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Background: Ulcerative colitis (UC) is a debilitating inflammatory condition with growing global prevalence. While immune
dysregulation is a known hallmark, the specific molecular drivers and their link to fibrosis remain incompletely characterized. To
address this, we conducted a study combining bioinformatic analyses of public datasets with experimental validation to identify and
validate key biomarker candidates involved in UC pathogenesis.

Methods: Three publicly available ulcerative colitis gene expression datasets (GSE38713, GSE87466, GSE119600) were retrieved from
the Gene Expression Omnibus (GEO). Immune cell infiltration was evaluated using ssGSEA, with significant cell types identified by
Wilcoxon test and LASSO regression. DEGs were screened and analyzed using GO, KEGG, and PPI networks. Hub genes were identified
using cytoHubba and validated via ROC curves. RT-qPCR, WB, and IHC validated findings in UC rat models and clinical samples.
Results: The differentially expressed genes (DEGs) were evaluated using ten distinct algorithms, resulting in the identification of
eight common DEGs following an intersection analysis. 4 hub genes were further identified through validation using the GSE119600
dataset, namely Cluster of Differentiation 274 (CD274), Matrix Metallopeptidase 1 (MMP1), neutrophil cytosolic factor 2 (NCF2),
Plasminogen Activator Urokinase (PLAU). Notably, NCF2 demonstrated the highest specificity and sensitivity for diagnosing
ulcerative colitis (UC), suggesting its potential utility as a diagnostic biomarker. Additionally, a distinct immune cell type exhibited
significant differences between UC patients and healthy controls (HC). Correlation analyses utilizing bioinformatics techniques
revealed that the hub genes CD274, MMP1, NCF2, and PLAU were positively associated with macrophage infiltration, highlighting
their potential role in the immune response in UC.

Conclusion: CD274, MMP1, NCF2, PLAU can serve as hub genes associated with UC. Among these, NCF2 stands out as
a particularly promising target for further research into the underlying mechanisms of UC. Additionally, NCF2 may play a role in
the development and progression of UC by modulating macrophage infiltration.
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Introduction

Ulcerative colitis (UC) is a chronic inflammatory bowel disease (IBD) characterized by inflammation localized to the
colonic mucosa. The global prevalence of UC varies, with estimates ranging from 0.2% to 0.5% in Western populations,
and there is a concerning increase in incidence in newly industrialized countries.'” UC is a multifaceted disorder
influenced by a combination of genetic predisposition, environmental factors, dysbiosis of gut microbiota, and abnorm-
alities in immune system function.’* Understanding these diverse influences is crucial for developing effective treatment

strategies and improving patient outcomes.
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The pathogenesis of UC is primarily associated with dysregulated immune responses involving both innate and adaptive
immunity. Patients often present with an overactive mucosal immune response, demonstrated by elevated levels of pro-
inflammatory cytokines such as tumor necrosis factor-alpha (TNF-a) and interleukin-6 (IL-6). These cytokines are pivotal in
driving inflammatory processes by facilitating the recruitment and activation of immune cells within the intestinal tract.’
Moreover, interleukin-23 (IL-23) has emerged as a significant mediator that promotes the differentiation of T helper type 17
(Th17) cells, further exacerbating the inflammatory response.® A notable characteristic of UC is the impaired function of
regulatory T cells (Tregs), which are essential for maintaining immune tolerance and controlling inflammation.”

Complications arising from UC include severe colitis, an increased risk of colorectal cancer, and potentially life-threatening
conditions like toxic megacolon, which may necessitate surgical intervention.® Current treatment strategies focus on controlling
inflammation through immunosuppressive agents and biologic therapies targeting specific inflammatory pathways. However,
these approaches often fail to address the underlying mechanisms perpetuating chronic inflammation and tissue damage in UC.’
While there is a recognized need to delineate the interactions among immune cells in UC pathophysiology, the roles of specific
upstream regulators, particularly transcription factors like Nuclear Factor-C2 (NFC2), remain largely unexplored. Although
implicated in immune regulation, the specific function and therapeutic potential of NFC2 in UC constitute a significant
knowledge gap. To address this, our study employs an integrated bioinformatics approach (Figure 1) to test the hypothesis
that NFC2 is a key regulator in UC. We aim to comprehensively analyze NFC2’s expression, its associated pathways, and its
interplay with the immune microenvironment, thereby evaluating its potential as a novel diagnostic biomarker and therapeutic

target to improve clinical outcomes.

Materials and Methods

Data Source
Microarray data of intestinal mucosal tissues from UC patients and healthy controls were obtained from the GEO

database (http://www.ncbi.nlm.nih.gov/geo/). The selection criteria for datasets included: (1) availability of mRNA

expression profiles generated via microarray; (2) datasets containing both intestinal mucosa samples from UC patients
and normal mucosal samples from healthy individuals; (3) inclusion of at least 30 samples per dataset; and (4) subjects
aged 18 years or older. The final test datasets selected were GSE38713 and GSE87466, utilizing the GPL570 and
GPL13158 platforms, respectively. The GPL10588 platform dataset GSE119600 was designated as the validation set.

A comprehensive analysis was conducted on a total of 43 biopsies, comprising 13 healthy controls, 8 inactive UC
cases, 7 non-involved active UC cases, and 15 involved active UC cases. Specifically, the GSE38713 dataset included 30
UC patients, categorized as 8 with inactive disease, 7 with non-involved active disease, and 15 with involved active
disease. The control group consisted of 13 healthy individuals with normal colon tissue. In the GSE87466 dataset,
biopsies were collected from 87 UC patients and 21 healthy controls for RNA extraction and subsequent microarray
analysis. The dataset (GSE119600) encompasses whole blood microarray data from 90 patients with primary biliary
cholangitis (PBC), 45 with primary sclerosing cholangitis (PSC), 95 with Crohn’s disease (CD), and 93 with UC,
alongside 47 healthy controls. For further analysis, we focused on data from 93 UC patients and 47 healthy individuals.
Table 1 offers an extensive overview of the four GSE datasets included in the study.

Data Preprocessing

The raw and series matrix files for GSE38713 and GSE87466 were downloaded for analysis. The probe expression
matrices were extracted from the raw data and subsequently normalized using the “affy” R package (version 3.6.3). To
convert the probe expression matrices into gene expression matrices, a platform annotation file was utilized. In instances
where multiple probes corresponded to a single gene, the average expression value was calculated. Probes associated
with multiple molecules were excluded from the dataset. The cleaned data sets were adjusted using the “ComBat”

3

function from the “sva” R package. UMAP analysis was conducted to visualize the data, employing the “umap”

R package, and graphical representations were created using the “ggplot2” R package.
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Figure | Flow chart of the analysis process conducted in this study.

Immune Cell Infiltration Analysis

The infiltration of immune cells in ulcerative colitis (UC) versus normal tissues was assessed using single-sample gene
set enrichment analysis (ssGSEA). To identify significant differences in immune cell populations between the two
groups, the Wilcoxon test and Least Absolute Shrinkage and Selection Operator (LASSO) regression analysis were
employed. Specifically, five immune cell types were identified as significantly different by the Wilcoxon test, while
LASSO regression highlighted two. The intersection of these analyses yielded two immune cell types that exhibited
significant differences in infiltration (p < 0.05). The Wilcoxon test was performed using the wilcox.test function in R, and
LASSO regression utilized the “glmnet” package. Visualization of the results was accomplished through the use of the
“corplot,” «

vioplot,” “ggplot2,” and “glmnet” packages.
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Table | Characteristics of the Included Datasets

Dataset ID | Country | Platforms | No. of Samples Affymetrix GeneChip

GSE38713 Spain GPL570 I3 Healthy Control Samples | Affymetrix Human Genome U133 Plus 2.0 Array
30 UC Patient Samples

GSE87466 USA GPLI3158 | 2lHealthy Control Samples | Affymetrix HT HG-U133+ PM Array Plate

87 UC Patient Samples
GSEI19600 Poland GPL10588 | 47 Healthy Control Samples | lllumina HumanHT-12 V4.0 expression beadchip
93 UC Patient Samples

Screening for Differential Genes and Functional Enrichment Analysis

Differential expression analysis of genes (DEGs) between UC samples and healthy controls was conducted using the
R package “limma.” Genes were identified as differentially expressed based on the criteria of |log2FC| > 1 and p.adj <
0.05. For visualization, heatmaps and volcano plots were generated using the “ComplexHeatmap” and “ggplot2”
packages, respectively. Functional enrichment analysis involved the conversion of gene identifiers through the “org.
Hs.eg.db” package, followed by Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
analyses using the “clusterProfiler” package. Significant pathways and functions were identified with thresholds set at p.
adj < 0.05 and g-value < 0.2. The results of the enrichment analysis were also visualized utilizing the “ggplot2” package.

PPl Network Construction, Screening and Validation of Hub Genes
Protein-protein interaction (PPI) networks were established using all differentially expressed genes (DEGs) via the
STRING online tool (https://string-db.org), applying stringent filtering criteria with a score threshold of >0.7. Interaction

data files were then imported into Cytoscape (v3.9.1) for further analysis. Utilizing the top ten algorithms from
cytoHubba—MCC (Maximum Clique Centrality), DMNC (Density of Maximum Neighborhood Component), MNC
(Maximum Neighborhood Component), Degree, EPC (Edge Percolated Component), BottleNeck, EcCentricity,
Closeness, Radiality, and Betweenness Centrality (BC)—the top 40 genes identified by each algorithm were selected.
Gene screening was performed using the R package “UpSet.” Key gene clusters were identified through Molecular
Complex Detection (MCODE), with parameters set to a degree cutoff of 2, node score cutoff of 0.2, k-core of 2, max
depth of 100. The three highest-scoring gene networks were chosen for visualization. Additionally, dataset GSE119600
was utilized for further validation to identify more robust hub genes.

Prediction of Targeting miRNAs
To investigate the roles of target genes and microRNAs (miRNAs), we performed a topological analysis and constructed
gene-miRNA networks using miRTarBase v8.0 (https://miRTarBase.cuhk.edu.cn/). The interactions among hub genes

and their corresponding miRNAs were subsequently visualized using Cytoscape, which allowed for a clearer under-
standing of their relationships.

Analyzing the Diagnostic Validity of Biomarkers

In the GSE119600 dataset, we developed logistic regression models utilizing the “glm” function from the R package. For
receiver operating characteristic (ROC) analysis, the “pROC” package was employed, and visualizations were created
using “ggplot2.” The area under the curve (AUC) was computed to evaluate the diagnostic potential of UC biomarkers.

Correlation Analysis Between Hub Genes and Immune Cells
Using Spearman’s rank correlation analysis in R software, we examined the correlation levels between four hub genes an
two immune cells that are significantly elevated in UC, visualizing the results with the R package “ggplot2”.
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Animals

Twenty female wild-type C57BL/6 mice, aged 8—10 weeks and certified as specific pathogen-free (SPF), were obtained
from the Yangzhou University Center for Comparative Medicine (Yangzhou, China) under license number YXYLL-
2024-077. The animals underwent a minimum one-week acclimatization period with ad libitum access to food and water
prior to the commencement of the experiment.

Establishment of DSS-Induced Colitis Model

C57BL/6 mice were randomly allocated into two groups: a control group (n = 6) and a DSS group (n = 6). Mice in the
DSS group were administered drinking water containing 3.0% (w/v) dextran sulfate sodium (DSS, molecular weight
36-50 kDa, catalog number 60316ES60, YEASEN company) for a duration of 7 days. The control group received
standard drinking water throughout the entire experimental period to mitigate potential confounding factors. Daily
monitoring of body weight and assessment of colitis severity, including stool consistency, presence of blood in stool,
and weight loss, was performed for each mouse. The disease activity index (DAI) was computed daily by amalgamating
individual scores using a 0—4 scoring system based on the parameters delineated in Table 2. At the end of the experiment,
mice were humanely euthanized via intraperit- oneal injection of a barbiturate-based anesthetic solution, following
American Veterinary Medical Association (AVMA) guidelines.

UC and Control Samples from Patients

For this study, twelve formalin-fixed, paraffin-embedded tissue samples (six ulcerative colitis and six normal intestinal
tissues) were obtained from the biobank at Yangzhou University Affiliated Hospital (Yangzhou, China). These samples
were prospectively collected from consecutively enrolled patients between January 2022 and May 2024 under protocol
#2022-YKL7, approved by the Institutional Review Board of Yangzhou University Affiliated Hospital (approval date:
April 2021). All participants provided written informed consent for: Sample collection and storage in the biobank; Use of
their de-identified samples in future research; Publication of aggregated data including individual patient details (No
individually identifiable information is disclosed). The immunohistochemical analyses were performed in June 2024
following standard operating procedures.

Hematoxylin and Eosin (H&E) Staining

The tissue specimens were initially fixed in 10% buffered formalin for 48 hours at 4°C. Subsequently, they were
embedded in paraffin and sectioned at a thickness of 4 um. The slides then underwent dewaxing twice in 100% xylene
for 30 minutes at 56°C and were rehydrated through a series of graded alcohol solutions (100%, 90%, 80%, 70%, and
50%). After a 5-minute rinse in H20, the slides were stained with H&E (cat. no. G1121; Solarbio) for 10 minutes at
room temperature. Following staining, the sections were serially dehydrated in ethanol, cleared in 100% xylene, and
mounted with a coverslip using Permount (Wuhan Servicebio Technology Co., Ltd.) at room temperature. Finally,
visualization of the sections was performed under a TE2000 microscope (Nikon Corporation of Japan) with white light.

RNA Isolation and Reverse Transcription-Quantitative PCR (RT-qPCR)

Tissue samples were homogenized with an ultrasonic cell disruptor (Branson, USA), and RNA was extracted using Trizol
reagent (9112K1018; Takara Co., Ltd.). cDNA synthesis was performed using the Hifair® II 1st Strand cDNA Synthesis
Kit (cat. no. 11121ES60, Yeasen Co., Ltd.) according to the manufacturer’s protocol.

Table 2 Method for Calculating DAI

Score Score 0 Score | Score 2 Score 3 Score 4

Weight Loss No apparent decrease <5% Slight decrease (1%-5%) Moderate decrease (5%—10%) Marked decrease (10%—-20%) Severe decrease (>20%)
Stool Consistency Normal Slightly soft Mucoid Watery Bloody

Rectal Bleeding None Slight (light blue) Mild (blue) Severe (dark blue) Gross visible blood

Notes: DAI = Score for Weight Loss + Score for Stool Consistency + Score for Rectal Bleeding.
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Quantitative polymerase chain reaction (QPCR) was conducted with the Hieff® qPCR SYBR Green Master Mix
(NoRox) kit (cat. no. 11201ES03, Yeasen). The thermal cycling conditions included initial denaturation at 94°C for
3 minutes, followed by 40 cycles of 94°C for 10 seconds and 60°C for 30 seconds. Data from three independent
experiments were analyzed using the 2-AACq method, with glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as the
internal control. Primer sequences are listed in Table 3.

Western Blotting and Antibodies

Tissue samples were processed using gPCR methodology. Homogenized tissue was lysed with RIPA Lysis Buffer (with PMSF)
on ice, and protein concentration was measured using a BCA Protein Assay Kit. Twenty micrograms of protein were mixed with
loading buffer, heated at 95°C, and separated by 10% SDS-PAGE at 120 V for 1.5 hours. Proteins were transferred to 0.22-pm
PVDF membranes. Membranes were blocked with 5% skimmed milk in TBST for 1 hour, then incubated overnight with primary
antibodies at 4°C. After washing, membranes were treated with HRP-conjugated Goat Anti-Rabbit IgG and bands were
visualized using an ECL kit. Primary antibodies included -actin (1:3,000) and anti-NCF2 (1:2,000). Semi-quantitative analysis
was done using Imagel software.

Immunohistochemical Staining

Immunohistochemical analysis was performed to assess NCF2 expression in colon and rectal tissues. Paraffin sections (5 pum)
were deparaffinized using xylene and rehydrated through graded ethanol. The sections were treated with 3% hydrogen peroxide
for 15 minutes to block endogenous peroxidase activity, followed by blocking with goat serum for 30 minutes at room
temperature. Next, the sections were incubated overnight at 4°C with primary antibodies against NCF2 (Sanying, Wuhan,
China). The following day, detection was carried out using an immunohistochemistry kit (KIT-9720, MXB), followed by
incubation with HRP-conjugated secondary antibodies for 30 minutes at 37°C. Visualization was achieved with DAB chromo-
gen, and hematoxylin was used for counterstaining. Images were captured using the BioTek Cytation 5 (BioTek, USA), and the
percentage area of positive staining was quantified with ImagelJ software.

Statistical Analysis

Statistical analyses were conducted using R software (version 4.1.2), SPSS 26.0 (IBM Corp)., and Prism 8 (Dotmatics).
For the qPCR experiments, data were assessed using the unpaired Student’s #-test. Similarly, the unpaired Student’s #-test
was employed for data analysis in the Western blot and immunohistochemistry experiments. Each experiment was
independently repeated three times to confirm reproducibility. A significance threshold of P < 0.05 was established to
determine statistical significance.

Results

Immune Infiltration ssGSEA Analysis

We utilized two microarray datasets: GSE38713 from the GPL570 platform and GSE87466 from the GPL13158
platform, encompassing a total of 117 ulcerative colitis (UC) samples and 34 normal samples. The data before batch
correction (Figure 2A and B) exhibited significant batch effects; however, post-batch correction (Figure 2C and D), these
discrepancies were effectively mitigated, resulting in well-normalized data.

Table 3 Primer Sequences

Gene Primer Sequence (F) Primer Sequence (R)

NCF2 GGAGAAGTACGACCTTGCTATCA | ACAGGCAAACAGCTTGAACTG
CD274 | GCTCCAAAGGACTTGTACGTG TGATCTGAAGGGCAGCATTTC
PLAU ATGGAAATGGTGACTCTTACCGA | TGGGCATTGTAGGGTTTCTGA
MMPI CCTTGATGAGACGTGGACCAA ATGTGGTGTTGTTGCACCTGT

Abbreviations: F, forward; R, reverse.
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Figure 2 Data preprocessing. Box plot and uniform manifold approximation projection (UMAP) were applied to correct for batch effects in the GSE38713 and GSE87466

datasets. (A and B) before batch correction and (C and D) after batch correction.

To assess immune cell correlations within each sample, we presented the findings in a heat map format (Figure 3A).

We employed two distinct statistical approaches—Wilcoxon test and LASSO regression—to identify significant varia-

samples. The results derived from the Wilcoxon test are

tions in immune cell infiltration between UC and normal

illustrated in a violin plot (Figure 3B), highlighting five immune cells with p<0.05. Furthermore, the LASSO regression

analysis (Figure 3C and D) identified two immune cells of interest. Notably, two immune cells, immature dendritic cells

(iDC) and macrophages, were consistently identified by both methodologies.

Screening for Differential Genes and Associated Functional Analysis

In UC samples, we identified 150 differentially expressed genes (DEGs) when compared to normal controls, including 90

genes with increased expression and 60 genes with decreased expression. Visualization of these DEGs was performed

through heat maps and volcano plots, as shown in Figure 4A and B. Gene Ontology (GO) analysis indicated that the
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Figure 4 DEGs were identified, and functional enrichment analysis was performed using GO and KEGG. The DEGs are illustrated in a volcano plot (A) and heatmap (B).
GO enrichment results are displayed in a bar plot (C) and circle plot (D), while KEGG pathway analysis is shown in a bubble plot (E) and circle plot (F).

DEGs were primarily enriched in biological processes related to immune responses, such as antimicrobial humoral

response, humoral immune response, response to bacterial molecules, and leukocyte chemotaxis. Key cellular compo-

nents included vesicle lumen, cytoplasmic vesicle lumen, and secretory granule lumen. Molecular functions predomi-

nantly involved serine-type peptidase activity and cytokine activity. The top ten enriched terms were selected based on

a significance threshold of p.adj < 0.05, shown in a bar graph. The top five entries for each category of biological

processes, cellular components, and molecular functions were visualized in a circular graph (Figure 4C and D).

KEGG pathway enrichment analysis revealed that the DEGs were closely linked to immune and inflammatory

signaling pathways, particularly the cytokine-cytokine receptor interaction pathway, IL-17 signaling pathway, and

chemokine signaling pathway. Other significant pathways included the PI3K-Akt signaling pathway and viral protein

interactions with cytokines and their receptors. A total of nine KEGG pathways were selected based on the p.adj < 0.05
threshold, illustrated through bubble and network diagrams (Figure 4E and F).
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Identification and Validation of Hub Genes

The protein-protein interaction (PPI) network for differentially expressed genes (DEGs) was constructed using the STRING
database, resulting in 111 nodes and 389 edges. Unconnected nodes were removed for clearer visualization (Figure 5A).
Next, data were analyzed in Cytoscape, where node sizes were adjusted based on betweenness centrality (BC) values
(Figure 5SB). The MCODE plugin identified three significant gene clusters: Cluster 1 (score: 8.6, 11 nodes, 43 edges),
Cluster 2 (score: 4.6, 11 nodes, 23 edges), and Cluster 3 (score: 4.5, 5 nodes, 9 edges) Cluster 4 (score: 4, 4 nodes, 6 edges)
(Figure SC-F).

To identify key DEGs, the top 40 genes from each of 10 algorithms were analyzed using the R package “UpSet,”
revealing eight critical DEGs: CD274, CXCL1, CXCL11, MMP1, MMP10, MMP3, NCF2, and PLAU (Figure 6A).
These genes were visualized in the PPI network (Figure 6B). Additionally, a co-expression network linking mRNA and
miRNA was created in Cytoscape, comprising 2 genes, 51 nodes, and 50 edges (Figure 6C). Validation using the
GSE119600 dataset indicated that NCF2, CD274, PLAU, and MMP1 had significantly higher expression in ulcerative
colitis (UC) samples compared to healthy controls (p < 0.01). These genes were designated as hub genes related to UC,

with expression differences shown in a heatmap (Figure 7).
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gene cluster modules were identified from the PPl network using the Molecular Complex Detection (MCODE) algorithm, with each module representing a highly interconnected
protein complex. Nodes are colored by cluster membership, and node size corresponds to the degree of connectivity within each module (C—F).
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Figure 6 Identification of hub genes and the mMRNA-miRNA co-expression network. Hub genes were selected using the R package “Upset” (A). The interaction degree of
the 9 hub genes was visualized with STRING software (B). The mMRNA-miRNA co-expression network, comprising 5| nodes and 50 edges, was constructed and visualized
using Cytoscape (C).

Screening Biomarkers for UC

The diagnostic efficacy of CD274, MMP1, NCF2, and PLAU for UC was assessed using receiver operating characteristic
(ROC) analysis with the GSE119600 dataset. An area under the curve (AUC) closer to 1 indicates better diagnostic
performance. Among the markers, NCF2 showed the highest predictive accuracy with an AUC of 0.715 (95% confidence
interval [CI] = 0.628-0.802), followed by PLAU at 0.625 (95% CI = 0.527-0.722) and CD274 at 0.615 (95% CI =
0.522-0.709). MMP1 had the lowest accuracy with an AUC of 0.608 (95% CI = 0.510-0.707) (Figure 8A).

When analyzing gene combinations, NCF2 and PLAU together yielded a combined AUC of 0.715 (95% CI =
0.628-0.802), while NCF2 and CD274 produced an AUC of 0.687 (95% CI = 0.597-0.776) (Figure 8B and C). Thus,
NCF2 demonstrated the highest sensitivity and specificity among individual biomarkers, with the combination of NCF2
and PLAU offering optimal specificity.

Correlation Analysis Between Hub Genes and Immune Cells
Four biomarkers (CD274, MMP1, NCF2, PLAU) were analyzed for their correlation with two immune cell types (iDC,
Macrophages) using the Wilcoxon test and LASSO regression analysis. Correlation assessments were conducted, and
significant relationships were identified with a correlation coefficient (R) of >0.75 and a p-value <0.001 (Figure 9A). The
analysis revealed that Macrophages exhibited positive correlations with CD274 (R=0.746, p<0.001), MMP1 (R=0.797,
p<0.001), NCF2 (R=0.765, p<0.001), and PLAU (R=0.797, p<0.001) (Figure 9B-E).
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Examination of Biomarkers in Animal Models of UC and UC Clinical Samples

To further assess the expression of CD274, MMP1, NCF2, and PLAU in ulcerative colitis (UC), a rat model was induced
using dextran sulfate sodium (DSS). Histological analysis via H&E staining revealed well-preserved colonic architecture
in the control group, with intact mucosal layers and no evidence of ulceration or hyperplasia. In contrast, the DSS-treated
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model group exhibited significant inflammatory cell infiltration, disruption of tissue structure, glandular destruction, and
ulcerations (Figure 10A and B).

Gene expression analysis revealed a marked upregulation of NCF2, whereas CD274, MMP1, and PLAU demon-
strated stable expression levels with no significant differences observed (Figure 10C). Western blotting further validated
these findings, showing a significant increase in NCF2 protein levels in DSS-induced UC tissues compared to controls
(P<0.05) (Figure 10D and E). Immunohistochemical staining confirmed heightened expression of NCF2 in the colonic
tissues of DSS-treated rats, supporting its potential role in UC pathogenesis (Figure 10F—H).

In clinical UC samples, tissue specimens were confirmed by two independent pathologists following colonoscopy,
tissue sectioning, and H&E staining, with detailed clinicopathological information summarized in Table 4. Colonoscopic
findings (Figure 11A and B) and H&E staining (Figure 11C and D) showed substantial inflammatory cell infiltration and
lymphocyte accumulation in the intestinal mucosa of UC patients. Immunohistochemical analysis of NCF2 expression in
both normal and UC tissues (Figure 11E-G) corroborated results from the mouse model, aligning with qPCR and
Western blot data.

Discussion
Ulcerative colitis (UC) is a chronic inflammatory bowel disease characterized by persistent mucosal inflammation,

primarily affecting the colon. The pathophysiology of UC is complex and involves a multifactorial interplay of immune

system dysregulation, genetic predisposition, and environmental triggers.” The dynamics of immune cell populations are
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critical in the progression of UC; increased pro-inflammatory cytokines and immune cell infiltration in affected tissues are
well-documented factors that contribute to ongoing inflammation and tissue injury.>'® These insights suggest the potential
for targeted immunotherapies designed to restore immune balance and alleviate inflammation. Moreover, identifying novel
biomarkers associated with immune dysregulation may enhance our understanding of the disease mechanisms and lead to
improved therapeutic strategies.'' In this study, we utilized advanced bioinformatics techniques to explore the immune cell
landscape in UC tissues compared to healthy controls. Our goal was to uncover reliable biomarkers that could inform
treatment approaches and enhance patient management in UC. These findings aim to further elucidate the intricate immune
interactions in UC and contribute to the development of more effective therapeutic interventions.

The intestinal tissues of UC patients exhibited notable differences in the distribution of macrophages and immature
dendritic cells (iDCs) when compared to normal tissues. Macrophages, as key regulators of organ function, play essential roles
in both tissue homeostasis and response to injury. They originate from embryo-derived progenitors and are tissue-resident cells
that maintain close relationships with other specialized tissue cells. These macrophages contribute to various physiological
processes, including tissue growth, regeneration, and defense against disease.'” However, following organ injury, macro-
phages undergo significant changes in phenotype and function, which can drive maladaptive repair processes, leading to
chronic inflammation and fibrosis.'> Macrophages play a crucial role in UC by mediating inflammation, tissue healing, and
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Table 4 Clinicopathological Characteristics of Patients with

UC’s Disease

Characteristic | Age, Years | Sex Sample Location
UC Patient | 53 Female | Sigmoid colon
UC Patient 2 64 Female | Sigmoid colon
UC Patient 3 41 Male Rectum

UC Patient 4 52 Male Rectum

UC Patient 5 44 Male Sigmoid colon
UC Patient 6 60 Female | Rectum
Control | 4?2 Male Sigmoid colon
Control 2 33 Male Rectum
Control 3 56 Female | Sigmoid colon
Control 4 33 Female | Sigmoid colon
Control 5 41 Male Rectum
Control 6 60 Female | Rectum

host defense through the production of cytokines, chemokines, and phagocytosis, while maintaining immune tolerance to the
intestinal microbiota.'*'® Immature dendritic cells (DCs) are typically circular in shape, have low expression of costimulatory
molecules, and exhibit strong phagocytic activity, playing a crucial role in initiating the immune response. As they mature,
DCs develop longer dendrites and increase their expression of costimulatory molecules.'® In ulcerative colitis (UC), immature
DCs are more abundant in the colonic mucosa and function as antigen-presenting cells, contributing to immune activation and
inflammation. Additionally, these DCs are involved in neurotransmitter release and interact with gut enterochromaffin cells
and autonomic nerves, further promoting intestinal inflammation."”

Our network analysis identified hsa-mir-124-3p as a top-ranked miRNA with predicted regulatory interactions of key
hub genes, including NCF2. This computational prediction is strongly supported by emerging evidence that positions
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Figure 11 Examination of biomarkers in UC clinical samples. Representative colonoscopic findings of normal intestinal mucosa (A); Colonoscopic appearance of intestinal
mucosa in patients with ulcerative colitis (B); Hematoxylin and eosin (H&E)-stained histological sections of normal intestinal mucosa, scale bar = 100 ym (C); H&E-stained
histological sections of intestinal mucosa from UC patients, scale bar = 100 ym (D); Immunohistochemical staining showing NCF2 expression in colonic tissue from normal
subjects, scale bar = 20 pm (E); Immunohistochemical staining showing NCF2 expression in colonic tissue from UC patients, scale bar = 20 uym (F); Bar graph comparing the
immunohistochemical expression levels of NCF2 between normal and UC intestinal tissues (G) ***P < 0.001.
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miR-124 as a critical modulator of inflammation in ulcerative colitis (UC). Notably, the therapeutic agent ABX464,
which selectively upregulates miR-124, has been shown to act as a “physiological brake” on inflammation in UC by
suppressing pro-inflammatory pathways such as the IL-17/Th17 axis, a effect demonstrated across in vitro, murine, and
human studies.'® This mechanism underlies the observed reduction in inflammatory cytokines and is associated with the
rapid, sustained efficacy and favorable safety profile of ABX464. The prediction that miR-124 interacts with NCF2
suggests a novel, specific mechanism through which it may suppress ROS production and macrophage activation, thereby
adding a crucial dimension to its known anti-inflammatory role. To fully realize the precision medicine potential of these
findings, future work must prioritize the experimental validation of the miR-124-NCF2 interaction and investigate its
relevance across different UC disease endotypes.

After confirming eight differentially expressed genes, the reliability of the GSE119600 dataset was reassessed, ultimately
identifying four hub genes for ulcerative colitis: CD274, MMP1, NCF2, and PLAU. CD274 (PD-L1) plays a crucial role in
immune regulation by inhibiting T-cell activation, and its expression may influence inflammatory responses in ulcerative
colitis (UC)."” MMP1 (Matrix Metalloproteinase-1) is involved in extracellular matrix remodeling and contributes to tissue
repair and inflammation, making it relevant to the pathology of UC.° ROC regression analysis indicated that the combination
of NCF2 and PLAU demonstrated the highest sensitivity and specificity for diagnosing UC. The role of NCF2 in immune
response and inflammation is intricately tied to its function within the NADPH oxidase complex, which is essential for
phagocytic cell activation and microbial killing.”' NCF2 encodes the cytosolic subunit p67phox, and mutations in this gene are
associated with several immune and inflammatory disorders, including chronic granulomatous disease (CGD) and autoim-
mune diseases.”'** PLAU is a key mediator of immune responses and inflammation in cancer. Its expression influences tumor
progression through immune cell recruitment, inflammation, and ECM remodeling.****

Importantly, while these hub genes were initially identified from intestinal tissue microarray data, they also demon-
strated robust diagnostic value in validation using blood transcriptome datasets. This intriguing observation suggests that
the dysregulation of these genes is not confined to the local intestinal environment but reflects a systemic alteration in
circulating immune cells. This systemic signature may be attributed to the recirculation of activated immune cells
between the gut and peripheral blood, as well as the dissemination of inflammatory mediators from the site of mucosal
inflammation into the systemic circulation. The fact that these biomarkers are detectable in blood significantly enhances
their clinical translatability, offering a less invasive means for disease diagnosis and monitoring. This finding underscores
the profound interconnection between local intestinal inflammation and systemic immune responses in UC, positioning
CD274, MMP1, NCF2, and PLAU as promising and versatile biomarkers indicative of the disease’s systemic footprint.

The interplay between immature dendritic cells (iDCs) and macrophages is pivotal in the pathogenesis of ulcerative
colitis (UC). This interaction significantly influences the inflammatory processes that characterize the disease. Immature
dendritic cells (iDCs) serve as essential antigen-presenting cells that play a crucial role in maintaining immune tolerance
within the intestinal mucosa. The activation and maturation of immature dendritic cells (iDCs) in ulcerative colitis (UC)
can lead to an amplified immune response, facilitating the activation of T cells, particularly the Th1l and Th17 subsets,
which are closely linked to the inflammatory processes observed in the disease.”> 2’ Macrophages frequently exhibit
a pro-inflammatory M1 phenotype, which exacerbates the condition through the secretion of cytokines such as TNF-a
and IL-1pB, as well as reactive oxygen species (ROS). This secretion contributes to epithelial barrier dysfunction and
perpetuates the inflammatory cycle.”®** Moreover, macrophages can modulate the activity of immature dendritic cells
(iDCs) and other immune cells, thereby enhancing the overall immune response.***' This complex interplay highlights
the potential for targeting these immune cell populations in therapeutic approaches for UC.

Considering the strong connection between immune infiltrating cells and hub genes in UC we examined the
correlation between significantly different immune cells and the hub gene. The present findings reveal a positive
correlation between NCF2 and macrophages, alongside a negative correlation with immature dendritic cells (iDCs).
This suggests that NCF2 may play a crucial role in the activation and functional modulation of macrophages within the
inflammatory milieu of ulcerative colitis (UC). Macrophages are integral to the inflammatory response, and their
activation can significantly contribute to tissue damage observed in UC. NCF2 regulates reactive oxygen species
(ROS) production via NADPH oxidase, influencing both innate and adaptive irnmunity,3 % and exacerbating inflammation
in UC.*® Pterostilbene-based nanoparticles could offer therapeutic potential by modulating ROS levels, specifically
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targeting macrophage polarization and cytokine release.>* NCF2 is essential for ROS-mediated LC3-associated phago-
cytosis (LAP) in macrophages against Listeria monocytogenes, whereas the pore-forming toxin-induced PINCA path-
way, although activated in its absence, does not effectively contribute to bacterial clearance.”

Conversely, the negative correlation between NCF2 and iDCs implies that NCF2 may influence the differentiation or
functional capacity of these cells. IDCs are essential for effective antigen presentation and the initiation of adaptive
immune responses.’® Therefore, reduced expression of NCF2 could impair their function, potentially resulting in
inadequate immune responses in patients with UC. In summary, NCF2 may influence macrophages and iDCs to regulate
both innate and adaptive immune responses, ultimately worsening the intestinal inflammatory reaction.

A significant proportion of patients with ulcerative colitis (UC) will experience recurrent disease flares, leading to
chronic inflammation and progressive mucosal damage.>’” Over time, the continuous inflammatory cycle results in
ulceration, excessive extracellular matrix (ECM) deposition, and localized fibrosis within the mucosa and submucosa.*®
Although UC predominantly affects the superficial layers of the colon, persistent tissue repair and collagen accumulation
can contribute to complications such as bowel strictures, toxic megacolon, and in some cases, colorectal cancer. These
complications often require surgical intervention, including colectomy, especially in cases of refractory disease or severe
disease relapse.*” ' Identifying biomarkers that can predict disease progression and the likelihood of complications, such
as fibrosis and malignancy, is essential for improving clinical outcomes in UC patients. Bioinformatics approaches have
proven valuable in uncovering the immune cell signatures that underlie the pathogenesis of UC, offering promising
diagnostic tools and potential therapeutic targets to modulate the immune response and prevent long-term damage.

Ulcerative colitis frequently advances without noticeable symptoms, leading to considerable tissue damage before
a diagnosis is made. This highlights the urgent need for the identification of molecular markers specific to ulcerative
colitis, which would facilitate early diagnosis and enable timely therapeutic interventions. Building on this premise, this
study aimed to identify molecular markers associated with ulcerative colitis (UC) and utilized both a dextran sulfate
sodium (DSS)-induced UC rat model and clinical samples from UC patients for experimental validation.

The results demonstrated that NCF2 expression was significantly elevated in the colon tissue of rats with ulcerative colitis
(UC) and in clinical samples from UC patients. NCF2 plays a key role in immune and inflammatory responses by regulating
NADPH oxidase-mediated ROS production, influencing inflammasome activation, MAPK signaling, and anti-tumor
immunity.**** The increase in NCF2 expression may reflect an adaptive mechanism of macrophages responding to the
inflammatory environment characteristic of UC. Furthermore, the association between NCF2 and macrophage activation
highlights the potential of targeting this pathway for therapeutic intervention. Previous studies have indicated that macro-
phages in UC exhibit a pro-inflammatory phenotype, contributing to epithelial barrier dysfunction and the perpetuation of the
inflammatory cycle.** The upregulation of NCF2 may further enhance this inflammatory response through increased ROS
production, leading to oxidative stress and subsequent tissue damage. These findings warrant further investigation into the
specific mechanisms by which NCF2 influences macrophage behavior and its potential as a biomarker for disease severity or
therapeutic targets in UC. Its involvement may contribute to inflammation and tissue remodeling seen in UC, highlighting its
potential significance in the disease’s progression and as a target for therapeutic strategies.

Our findings position NCF2 as a promising translational target for ulcerative colitis (UC), with dual potential for both
diagnostic and therapeutic development. The consistent upregulation of NCF2 in preclinical and clinical settings supports
its utility as a non-invasive biomarker, where blood-based detection of NCF2 expression in peripheral blood mononuclear
cells or serum exosomes could enable disease monitoring and patient stratification. Therapeutically, targeting NCF2
offers a novel approach to modulate oxidative stress and macrophage-driven inflammation, through strategies such as
small-molecule inhibitors disrupting NADPH oxidase assembly or RNA-based therapies for tissue-specific silencing.
Future efforts should focus on validating NCF2-based detection assays in longitudinal cohorts and evaluating targeted
interventions in disease-relevant models to advance these translational applications.

Conclusion

This study systematically identifies and validates NCF2 as a novel diagnostic biomarker for ulcerative colitis (UC),
demonstrating its significant association with immune dysregulation and macrophage infiltration through comprehensive
bioinformatic analysis and experimental validation in both murine models and human tissues. These findings provide
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crucial insights into UC pathogenesis and offer a potential target for early diagnosis. To advance the clinical translation
of these results, we propose developing a standardized blood-based assay (eg, ELISA or RT-qPCR) to quantify NCF2
levels in peripheral blood, enabling a minimally invasive diagnostic approach. Further validation through large-scale,
prospective, multi-center studies will be essential to establish diagnostic thresholds, correlate NCF2 expression with
disease activity, and evaluate its utility across diverse populations. Despite limitations such as incomplete clinical
metadata and the need for deeper exploration of miRNA interactions, this work establishes a foundational framework
for leveraging NCF2 as a clinically actionable biomarker in UC management.
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