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Background: Ulcerative colitis (UC) is an autoimmune inflammatory disorder of the gastrointestinal tract. Programmed cell death
(PCD), including PANoptosis and autophagy, plays roles in inflammation and immunity. This study aimed to investigate the molecular
signature and immune landscape of the PANoptosis- and autophagy-related differentially expressed genes (DEGs) in UC.
Methods: Analyzing UC dataset GSE206285 yielded DEGs. Differentially expressed PANoptosis- and autophagy-related genes were
identified using DEGs and relevant gene collections. Functional and pathway enrichment analyses were conducted. A protein-protein
interaction (PPI) network was established to identify hub genes. TRRUST database predicted transcription factors (TFs), pivotal
miRNAs, and drugs interacting with hub genes. Immune infiltration analysis, UC-associated single-cell sequencing data analysis, and
construction of a competing endogenous RNA (ceRNA) network for hub genes were conducted. Machine learning identified key
candidate genes, evaluated for diagnostic value via receiver operating characteristic (ROC) curves. A UC mice model verified
expression of key candidate genes.

Results: Identifying ten PANoptosis-related hub DEGs and four autophagy-related hub DEGs associated them with cell chemotaxis,
wound healing and positive MAPK cascade regulation. Immune infiltration analysis revealed increased immunocyte infiltration in UC
patients, with hub genes closely linked to various immune cell infiltrations. Machine learning identified five key candidate genes,
TIMPI1, TIMP2, TIMP3, IL6, and CCL2, with strong diagnostic performance. At the single-cell level, these genes exhibited high
expression in inflammatory fibroblasts (IAFs). They showed significant expression differences in the colon mucosa of both UC patients
and UC mice model.

Conclusion: This study identified and validated novel molecular signatures associated with PANoptosis and autophagy in UC, potentially
influencing immune dysregulation and wound healing, thus opening avenues for future research and therapeutic interventions.
Keywords: ulcerative colitis, PANoptosis, autophagy, immune cell infiltration, inflammatory fibroblasts, bioinformatics analysis

Introduction

Ulcerative colitis (UC), an inflammatory bowel disease (IBD) characterized by relapsing, incurable, chronic inflammation of
the colon, with a prevalence exceeding 400 per 100,000 in North America.' Patients with persistent UC suffer poor quality of
life accompanied by chronic diarrhea, rectal bleeding, and a higher risk for developing colitis-associated colorectal cancer
(CAC).? Although the exact etiology of UC remains currently obscure, factors such as genetic susceptibility, dysregulated
barrier and mucosal immune homeostasis, and environmental influences, including gut microbiota, have been implicated in its

pathogenesis.>* It is widely acknowledged that a vicious cycle of dysregulated cell death, compromised intestinal barrier, and
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subsequent aberrant immune inflammatory response rests at the core of chronic inflammatory gastrointestinal conditions.’
Various cell death processes, like necroptosis, pyroptosis, ferroptosis and autophagy are important modes of programmed cell
death (PCD) in the intestine in addition to apoptosis. The research on intestinal cell death programs may contribute to
understanding the biology and pathogenesis of UC and is expected to be an important strategy for its prevention and treatment;
further investigation is required.

PANoptosis, a newly recognized pathway for proinflammatory PCD, highlights the crosstalk and coordination of
pyroptosis, apoptosis, and necroptosis.>’ This unique inflammatory PCD modality is regulated by multifaceted
PANoptosome complexes that are assembled by key components that perform other PCD pathways.®’ PANoptosis has
been associated with infectious, neurodegenerative, autoinflammatory, metabolic diseases, and cancer.'®!! Given the impor-
tant roles of pyroptosis, apoptosis, and necroptosis in IBD,'*'* we may speculate that PANoptosis and the occurrence of UC
are closely connected. However, limited studies have explored the role of PANoptosis in UC pathogenesis.

Autophagy, a cellular catabolic process, exhibits strong connections with intestinal biology and function. It serves as
a primary mechanism for restoring homeostasis and repairing intestinal damage under low-level stimuli or pathogen
infections, whereas autophagic capacity is overwhelmed, it is likely to trigger apoptosis.*'> It was also reported that the cross-
talk between autophagy and inflammasome activation, compromised autophagy induced the aberrant inflammasome
activation.'® Dysfunctional autophagy may lead to disrupted intestinal homeostasis, gut dysbiosis, aberrant immune responses
and amplifying intestinal inflammation, which are strongly connected with IBD progression.'” Genome-Wide Association
Studies (GWAS) and subsequently functional research have revealed numerous autophagy genes participate in IBD
pathology.'® 2° Moreover, autophagy-related gene, ATG4B-deficient mice were more susceptibility to dextran sodium sulfate
(DSS)-induced colon colitis.*!

In this study, we aimed to identify the differentially expressed PANoptosis- and autophagy-related hub genes in UC using
bioinformatics analysis. We investigated the correlations between these hub genes and circulating immune infiltration as well as
their expression levels at the single-cell level. Furthermore, by performing machine learning algorithms and validating in colon
mucosa of UC patients and UC mice model, we identified five key candidate genes that may serve as the potential biomarkers and
therapeutic targets for UC progression. Our findings may contribute to take efforts to develop UC diagnosis and treatments based
on modulating PANoptosis and autophagy.

Materials and Methods

Data Sources

We initiated our study by using the keyword “ulcerative colitis” to search for appropriate datasets in the Gene Expression
Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/geo/). Finally, we included seven datasets on intestinal mucosal
expression from UC patients, including GSE206285, GSE87466, GSE16879, GSE75214, GSE114527, GSE73661, and
GSE92415.2>%® The information corresponding to all datasets in the study was shown in Table 1. The list of 274
PANoptosis-related genes (PRGs) was obtained from previous research which combined with the apoptosis, pyroptosis

and necroptosis gene sets.”’ 794 autophagy-related genes (ARGs) were obtained from the Autophagy Database
(HAMdb),* (Supplementary Table 1).

Table | The Information Corresponding to All Datasets in the Study

Datasets Platform Tissues UC Samples | Control Samples
GSE206285 | GPLI3158 Colon mucosa 550 18
GSE87466 GPLI3158 Colon mucosa 87 21
GSE6879 GPL570 Colon mucosa 48 6
GSE75214 GPL6244 Colon mucosa 97 Il
GSEI14527 | GPLI14951 Rectal mucosa 32 6
GSE73661 GPL6244 Colon mucosa 166 12
GSE92415 GPLI3158 Colon mucosa 162 21
SCP259 10X GemCode or Chromium | Colon mucosa 18 12
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Differential Expression Analysis

To identify genes associated with UC pathogenesis, we used the “limma” package (version 3.54.0) in R software (version
4.3.1) to investigate DEGs in GSE206285 dataset, and the threshold value was set at |log, (Fold Change) | > 1 and
adjusted p-value < 0.05. The crossover genes between DEGs and PRGs were referred to differentially expressed
PANoptosis-related genes (DE-PRGs), as assessed by the “UpSetR” package (version 1.4.0). Genes that crossed over
between DEGs and ARGs were referred to differentially expressed autophagy-related genes (DE-ARGs), as assessed by
the “VennDiagram” R package (version 1.7.3).

Functional Enrichment Analysis

Subsequently, we performed Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) annotation
to analyze the biological functions of the identified DEGs, DE-PRGs and DE-ARGs utilizing “clusterProfiler” R package
(version 4.8.2), with adjusted p-value < 0.05 considered as statistically significant. In addition, the Metascape database”’
was used to further conduct pathway enrichment and bioprocess annotation.

Construction of Protein-Protein Interaction (PPI) Network and Identification of the
Hub Genes

To unravel the intricate network of interactions among DE-PRGs and DE-ARGs, we constructed PPI networks using the
STRING database.*? The PPI network was visualized using Cytoscape software (version 3.10.0), and utilizing Cytoscape
plug-in (MCODE and MCC), we identified the hub genes crucial in the context of PANoptosis and autophagy.
Subsequent functional enrichment analyses were also conducted to gain insights into the biological roles of these hub
genes using the “clusterProfiler” R package (version 4.8.2) and the Metascape database.

The Hub Genes and Their Interactions

Expanding our analysis, we explored the regulatory landscape surrounding the identified hub genes. We introduce the hub
genes into TRRUST database® and obtained interactional transcription factors (TFs). Differential expression of these
TFs in the training dataset GSE206285 was analyzed using the “limma” R package. Utilizing miRTarBase database,>* we
obtained corresponding interacted miRNA to each hub gene. In addition, the hub gene-drug interactions were mined
using DrugBank database.’ The above interactive networks were visualized by Cytoscape software (version 3.10.0).

Immune Infiltration Analysis

Understanding the immune microenvironment in UC is crucial. We used the “CIBERSORT” R package®® to analyze
immune cell infiltration landscape of UC patients and normal groups in GSE206285 dataset. Pearson’s correlation
analysis was conducted to test the relationships between the hub gene expression profiles and immune cells, and used the
“corrplot” software package (version 0.92) to visualize their correlation heatmaps. P value < 0.05 is considered
statistically significant.

Single-Cell Sequencing Data Analysis
To further analyze the cellular distribution and expression of the hub genes in different cell subsets within the colon
mucosa, we searched the Single Cell Portal website (https://singlecell.broadinstitute.org/) for datasets related to “ulcera-

tive colitis”, and screened UC-associated single-cell sequencing data (SCP259),%” which identified 51 cell subsets in
colon mucosa of 18 UC and 12 healthy individuals. Uploading a list of the hub genes and exploring the expression of the
hub genes from epithelial, immune and stromal clustering with the annotation of cluster and health, respectively.
Visualized by dot plot.

Construction of the IncRNA—-mMiRNA-mMmRNA ceRNA Network

To uncover additional layers of gene regulation, we constructed competing endogenous RNA (ceRNA) networks involving
hub genes, miRNAs, and IncRNAs. First, we mined miRNAs associated with the hub genes from the three databases of
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miRTarBase,>* DIANA-TarBase v8>® and TargetScan,” and intersected. Then, the obtained overlapping miRNAs were
introduced into the starBase database™ for predicting of miRNA-IncRNA interactions. The collected IncRNAs-miRNAs-hub
genes regulatory networks were visualized by Cytoscape software (version 3.10.0).

Construction of the Diagnostic Model and Identification of the Key Candidate Genes
In our pursuit of clinical translation, we employed least absolute shrinkage and selection operator (LASSO) regression
analysis using the “glmnet” R package (version 4.1-8) to construct the diagnostic model and identify key candidate genes
related to UC diagnosis. LASSO regression is a machine learning technique that combines variable selection and
regularization to increase prediction accuracy,’’ and displaying the relationship between the identified key candidate
genes by using the “circlize” R package (version 0.4.15). We further assessed the diagnostic efficacy of the key candidate
genes by Receiver Operating Characteristic Curve (ROC) analysis performed by using “pROC” software package
(version 1.18.4). The area under the ROC curve (AUC) was obtained and genes with AUC value > 0.7 were regarded
as benefit for disease diagnosis.

Animal Experiments

Additionally, we validated key candidate genes identified through our analyses using UC mice model. C57BL/6 wild
type (WT) mice were obtained from the Institute of Model Animals, Wuhan University. All mice were raised under
specific pathogen-free conditions, undergoing a one-week acclimatization period before the start of the experiments.
To induce acute colitis, four male mice were fed with 2.5% DSS (MP Biomedicals) in their drinking water for 5 days,
and they were assigned to the experimental group. The other four male mice were fed with regular water throughout
and assigned to the control group. After the conclusion of the experiment, mice were euthanized by cervical
dislocation following intraperitoneal injection of sodium pentobarbital anesthesia, and the entire colon tissue was
collected. Approximately 1 cm of colon tissue from the distal rectum was prepared as paraffin sections and subjected
to H&E staining. Another suitable segment of colon tissue was extracted to obtain total RNA for quantitative real time
PCR (qRT-PCR) analysis. All animal experimental procedures were approved by the Animal Ethics committee of
Zhongnan Hospital, Wuhan University.

Specimen Collection

Colonic mucosal tissues from 12 patients with active UC and 12 age- and sex-matched healthy volunteers were collected
during endoscopic procedure from Zhongnan Hospital of Wuhan University (Wuhan, China). All patients with UC were
diagnosed based on clinical standard, endoscopic features, and original histopathological detection, confirming the active
inflammatory status of the patients. None of the patients received immunosuppressants, steroids, or biologics treatment.
The study was approved by the Medical Ethics Committee, Zhongnan Hospital of Wuhan University (Scientific Ethical
Approval No.2022011K).

RNA Extraction and gqRT-PCR Analysis

Finally, we validated the expression of key candidate genes through qRT-PCR. Total RNA from colonic mucosal tissues
was extracted using TRIzol reagent (Invitrogen, USA) and the TOYOBO ReverTra Ace kit (TOYOBO, Japan) was used
for cDNA synthesis according to the manufacturer’s protocols. Then, qRT-PCR was conducted using UltraSYBR
Mixture (CWBIO, China) on a LightCycler96 (Roche, USA). We used the 2 **“" quantification method to determine
the expression levels of key candidate genes, with GAPDH serving as an endogenous control. The primers were designed
using the Primer Bank website** and all primer sequences are listed in Supplementary Table 2.

Statistical Analysis

The experimental data are presented as the mean = SEM. The two groups were compared using an independent Student’s
t-test based on statistically significant differences in normally distributed variables. For non-normally distributed
variables, analysis was performed using the Mann—Whitney U-test (Wilcoxon rank-sum test). One-way ANOVA was
used for more than two comparison groups. Statistical analyses were performed with GraphPad Prism 9.0.0 (GraphPad
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Software, USA) for comparison. Descriptive statistics of the clinical information were analyzed using statistical software
SPSS (v 25.0). Normally distributed continuous data were presented as mean + SEM, while non-normally distributed
data were presented as median and interquartile range (IQR). P values less than 0.05 indicated statistical significance.

Results

Differential Expression Analysis

We first analyzed the integrated UC dataset GSE206285, identifying a total of 2490 DEGs, including 1380 upregulated
genes and 1110 downregulated genes using the “limma” R package (Figures 1A and B). Subsequently, we conducted GO
analysis to categorize the DEGs and performed KEGG pathway enrichment analysis on the 2490 DEGs to explore their
potential role (Supplementary Figure 1). Next, we identified 71 PANoptosis-related DEGs, encompassing 46 apoptosis
genes, 14 necroptosis genes, and 11 pyroptosis genes, employing an upset diagram. Additionally, we obtained 113

autophagy-related DEGs using a venn diagram (Figures 1C and D, Supplementary Box 1).

Functional and Pathway Enrichment Analysis
To delve deeper into the functional roles of PANoptosis- and autophagy-related DEGs, we performed GO analysis and
KEGG pathway enrichment analysis. The PANoptosis-related DEGs were mainly enriched in the biological process (BP)
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Figure | Identification of DEGs in the UC dataset. (A) Volcano map of the DEGs in UC patients versus the healthy subjects in GSE206285. Blue dots represent
downregulated genes, red dots represent upregulated genes and grey dots show genes with no significant difference with a threshold of |log2FC| >| and adjusted to p < 0.05.
(B) PCA showed the gene cluster between UC and healthy subjects. (C) An Upset diagram of UC-related DEGs as well as pyroptosis, necroptosis and apoptosis. (D) A Venn
diagram of the intersection of UC-related DEGs and autophagy-related genes.
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of wound healing, regulation of peptidase activity and positive regulation of cytokine production, and were closely
related to the cellular component (CC) of the collagen-containing extracellular matrix. In the molecular function (MF)
categories, protease binding and peptidase regulator activity were discovered (Figure 2A). Besides, KEGG enrichment
analysis demonstrated their involvement in pathways associated with cancer, infections, TNF signaling pathway and NF-
kB signaling pathway (Figures 2B). Furthermore, according to Metascape enrichment analysis, these PANoptosis-related
DEGs were enriched in pathways such as positive regulation of programmed cell death, response to wounding, cytokine
signaling in Immune system and cellular response to cytokine stimulus (Figures 2C).

Similarly, the autophagy-related DEGs displayed enrichment in regulation of autophagy, regulation of angiogenesis
and response to molecule of bacterial origin (Figure 3A). The KEGG pathway enrichment analysis demonstrated
enrichment of PI3K-Akt signaling pathway, Proteoglycans in cancer, and mTOR signaling pathway (Figure 3B).
Furthermore, we utilized an alternative visualization method, confirming that the enriched pathways were consistent
with the results of GO analysis (Figures 3C).

Identification of the Hub Genes

Further analysis led to the identification of the hub genes within the PANoptosis and autophagy networks. As illustrated
in the PPI network of PANoptosis-related DEGs, we found 10 overlapping hub genes (PDGFRB, TIMP1, MMP2, CD44,
TIMP2, TGFB2, IL6, TIMP3, IL1B, HGF) using the Cytoscape plug-in (MCODE and MCC) (Figures 4A-C). Similarly,
in the PPI network of autophagy-related DEGs, CCL2, TGFB1, PPARG and CXCR4 were identified as the hub genes
(Figures 4D-F).

GO KEGG
) wound healing{ .
Ireigulat%on gf pep{:gase ac{mg- ) Proteoglycans in cancer 1 [ )
regulation of endopeptidase activity - i ion -
posi(ivegregulalion o!,cyEokqnej production { z Salmonella_ infection .
regulation of apoptotic signaling p'athway- : MicroRNAs in cancer { [ ]
résponse to virus+ is |
extrinsic apoptotic signaling pathway Necroptosis [ J Count
def defense respo{lse to g!rus‘< ; Apoptosis { o .4
efense response to symbiont- . L n
response to hydrogen pyeroxme- ° Count Epite_lg BZ" \;:rus m{ectlo_n 1 ° @6
collagen-containing extracellular matrix 0 [ e5 _ Lipid and atherosclerosis | L] @3
secretory granule lumen{ ° ®10 EGFR tyrosine kinase inhibitor resistance { [ ] @10
cytoplasmic vesicle lumen- [ @15 TNF signaling pathway - ™Y
vesicle lumen ® , y ‘ 12
platelet algg% fanule Iumlen< ° o padjust Cytosolic DNA-sensing pathway [ ]
complex | ianali
amphisome mem_brgne- : 0 0.04 NF kappa B s!gnal!ng pathway - [ ) p.adjust
amphisome e 0.03 C-type lectin receptor signaling pathway - [ ]
inflammasome complex| e 0.02 Toxoplasmosis | ° 0.005
kinetochore microtubule| e 0.01 . 5 0.004
- : FoxO signaling pathway + [ ] 0.003
protease binding ° Malaria { ° 0.002
peptidase regulator activity - [ Pertussis - ° 0.001
metalloendopeptidase inhibitor activity: e Colorectal cancer - ° ’
extracellular matrix structural constituent conferring compression resistance: e % Hematopoietic cell lineage - )
phosphatidylinositol 3—kinase binding: e Graft-versus—host disease - ®
cysteine-type endopeptidase activity involved in apoptotic process- e Legionellosis { ®
0.050.100.15 0.20 0.25 0.10 0.15 0.20
GeneRatio GeneRatio

C

M Programmed Cell Death
W positive regulation of programmed cell death
M Apoptosis
M response to wounding
W regulation of proteolysis
Cytokine Signaling in Immune system
M cellular response to cytokine stimulus
Proteoglycans in cancer
I Burn wound healing
response to hormone
regulation of apoptotic signaling pathway
cell activation
apoptotic signaling pathway
ion of
Salmonella infection
defense response to virus
regulation of MAPK cascade
response to hydrogen peroxide
W regulation of cellular catabolic process
positive regulation of immune response

Figure 2 Functional annotation of the PANoptosis-related DEGs. (A) GO enrichment analysis of the PANoptosis-related DEGs using R software. (B) KEGG enrichment
analysis of the PANoptosis-related DEGs using R software. (C) The pathways network of the PANoptosis-related DEGs showing the intra-cluster and inter-cluster
connections of enriched terms using Metascape, color code reflecting cluster annotations.

3230 e Journal of Inflammation Research 2024:17

Dove!


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

Dove Lu et al

GO
regulation of autophagy - [
regulation of angiogenesis - [])
regulation of vasculature development - o
response to molecule of bacterial origin - o KEGG
response to lipopolysaccharide - () PI3K-Akt signaling pathwa:
ol cellular res:aog_set_to ptxeptilde 1 . o B 3! Proleosglgycaa nsgi:cance); P [ |
cellular response to biotic stimulus - - - hilrarg, L
cellular response to insulin stimulus ° AGE-RAGE signaling pathway in diabetic complications [ ]
" positive regulation of angiogenesis ) . Tuberculos!s [ ]
positive regulation of vasculature development - ® Count Lipid and atherosclerosis [ ] Count
ining Jlar matrix ° e5 Non-alcoholic f_atty I!ver disease [ ) e 50
vacuolar membrane - ° ®10 mTOR signaling pathway () @75
lysosomal membrane - ) :;(5) Necroptosis [ ] : 10.0
lytic vacuole membrane - [ ] Influenza A [ ] 12.5
late endosome - [ b ) EGFR tyrosine kinase inhibitor resistance )
membrane raft ; I o padjust Chagas disease ) p.adjust
aul&izb;asr;;r:ggg%?aanlg 1 ° i 0.003 Th17 cell differentiation [ ]
kmet%chore microtubule - o 0.002 Autophagy - animal L] 1e-03
ESCRT IIl complex | o 0.001 Rheumatoid arthritis ) so-04
-17 signali e
cytokine receptor binding - [ IL=17 signaling palhwgy °
cytokine activity - ° ) ) ~ Malaria ;@
cysteine-type peptidase activity - ° Longevity regulating pathway - multiple species [ ]
cysteine-type endopeptidase activity - ° Inflammatory bowel disease [ ]
protease binding - [ ] Renal cell carcinoma [ ]
_ integrin binding - o $. African trypanosomiasis e
type | transforming growth factor beta receptor binding - - - . .
Toll-like receptor binding - e 0.050 0.075 0.100 0.125 0.150
NAD+ nucleosidase activity - o GeneRatio
calcium-dependent cysteine-type endopeptidase activity - « 1
0.05 0.10 0.15
GeneRatio

M regulation of angiogenesis
W regulation of autophagy
W response to molecule of bacterial origin
M response to hormone
I Network map of SARS-CoV-2 signaling pathway
negative regulation of intracellular signal transduction
W Pathways in cancer
Malignant pleural mesothelioma
I VEGFA-VEGFR?2 signaling
autophagy
response to oxygen levels
regulation of apoptotic signaling pathway
positive regulation of cell death
Burn wound healing
regulation of DNA-binding transcription factor activity
wound healing
positive regulation of protein phosphorylation
AGE-RAGE signaling pathway in diabetic complications
W cellular homeostasis
regulation of protein transport

Figure 3 Functional annotation of the autophagy-related DEGs. (A) GO enrichment analysis of the autophagy-related DEGs using R software. (B) KEGG enrichment
analysis of the autophagy-related DEGs using R software. (C) The pathways network of the autophagy-related DEGs showing the intra-cluster and inter-cluster connections
of enriched terms using Metascape, color code reflecting cluster annotations.

Enrichment Analysis of the Hub Genes

To investigate the biological significance of these hub genes related to PANoptosis and autophagy, we performed
functional and pathway enrichment analyses. The GO enrichment analysis revealed enrichment of cell chemotaxis,
wound healing and positive regulation of MAPK cascade (Figure 5A). Furthermore, the KEGG enrichment analysis
revealed that the hub genes were enriched in signaling pathways related to Cytokine—cytokine receptor interaction, the
MAPK signaling pathway and the IL17 signaling pathway (Figure 5B). Additionally, as illustrated in Figures 5C and D,

the results of the Metascape enrichment analysis displayed the functional annotations of this list of hub genes.

The Hub Genes and Their Interactions

TFs are involved in gene transcription regulation. Furthermore, we investigated the interactions between these hub genes
and TFs, shedding light on potential regulatory mechanisms. Our analysis revealed that 22 TFs coordinated with 10
PANoptosis-related hub genes, and 7 TFs coordinated with 4 autophagy-related hub genes, indicating significant
cooperation between these hub genes and TFs (Figures 6A and B). Further, we analyzed the expression of these TFs
in GSE206285 dataset and detected significant differences in these correlated TFs between UC patients and healthy
controls (Figure 6C). This indicated that these TFs may influence the occurrence and development of UC.
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We also predicted miRNA interactions and drug interactions for PANoptosis- and autophagy-related hub genes, as
illustrated in Supplementary Figure 2 and 3. This analysis suggested that the drugs targeting these genes may hold

potential for UC treatment. For example, sulfasalazine, which interacted with autophagy-related hub gene, PPARG, is
mainly used for IBD, and can prevent the recurrence of UC.

Immune Infiltration Analysis in UC

Dysregulated intestinal immune response plays a central role in the pathogenesis of UC. To explore the immune
landscape of UC patients, the CIBERSORT algorithm was applied to evaluate the abundance of 22 immune cell subtypes
in the GSE206285 dataset. Significant differences in immune-infiltrating cells were observed between the two groups.
Compared to the normal group, UC patients demonstrated higher infiltration of plasma cells, activated memory CD4"
T cells, MO Macrophages, M1 Macrophages, activated dendritic cells, and neutrophils, while UC patients had signifi-
cantly lower infiltration of memory B cells, resting memory CD4" T cells, and M2 macrophages (Figure 7A). In addition,

as illustrated in Supplementary Figure 4, we conducted a correlation analysis among 22 categories of immune cells,

demonstrating that most immunocytes were closely connected. Further analyses were conducted to shed light on the
correlation between the hub genes and immune cells. We found that almost all PANoptosis-related hub genes were
positively correlated with neutrophils, MO macrophages, activated dendritic cells and activated memory CD4" T cells,
while they were negatively correlated with resting memory CD4" T cells, M2 macrophages and Tregs regulatory T cells
(Figure 7B). The autophagy-related hub genes, including CXCR4, CCL2, and TGFB1, showed positive correlations with
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neutrophils, activated memory CD4" T cells, activated mast cells, MO macrophages and activated dendritic cells, while
they exhibited significant negative correlations with M2 macrophages, Tregs regulatory T cells, resting dendritic cells and
resting mast cells. In contrast, PPARG showed quite the opposite pattern among these immune cells (Figure 7C). Based
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Figure 7 The landscape of immunocyte infiltration. (A) Expression differences of 22 distinct immune infiltrating cells between UC and normal groups. (B) The correlation
heatmap of the PANoptosis-related hub genes and immune infiltrating cells in UC. (C) The correlation heatmap of the autophagy-related hub genes and immune infiltrating

cells in UC. *p < 0.05; **p < 0.01; ***p < 0.001; ***p < 0.0001.
Abbreviation: ns, no significance.
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on these results, we could speculate that the PANoptosis- and autophagy-related hub genes may play a role in UC by
regulating immunocytes.

Single-Cell Sequencing Analysis of the Hub Genes

Subsequent single-cell sequencing data analysis revealed differential expression patterns of the hub genes across various
cell compartments, providing insights into their roles in UC pathogenesis. UC-associated single-cell sequencing data
were screened using Single Cell Portal, which identified 51 cell subsets in colon mucosa of 18 UC and 12 healthy
individuals. Utilizing t-SNE method to annotate the cells within each sample into epithelial, immune and stromal
compartments, and then clustering cells from multiple samples into distinct subtypes.’” As shown in Figure 8A, epithelial
t-SNE identified 15 cell subtypes, immune t-SNE identified 23 cell subtypes, and stromal t-SNE identified 13 cell
subtypes. The results indicated that most hub genes were highly expressed in inflammatory fibroblasts (IAFs), except for
PPARG and CXCR4. PPARG was mainly expressed in epithelial compartments, especially in immature enterocytes 2,
enterocytes, and best4 " enterocytes, while CXCR4 was predominantly expressed in immune compartments, particularly
in ILCs, Follicular, and DC1 (Figure 8B). Numerous genes exhibit cell type specificity and function differently within
distinct cell types. We found significant differences in the expression of these hub genes among these three cell
compartments between UC patients and healthy controls. Moreover, their expression levels varied between inflamed
and normal states in different cell types. For example, compared to the healthy population, the expression of TIMP1 and
MMP2 was increased in the inflamed epithelial and stromal cells of UC patients but showed downregulation in the
immune cells of UC patients (Figure 8C). These hub genes may operate within different cell subtypes implicated in the
progression of UC.

Construction of the ceRNA Network

To provide a comprehensive view of their regulatory interactions, we constructed ceRNA networks for both PANoptosis-
and autophagy-related hub genes. The ceRNA network was established by employing miRNAs as intermediaries, where
IncRNAs act as miRNA sponges through competitive binding with miRNAs, effectively sequestering miRNAs from the
endogenous RNA. Utilizing miRTarBase, TarBase and TargetScan, we predicted 21 overlapping miRNAs of the
PANoptosis-related hub genes, and a ceRNA network was developed, involving 10 PANoptosis-related hub genes, 21
miRNAs and 139 IncRNAs (Supplementary Figure 5). Similarly, we constructed a ceRNA network of the autophagy-

related hub genes, involving 4 autophagy-related hub genes, 7 projected miRNAs and 60 IncRNAs (Supplementary
Figure 6). Overall, these findings have significantly enriched our understanding of the regulatory expression of these hub
genes.

|dentification of the Key Candidate Genes in UC via Machine Learning

To further identify the key candidate genes associated with UC pathogenesis, we compiled clinical characteristics data
from UC patients. LASSO regression was employed to identify hub signature genes in UC. Ultimately, we identified five
key genes as the most characteristic hub genes, including TIMP1, TIMP2, TIMP3, IL6, and CCL2 (Figure 9A). These
five key candidate genes exhibited closely positively correlated with one another (Figure 9B). We subsequently generated
ROC curves and computed the AUC for these key candidate genes to assess their diagnostic effectiveness. The results
indicated that the diagnostic model, based on the five key genes, demonstrated high diagnostic performance in the
GSE206285 dataset, with AUC values exceeding 0.7 for each of the five key genes (Figure 9C). We validated this model
in two additional datasets, GSE16879 and GSE87466, both of which exhibited improved diagnostic efficacy. Among the
five key genes, TIMP1 had the highest AUC value, which is significant (Figures 9D and E). Hence, the five key candidate
genes may be involved in the occurrence of UC and exhibit excellent diagnostic value.

External Verification of the Key Candidate Genes and the Clinical Significance

Subsequently, we verified the differential expression of these five key candidate genes using two additional datasets,
GSE75214 and GSE114527. The results indicated that the identified key genes were expressed at higher levels in UC
patients compared to healthy controls (Supplementary Figure 7). Furthermore, to determine whether the key candidate
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Figure 9 Diagnostic model construction and identification of the key candidate genes. (A) LASSO regression in the identification of the key candidate genes. (B) Circle
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genes were associated with clinical severity, we included new datasets GSE73661 and GSE92415 containing clinical
disease activity data of UC patients to assess the expression of these genes across different disease severity levels of UC.
We observed significant differences in the expression of these key candidate genes among UC patients with varying
disease severity levels (Figures 10A and C). Meanwhile, we further analyzed the correlation between the expression of
these genes and clinical scores. Importantly, we observed a positive correlation between the expression of these genes
and UC-related clinical activity scores, with TIMP1 showing the strongest correlation and TIMP3 exhibiting weaker
correlation (Figures 10B and D). These results indicated their involvement in the development of UC and their potential
utility as disease severity biomarkers in UC patients.

Validation of the Key Candidate Genes Using qRT-PCR

To complement the bioinformatics findings and confirm the involvement of the five key candidate genes in UC, we
utilized qRT-PCR to validate their differential expression in colonic mucosal tissues of UC patients and UC mice model.
The main clinical characteristics of the UC patients and healthy controls are summarized in Supplementary Table 3. In

comparison to the healthy control group, patients with UC exhibited significant upregulation in the gene expression levels
of TIMP1, TIMP3, IL6, and CCL2, with no significant difference observed in the expression levels of TIMP2 between
the two groups (Figure 11A). Moreover, a DSS-induced acute colitis mouse model, simulating the clinical pathology of
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Abbreviation: ns, no significance.

UC, was effectively constructed. This was evidenced by H&E staining, which showed that DSS-treated mice exhibited
epithelial erosion and inflammation in the colon (Figure 11B). qRT-PCR analysis revealed upregulated expression of the
TIMP1, TIMP3, IL6, and CCL2 genes in colonic tissues of DSS-treated mice compared to the control group. The
expression levels of TIMP2 did not differ significantly (Figure 11C).

Discussion

Research on cell death mechanisms draws extensive attention, particularly focusing on programmed cell death (PCD),*
which is essential for normal development and homeostasis maintenance. However, dysregulated cell death can trigger
inflammation and modulate immune responses, thus necessitating strict regulation to prevent disease.** Currently,
emerging concepts like PANoptosis,’ Cuproptosis,*’ and Disulfidptosis*® are being highlighted. While apoptosis,
pyroptosis, necroptosis, and autophagy have been extensively investigated in UC,*’*° recent research has also explored
the involvement of ferroptosis and cuproptosis in this condition.’>>' However, there is limited research on the regulatory
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mRNA expression levels of TIMPI, TIMP2, TIMP3, IL6, and CCL2 in the mouse colonic tissue of the water group (n=4) and DSS group (n=4). Mean * SEM are plotted; *p <
0.05; ¥p < 0.01; **p < 0.001; ***p < 0.0001.

Abbreviation: ns, no significance.

role of PANoptosis in UC. PANoptosis combines the main characteristics of pyroptosis, apoptosis, and necroptosis, while
autophagy has been shown to coincide various forms of cell death.>? Through bioinformatics and experimental verifica-
tion, our study identified key genes related to PANoptosis and autophagy, potentially influencing immune dysregulation
and wound healing in UC.

In this study, we obtained 71 PANoptosis- and 113 autophagy-related DEGs in GSE206285 dataset. Enrichment
analyses revealed their involvement in wound healing, TNF signaling pathway and PI3K-Akt signaling pathway. The
shared enriched pathways may unveil the underlying mechanisms behind the crosstalk between PANoptosis and
autophagy pathways. Additionally, through PPI network analysis, we identified ten PANoptosis- and four autophagy-
related hub genes involved in cell chemotaxis, wound healing and positive regulation of MAPK cascade. In UC,
excessive neutrophil chemotaxis and activation serve as markers of poor outcomes and resistance to ustekinumab
therapy.”” Wound healing, particularly mucosal healing, is a crucial therapeutic endpoint and objective in UC manage-
ment, correlating with improved long-term prognosis.”>>> Moreover, the MAPK signaling pathway is closely linked to
the pathogenesis of UC.”° These results underlining the reliability of our enrichment analysis. Furthermore, focusing on
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hub genes, we predicted key TFs associated with UC. Several TFs identified in our study play significant roles in
inflammation, such as NFKB1, STAT1, STAT3.>7° o Among them, CEBPB was found to be overexpressed in the mucosa
of UC patients and potentially involved in the disease.®®* Our study provides the foundation for further investigations
into the underlying roles of these TFs in UC.

Additionally, immune infiltration analysis revealed significantly altered immunocyte landscapes in UC patients,
characterized by higher infiltration of plasma cells, activated memory CD4+ T cells, M1 Macrophages, activated
dendritic cells (DCs) and neutrophils, along with decreased levels of memory B cells and M2 macrophages compared
to healthy controls. Research has demonstrated that plasma cells play a pivotal role in UC-associated inflammatory
infiltrates, and their expansion is associated with an increased risk of clinical relapse.®**** Restoring immune balance by
inhibiting macrophage M1 polarization and promoting M2 polarization is a valuable therapeutic strategy for UC.%
Neutrophil infiltration severity correlates with disease activity in UC and is incorporated into the scoring system for
disease activity.®® Correlation analysis between the hub genes and immunocytes revealed that most PANoptosis- and
autophagy-related hub genes, except for PPARG, exhibited significant positive correlations with the infiltration of
neutrophils, MO macrophages, and activated dendritic cells. Conversely, they showed negative correlations with M2
macrophages. However, PPARG displayed contrasting behavior. These findings suggest a potential involvement of hub
genes in UC onset through modulation of immune cell activity, warranting further mechanistic exploration.

The emerging single-cell sequencing technology can assess gene expression in single cells and potentially provide cell-
level insights into the disease.®” Our analysis of single-cell sequencing data highlighted elevated expression of hub genes in
inflammatory fibroblasts, with the exception of PPARG and CXCR4. The raw report findings suggested that an inflammation-
associated fibroblast (IAFs) subset is unique to the UC colon and enriched for expression of many genes associated with
colitis, fibrosis, and cancer.>’ In IBDs and other inflammatory diseases, fibroblasts are recognized as major contributors and
regulators of inflammation.®®’° Research on fibroblasts in IBDs pointed that IAFs were associated with resistance to anti-TNF
therapy by compensating during TNF blockade, thus contributing to therapy resistance.>”’! While previous research into cell
death in UC primarily focused on intestinal epithelial cells, which trigger inflammation by compromising barrier integrity,
there has been limited exploration of the role of fibroblast death in UC. We conceived an audacious idea that manipulating the
death pathways of inflammatory fibroblasts may offer novel therapeutic avenues for UC treatment. Our results have identified
molecular targets; however, further research is warranted to elucidate these mechanisms fully. Our identification of molecular
targets associated with IAFs provides valuable insights for the development of targeted therapies aimed at modulating the
inflammatory microenvironment in UC.

Moreover, we also identified five key candidate genes: TIMP1, TIMP2, TIMP3, IL6, and CCL2, closely linked to UC
pathogenesis through LASSO regression analysis of clinical characteristics data. The diagnostic efficacy of the five key genes
assessed by ROC curves in the three datasets showed good predictive value and stability. Tissue Inhibitor of
Metalloproteinases (TIMP) family, including TIMP1, TIMP2, TIMP3, and TIMP4, are renowned for inhibiting Matrix
Metalloproteinases (MMPs), crucial regulators in inflammation and wound healing in IBD.”> However, TIMPs also exhibit
diverse cellular functions beyond MMP inhibition, such as involvement in PCD”* and inflammation regulation. Recent
findings have highlighted TIMP1 as an emerging cytokine in inflammation.”* High TIMP1 levels have been shown to activate
neutrophils and directly trigger formation of neutrophil extracellular traps (NETs),”” a neutrophil-specific PCD pattern known
to be involved in many autoimmune inflammatory diseases.”® We speculate on TIMP1’s potential role in mediating
PANoptosis and contributing to its proinflammatory effects in UC. TIMP2 has been demonstrated to mediate inflammation
and apoptosis by regulating the NF-kB pathway and has been implicated in NLRP3-mediated pyroptosis.””’® A prospective
pilot study indicated that reduced serum TIMP2 levels during anti-TNF-a antibody treatment were associated with short- and
long-term disease remission, suggesting its potential as a prognostic indicator in IBD.”” TIMP3 inhibits TACE (TNF-a
converting enzyme), a protease involved in generating soluble TNF-a, thus regulating TNF-o. and inflammation.* However,
TACE inhibition could amplified TNF-a-mediated hyperpermeability, suggesting a potential autocrine effect of TIMP3 on
epithelial barrier disruption.®' Previous study reported that interaction between CCL2 and IL6 in the tumor microenvironment
inhibits caspase-8 cleavage and subsequent activation of the caspase-cascade, inducing autophagy and M2-type macrophage
polarization, thus promoting tumorigenesis.*> Understanding their reciprocal induction and effects on caspase cascades and
autophagy in the inflammatory microenvironment requires further investigation. Targeting these cytokines in combination
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may represent a promising strategy in therapeutics of UC. Additionally, the positive correlation between the five key genes and
the clinical severity of UC patients implies their potential utility as disease severity biomarkers in UC patients.

Finally, we validated the expression of the five key candidate genes in colon mucosa of both UC patients and UC
mice model using qRT-PCR. The results indicated a significant upregulation of TIMP1, TIMP3, IL6, and CCL2 mRNA
levels in UC compared to normal controls. However, TIMP2 mRNA levels showed no significant difference, which
aligns with the findings of a previous study.®> The study measured mRNA expression by quantitative PCR as well and
observed that TIMP1 mRNA was significantly increased in inflamed, and especially ulcerated, colon mucosa from IBD
patients whereas TIMP2 mRNA expression remained unchanged.® This discrepancy may be attributed to the fact that we
both utilized whole colon homogenate tissues to assess gene expression levels, instead of analyzing specific cell
subtypes, as genes can display distinct expression patterns and functions across different cell types. Additionally, protein-
level validation is also necessary. Hence, the aforementioned findings indicated the need for further investigation at the
single-cell level to elucidate cell-specific expression patterns and functions in UC progression.

Nonetheless, our study has a few limitations. First, the conclusions are primarily derived from bioinformatics
analyses, necessitating further experimental validation. Second, the influence of treatments on gene expression in
validation datasets GSE16879 warrants consideration. Third, despite demonstrating promising diagnostic efficacy and
stability within UC, further research is indeed needed to thoroughly evaluate specificity and applicability of the identified
markers in the diagnostic context. Finally, the sample size included to verify is relatively small. We aspire to include
a larger quantity of UC samples, preferably at the single-cell level, to delve deeper into the potential molecular
mechanisms of PANoptosis and autophagy in UC.

Conclusion

In this study, we identified key genes associated with PANoptosis and autophagy, including TIMP1, TIMP2, TIMP3, IL6,
and CCL2, potentially influencing immune dysregulation and wound healing in UC. Our findings underscore the
significance of PANoptosis and autophagy in UC pathogenesis, particularly through their regulation of immune cells
and inflammatory fibroblasts. Further validation through fundamental experiments at the single-cell level is needed to
corroborate our findings regarding PANoptosis and autophagy. Our study provides insights into the potential clinical
applications of targeting PANoptosis and autophagy pathways for improved treatment of UC.
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