Gene Expression Omnibus). A widely recognized
repository for genomics data that facilitates data deposition, discovery, and access by researchers.'> The GSE37283
dataset is microarray data, including samples from 4 cases of quiescent UC and 11 cases of UCN. The gene expression
profiles from the GEO database were directly retrieved for subsequent analysis. The MitoCarta3.0 database provided the
roster of genes associated with mitochondria for this study (http://www.broadinstitute.org/mitocarta).

Animal Models

All animal experiments were approved by the Institutional Animal Care and Use Committee (IACUC), The Second
Xiangya Hospital, Central South University, China (approval ID: 2021108; approval date:3 March 2021). The animal
experiments were conducted in accordance with the Provision and General Recommendation of Chinese Experimental
Animals Administration Legislation.

To induce colitis-associated cancer in mice, we utilized the azoxymethane (AOM) and dextran sulfate sodium (DSS)
model (AOM/DSS model). Male C57BL/6 mice, aged 6—8 weeks, were obtained from Slac Laboratory Animal Inc. Mice
were intraperitoneally injected with a single dose of AOM (Sigma-Aldrich, St. Louis, MO, USA) at a concentration of
12 mg/kg body weight. AOM was freshly prepared in sterile saline solution immediately before use. Three days after the
AOM injection, mice were administered 3% DSS (MP Biomedicals, Solon, OH, USA) dissolved in their drinking water
for 5 days to induce colitis, repeated on days 25, and 45, as described.'® To induce ulcerative colitis (UC), mice were
administered 3% DSS in their drinking water for 5 days followed by a 5-day recovery phase.'” Control mice received
normal drinking water for 10 days.

The AOM-DSS mice were sacrificed on day 65. The DSS and control mice were sacrificed on day 10. Distal 3 mm
pieces of the colon were used for RNA extraction.

Differential Gene Analysis and Intersection Analysis
Performing a differential gene expression analysis with the GSE37283 dataset, we employed the Limma'® R package.
Our focus was on distinguishing UC samples from UCN samples, utilizing specific criteria (P<0.05 and |log2FoldChange

(10g2FC) | > 1) to identify DEGs. To visualize the differential expression results, we employed the “ggplot2”"’

R package
to generate volcano plots. DEGs were categorized into upregulated and downregulated based on log2FC, and the
intersection with mitochondrial-related genes was explored to investigate the crucial functions of mitochondria in the

process of UC evolving into UCN.
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Functional Enrichment Analysis and PPl Network Analysis

Enrichment analysis, encompassing GO and KEGG enrichment, was conducted using the “clusterProfiler”*%*!
R software package. The application of GO analysis®> helps reveal underlying biological processes, molecular functions,
or cellular components that are abundant in datasets. KEGG analysis® revealed information about DEGs-enriched
pathways. Moreover, PPI network analysis reveals potential functional associations and molecular networks. The

STRING database** (https://cn.string-db.org/) can be employed for conducting PPI analysis.

Immune Cell Infiltration Analysis

The single-sample gene set enrichment analysis (ssGSEA) was utilized in this study to assess immune infiltration.>
Utilizing the “GSVA™?° R software package, ssGSEA enables the quantification of marker genes associated with 28
distinct types of immune cells, thereby facilitating the estimation of the activity or functional status of specific immune
cell categories and offering a comprehensive overview of the overall immune cell activities within the samples. The list
of marker genes for these 28 immune cell types was obtained from the following website. (http://cis.hku.hk/TISIDB/data/

download/CellReports.txt). We analyzed the relationship of key genes and immune cells using the ‘ggcorrplot’ package

(R v0.92), while correlation analysis between different immune cell types was performed using the ‘corrplot’ package (R
v0.1.4.1), with both utilizing the Pearson algorithm. Statistical analysis comparing the two groups of samples for each
cell type was carried out using the ‘ggpubr’ package (R0.6.6), with statistical differences assessed through #-tests.

Identification of Key Genes and ROC Curve Construction
In this research, the Least Absolute Shrinkage and Selection Operator (LASSO) and Random Forest techniques were
employed to identify pivotal genes. LASSO is a regression analysis method that performs both variable selection and
regularization to enhance the prediction accuracy and interpretability of the statistical model it produces.”’” The
implementation of the LASSO algorithm utilized the “glmnet” package for analysis.*®

The Random Forest is an ensemble learning method that constructs multiple decision trees during training and outputs
the mode of the classes (classification) or mean prediction (regression) of the individual trees.”’ Using the
“randomForest™” R package to execute the Random Forest algorithm, and the generated list included the top ten
genes. By taking the intersection of two methods, crucial genes in the process of ulcerative colitis evolving into
colorectal cancer were identified. The “pROC™' R package was employed for ROC curve analysis, aiming to evaluate
the specificity and diagnostic value of key genes.

RNA Extraction and RT-qPCR

After extracting total RNA from tissues or cells using TRIzol (Invitrogen, USA) following the manufacturer’s instruc-
tions, we utilized the high-capacity cDNA Reverse Transcription Kit (AG, AG11728, Changsha, China) to facilitate the
reverse transcription process. Subsequently, the SYBR Green Master Quantitative PCR System (YEASEN, Shanghai,
China) was employed to conduct qRT-PCR, and the obtained results were calculated using the 2-AACT method to
calculate the relative expression level (Primer sequences used in this study are listed in Table 1).

Statistical Analysis

Data are presented as the mean + SEM. Statistical analyses were conducted using Prism version 5.0c (GraphPad
Software). For comparison between two groups, Student’s #-test was employed. Significance was determined with
a threshold of p < 0.05, and actual p-values were reported. For in vivo studies, mice were randomly assigned to
treatment groups. The n values represent independent biological replicates for individual mice in vivo experiments.

Results
Describing the Differences Between Patients with UC and UCN

In order to elucidate the intricate mechanisms associated with the progression from ulcerative colitis to colorectal cancer,
we performed a comparative investigation into gene expression levels between two cohorts: UC and UCN. This analysis
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Table | Primer Sequences for RT-qPCR. F:
Forward, R: Reverse

genes Primer sequence

Hmges2-F | AGAGAGCGATGCAGGAAACTT

Hmgces2-R | AAGGATGCCCACATCTTTTGG

Mavs-F CTGCCTCACAGCTAGTGACC

Mavs-R CCGGCGCTGGAGATTATTG

Rdhl3-F GCTCAAGGACTATGTCGCTGG

Rdh13-R CCTGTCACGATAACAGTCTTCC

was performed using the Microarray dataset GSE37283 (Figure 1). A microarray assay was carried out using RNA
samples extracted from the colon mucosa of 15 patients, comprised of four patients with exhibited quiescent UC and
eleven patients harboring UC with neoplasia. Comparing the two groups, we identified 558 downregulated genes and 458
upregulated genes in UCN patients in contrast to the UC group (Figure 2A and B). Based on GO enrichment analysis, we
discovered that the downregulated genes exhibited notable enrichment in processes such as cell-cell junction organiza-
tion, the apical part of the cell, and movement based on actin filaments (Figure 2C—E). These biological processes have

been implicated in tumor metastasis, particularly in the context of colorectal cancer,>**

thus reinforcing the depend-
ability of our data. Conversely, the upregulated genes exhibited significant enrichment involved in the process of negative

regulation of cell migration, glycosaminoglycan binding, and collagen-containing extracellular matrix, (Figure 2G-I).

Gene expression profiling data of UC and UCN
patients colon tissue: GEO database

Differentially expressed genes (DEGs) Mitochondria-related genes

mitochondria-related differentially
expressed genes (MTDEGSs)

GO and KEGG PPI network LASSO analysis| |Random Forest
analysis Construction

[ key MTDEGSs screening ]

i i idati Correlation of Key Key MTDEGs
Diagnostic Values of Validation of Key . :
Key MTDEGs MTDEGs in mice ANDIEES i) associated genes and
Immune Cells singling pathway

Figure | Flow chart of the study.

Abbreviations: UC, ulcerative colitis; UCN, ulcerative colitis with neoplasia; DEGs, differentially expressed genes; MTDEGs, mitochondria-related differentially expressed
genes; GO, gene ontology enrichment analysis; KEGG, Kyoto encyclopedia of genes and genomes; PPI, protein protein interaction; LASSO, the least absolute shrinkage and
selection operator.
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Figure 2 Identification and functional enrichment analysis of DEGs in UC patients without neoplasia (UC) and UC patients with neoplasia (UCN). DEGs between UC
patients without neoplasia (UC) and UC patients with neoplasia (UCN) in the microarray set of GSE37283. (A) The differential comparison was carried out: UCN versus
UC. (B) Volcano map of DEGs. (C-E) GO analyses of upregulated genes. (F) KEGG analyses of upregulated genes. (G—l) GO analyses of downregulated genes. (J) KEGG

analyses of downregulated genes.

Abbreviations: UC, ulcerative colitis; UCN, ulcerative colitis with neoplasia; DEGs, differentially expressed genes; GO, gene ontology enrichment analysis; KEGG, Kyoto

encyclopedia of genes and genomes.
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Aligned with the outcomes of the KEGG enrichment analysis, the results indicate a noteworthy involvement of
downregulated genes in processes related to tight junction and retinol metabolism>* (Figure 2F). Conversely, a notable
role in cancer-associated proteoglycans and the AGE-RAGE signaling pathway in diabetic complications was demon-
strated by the upregulated genes (Figure 2J). This study proposes that autoimmunity and metabolism play crucial roles in
the process of ulcerative colitis carcinogenesis.

|dentification and Function Enrichment of MTDEGs

To explore the involvement of mitochondria in the transition from UC to UCN, we performed an intersection analysis. This
analysis involved comparing the DEGs identified in patients with UC and UCN with a set of 1136 mitochondrial genes from
the human MitoCarta3.0 database (Figure 3A). A total of 22 mitochondria-related DEGs (MTDEGs) were detected
(Figure 3B). Among these genes, 15 were downregulated genes compared to the UC group (MAVS, AIFM3, RDH13,
PXMP3, HIGD1A, Cl50rf48, CPT2, FABP1, BDH1, C6bf136, PCK2, AKR1B10, ETHE1, TST, and HMGCS2) while 7
were upregulated genes (PDK4, MSRB2, ALDH1L2, MAOB, COX7A1, ACSS3 and ARMCX1) (Figure 3B). Following this,
we proceeded to conduct GO and KEGG enrichment analyses on the 22 MTDEGs to elucidate their contributions to biological
processes, and we found that MTDEGs were primarily enriched in small molecule catabolic and fatty acid catabolic process
(Biological process). In terms of cellular components, the enrichment was prominent in the mitochondrial matrix and
mitochondrial inner membrane. Furthermore, for molecular functions, the MTDEGs were notably associated with oxidor-
eductase activity, specifically acting on the CH-OH group of donors, with NAD or NADP as acceptors (Figure 3C).
Additionally, the KEGG results indicated that the PPAR signaling pathway might participate in mitochondria-regulated UC
carcinogenesis (Figure 3D). To further explore MTDEGs and their relative mechanisms, we built a PPI network using
a STRING database (Figure 3E), demonstrating the interaction among these distinctively expressed MTDEGs.

Screening and Diagnostic Significance of Key MTDEGs Hubs in the Transition from

Colitis to Carcinoma

To comprehensively investigate potential and significant MTDEGs, we employed advanced techniques such as LASSO
regression and random forest analysis. In the initial step, candidate genes were carefully chosen for hub gene identifica-
tion using the LASSO regression algorithm. The application of this algorithm yielded the identification of four key hub
MTDEGs, highlighting their importance in the context of our study on the transition from colitis to carcinoma (Figure 4A
and B). Simultaneously, we examined the top 10 genes, namely RDHI13, MAVS, AIFM3, TST, HMGCS2, CPT2,
ARMCXI1, COX7A1, PCK2, and C6bf136, as identified by the random forest algorithm (Figure 4C). By integrating the
outcomes of both the LASSO regression and random forest algorithms, three key MTDEGs were confirmed, under-
scoring their significance in our study (Figure 4D).

Consequently, ROC curves were employed to investigate the correlation between hub MTDEG expressions and the
prognosis of UCN patients. An AUC (area under the curve) greater than 0.800 was considered indicative of high
diagnostic specificity and sensitivity. As illustrated in Figure 4E, HMGCS2 displayed an AUC of 0.864, MAVS exhibited
a substantial AUC of 0.977, and RDHI13 showcased a similarly robust AUC of 0.977. The AUC values for all hub
MTDEGs indicated that they are specific and important in the pathogenesis of cancer genesis in UC.

RT-qPCR and Datasets Validation of Hub MTDEGs
To validate the expression of HMGCS2, MAVS, and RDH13 in UC-related colorectal cancer, we established three groups
of mouse models: a water group (Control), a DSS group (UC), and an AOM/DSS group (UCN). By extracting RNA from
the distal colon tissues of these three groups, we found that, compared to the UC group, the mRNA levels of HMGCS2
and RDH13 were significantly downregulated in the UCN group, consistent with our bioinformatic analysis results
(Figure 5A—C). However, there was no visible change in the mRNA level of MAVS.

Additionally, we validated our findings using the publicly available GSE31106 dataset, which also applies the AOM/
DSS mouse model. Compared to the normal group, the heatmap displayed a reduction of MAVS, HMGCS2, and RDH13
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Figure 3 Screening of mitochondria-related differentially expressed genes in the progression of UC to colorectal cancer. Screening of mitochondria-related differentially
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Abbreviations: UC, ulcerative colitis; UCN, ulcerative colitis with neoplasia; DEGs, differentially expressed genes; MTDEGs, mitochondria-related differentially expressed
genes; GO, gene ontology enrichment analysis; KEGG, Kyoto encyclopedia of genes and genomes; PPI, protein protein interaction.
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Abbreviations: HMGCS2: 3-hydroxy-3-methylglutaryl-CoA synthase 2; MAVS, mitochondrial antiviral-signaling protein; RDH 13, retinol dehydrogenase 13; UC, the
DSS-induced mice group; UCN, the AOM/DSS mice group.

in the UCN group (Figure 5D). According to statistical analysis, the expression of HMGCS2 and MAVS in UCN
revealed a downward trend, while RDH13 showed a significant decrease (Figure SE).

Immune Cell Infiltration Analysis

Ulcerative colitis is currently classified as an autoimmune disease and its pathogenesis is associated with the regulation of
immune cells, considered the primary factors contributing to its carcinogenic processes.'”*> To explore this further, the
proportions of 28 immune cell types in individual samples, based on the expression of genes matrix, were calculated
using the “GSVA” package. In UC and UCN patients, we observed interactions among diverse subsets of immune cells
(Figure 6A). Upon comparing the UCN group with UC, a higher prevalence of neutrophils and regulatory T cells (Tregs)
was evident, while the UCN group exhibited a lower abundance of natural killer (NK) cells (Figure 6B). Subsequently,
we examined the connection between the expression levels of hub MTDEGs and the abundance of immune cells. We
found that all of the hub MTDEGs were associated with the abundance of CD56dim natural killer T cells (Figure 6C),
which contributed to the inflammation of ulcerative colitis.*® Additionally, HMGCS2 and MAVS were associated with

type 17 T helper (Th17) cells and monocytes (Figure 6C). These results suggested that hub MTDEGs exert an influence
on immunological signatures during UC oncogenic processes.
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Figure 6 The relationship of hub MTDEGs with immune cells in UC and UCN patients. (A) The correlation of 28 immune cell subtypes between patients in UC and
UCN; The size and color of the circle represent the Pearson correlation coefficient. (B) The histogram showed the infiltration of 28 immune cells in the GSE37283.
(C) Relationship between hub MTDEGs and infiltration of immune cells.

Abbreviations: UC, ulcerative colitis; UCN, ulcerative colitis with neoplasia; HMGCS2, 3-hydroxy-3-methylglutaryl-CoA synthase 2; MAVS, mitochondrial antiviral-
signaling protein; RDH |3, retinol dehydrogenase |3.

Identification of Hub Genes-Related Genes and Signaling Pathways

Moreover, we conducted a detailed examination of the exact signaling pathways and potential biological processes regulated by
the key MTDEGs in the context of ulcerative colitis carcinogenesis. The generated heatmap visually represented the top 50 genes
that exhibited a positive correlation with the identified key MTDEGs (Figure 7A—C). Subsequently, the top 10 signaling pathways
associated with hub genes were performed using single gene-based GSEA (Figure 7D—F). The results of our investigation
indicated associations between HMGCS2 and RDH 13 with pathways such as Wnt signaling, cell-cell adhesion, the tricarboxylic
acid (TCA) cycle, and cell proliferation. MAVS is implicated in metastasis, colonic epithelial cell maturation, and apoptosis.
Taken together, the results strongly indicate that each of the key MTDEGs identified likely has crucial roles in governing cell
growth and metabolism during the carcinogenesis of UC.

Discussion
The role of mitochondria in the progression of UC to cancer has gained increasing attention. Mitochondria, beyond their
conventional functions in energy production, are implicated in promoting carcinogenesis in the context of UC. The
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Figure 7 Hub MTDEGs-associated genes and signaling pathway. (A—C) Heatmap showing the top 50 genes positively correlating with hub MTDEGs. (D-F) Top 20 enriched
signaling pathways of hub MTDEGs identified by GSEA.
Abbreviations: HMGCS2, 3-hydroxy-3-methylglutaryl-CoA synthase 2; MAVS, mitochondrial antiviral-signaling protein; RDH |3, retinol dehydrogenase 13.

characteristic feature of UC is chronic inflammation, which leads to mitochondrial dysfunction, resulting in the
generation of reactive oxygen species (ROS) and inflammatory substances, while sustained oxidative stress creates
a microenvironment conducive to genetic mutations and cellular damage, fostering the initiation and progression of
cancer. Mitochondrial DNA (mtDNA) mutations, prevalent in UC patients, further contribute to the promotion of
carcinogenesis.>’ The accumulation of mtDNA mutations compromises the integrity of the mitochondrial genome,
impacting critical cellular processes such as dysregulation of apoptosis that allows damaged cells to evade programmed
cell death and promotes cell survival with oncogenic mutations. Additionally, impaired mitochondrial function may
disrupt the balance between cell proliferation and cell death, favoring the clonal expansion of transformed cells. Despite
their pro-carcinogenic potential, mitochondria also exhibit protective mechanisms that can mitigate the risk of carcino-
genesis in ulcerative colitis. Mitochondria are essential regulators for apoptosis; their proper function ensures the

elimination of damaged cells, preventing the survival and proliferation of cells with potential oncogenic mutations.*®
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Therefore, the mechanism of mitochondria in carcinogenesis in ulcerative colitis remains controversial. There has been
no bioinformatics analysis of mitochondria-related genes in the carcinogenesis of UC.

In this study, we screened 1016 DEGs in UC and UCN patients through the microarray dataset GSE37283.
Subsequently, we identified a total of 22 MTDEGs by intersecting mitochondria genes with DEGs between UC and
UCN patients, some of which had been previously verified to be involved in the carcinogenesis of UC. For instance, Yi
Shen et al identified the pivotal role of Aldo-keto reductase 1B10 (AKR1B10) in governing the proliferation and injury
repair processes of the colonic epithelium, along with its contribution to the pathogenesis of both ulcerative colitis and
colorectal cancer.>® Another bioinformatics investigation reported an increased HMGCS2 expression in UC,* which
contradicts our findings.

LASSO regression and the random forest algorithm identified three key MTDEGs — HMGCS2, MAVS, and RDH13 —
in the process of UC carcinogenesis. These hub genes exhibited notably elevated AUC values in the dataset, with
HMGCS2 at 0.864, MAVS at 0.977, and RDH13 at 0.977. These results suggest that these three hub genes exhibit high
specificity in the context of UC carcinogenesis, suggesting their potential utility as valuable diagnostic biomarkers. In
order to confirm the outcomes of the bioinformatic analysis, we detect the mRNA expression level of hub MTDEGs in
DSS-induced UC and UC associated-colorectal cancer mice model (AOM/DSS mice model). The findings indicated
a reduction in the expression of HMGCS2 and RDH13 in mice with colorectal cancer when compared to the DSS-
induced UC mouse model, aligning with our analysis results. However, MAVS expression did not show a significant
change. Furthermore, we analyzed the expression of hub MTDEG in a dataset GSE31106 of AOM/DSS-induced UC-
associated colorectal cancer mouse models. The findings indicated a downward trend in HMGCS2 and MAVS compared
to the control group, with RDH13 showing a significant down-regulation. These findings indicate that RDH13 has
a significant involvement in the carcinogenesis of UC.

UC is defined as an autoimmune condition marked by an excessively reactive immune response. Earlier investigations
have revealed that macrophages can secrete inflammatory cytokines and chemokines thus contributing to UC pathogen-
esis and progression to colorectal cancer;*' and Th17 cells are of significant importance in the regulation of both IL-23-
mediated colitis-associated tumor formation and the advancement of sporadic colon cancer;** NKT cells may assume
a crucial function in averting tumor advancement and mitigating inflammation in the carcinogenesis of UC,****
particularly CD56dim natural killer T cells, with elevated expression observed in UC patients.’*® Hence, to assess
immune infiltration in the progression of UC to colorectal cancer, the ssGSEA function of the “GSVA” package was
employed. Comparative analysis revealed increased numbers of neutrophils and T regulatory cells (Tregs) in the UCN
group compared to the UC group. Conversely, there was a decrease in the count of NK cells observed in UCN. These
findings are in accordance with earlier research, highlighting the crucial effect of these immune cells in UC carcinogen-
esis. Subsequently, we delved into an exploration of the relationship between these pivotal genes and the infiltration of
immune cells, revealing a specific association with the abundance of CD56dim natural killer T cells. Moreover,
HMGCS2 and MAVS exhibited a high association with type 17 T helper (Th17) cells and monocytes.

Moreover, we investigated the distinct signaling pathways enriched by the three identified key MTDEGs and probed
into their potential influence on the progression of UC carcinogenesis. GSEA analysis revealed that HMGCS2 and
RDHI13 were implicated in Wnt signaling, cell-cell adhesion, the TCA cycle, and cell proliferation, and MAVS is
implicated in metastasis, colonic epithelial cell maturation, and apoptosis. These results suggest that hub MTDEGs may
play essential roles in controlling cell growth and metabolism during the development of UC into cancer. The Wnt
signaling mainly participates in cell proliferation, stem cell self-renewal, and cellular differentiation during embryonic
development and tissue homeostasis.*’ Studies have highlighted the crucial role of the Wnt signaling pathway in the
carcinogenic process of ulcerative colitis.*® Additionally, In UC patients with dysplasia, Herman van Dekken et al
identified the intracellular accumulation of B-catenin, marking the activation of Wnt signaling—a distinctive character-
istic. This accumulation is concomitant with an increase of the nucleoprotein cyclin D1 and a decrease of E-cadherin.*’
The TCA cycle is a pivotal metabolic pathway essential for energy generation and the synthesis of biosynthetic
intermediates,*® and believed to play a crucial regulatory role in the transition from inflammation to tumorigenesis.*’
Hence, the TCA cycle may have emerged as a participant in the intricate dance of UC carcinogenesis. The dynamics of
cell-cell adhesion, a fundamental process in maintaining tissue integrity, present an intriguing avenue for exploration.
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Cell-cell adhesion molecules, and glycoproteins involved in the embryogenesis, neoplastic, and inflammatory
processes,”’ may contribute to the invasive nature of UC-associated cancer when disrupted. The maturation and apoptosis
of colonic epithelial cells, essential for tissue homeostasis, warrant attention in the discussion of UC-related
carcinogenesis.’? In DSS-induced colitis, heightened apoptosis and diminished proliferation of colonic epithelial cells
may result in the impairment of the epithelial barrier function.”® This breakdown could enhance mucosal invasion by
intraluminal microorganisms, thereby promoting the carcinogenesis of epithelial cells. However, the mechanisms under-
lying the involvement of the three hub genes in the carcinogenesis of UC have not been thoroughly investigated,
necessitating further research.

Our research has certain limitations. One major limitation is the lack of sufficient publicly available human datasets
specifically addressing ulcerative colitis (UC) and UC-associated colorectal cancer (UCN), resulting in a low number of
samples available for our study. To overcome this, we plan to collect more clinical samples and validate our findings in
patients, thereby enhancing the reliability of our research results.

Conclusion

In summary, bioinformatic analysis and machine learning techniques were utilized to identify three MTDEGs (HMGCS2,
MAVS, and RDHI13) associated with the carcinogenesis of UC. These genes have the capacity to influence the
advancement and prognosis of UC carcinogenesis by regulating mitochondrial functions. Additionally, they may
contribute to shaping future therapeutic strategies for addressing this condition.
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UC, ulcerative colitis; UCN, ulcerative colitis with neoplasia; DEGs, differentially expressed genes; MTDEGs, mito-
chondria-related differentially expressed genes; ROS, reactive oxidative species; AUC, area under the curve; TCA, the
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