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Abstract

Background: PANoptosis-related transcriptional programs may contribute to pediatric ulcerative colitis (UC), but the genes most con-
sistently associated with disease activity and epithelial injury remain uncertain. Methods: Public transcriptomic cohorts were integrated
with machine-learning feature selection, treatment-response analyses, immune cell deconvolution, molecular clustering, and two-sample
Mendelian randomization (MR). Transglutaminase 2 (TGM2) expression was examined in colonic specimens from six pediatric patients
with UC and six controls. TGM2 knockdown was evaluated in lipopolysaccharide-stimulated HT29 cells using inflammatory gene anal-
ysis, tight junction protein measurements, RNA sequencing, and MAPK signaling assays. Results: A total of 17 differentially expressed
PANoptosis-related genes were identified, and CCL2, JAK3, and TGM?2 were prioritized as candidate genes. In the external GSE126124
cohort, TGM? yielded an area under the curve of 0.918 in colonic tissue and 0.744 in peripheral blood. TGM?2 expression was associated
with disease activity, inflammatory cell estimates, barrier-related gene expression, and treatment response. Six single-nucleotide poly-
morphisms (SNPs) were included in the MR analysis. The inverse-variance weighted estimate was significant (odds ratio 1.486, 95%
confidence interval 1.055-2.092; p = 0.023), whereas the other four methods were not significant. In LPS-stimulated HT29 cells, TGM2
knockdown was accompanied by lower TNF-a, IL-1§3, and IL-6 expression, increased ZO-1, Occludin, and Claudin-3 abundance, and
reduced ERK phosphorylation; substantial changes in JNK or p38 phosphorylation were not detected. Conclusion: TGM2 was iden-
tified as a candidate through PANoptosis-related bioinformatic screening. TGM2 expression was associated with pediatric UC activity
and treatment response, whereas TGM2 knockdown was associated with reduced inflammatory gene expression, increased tight junction
protein abundance, and lower ERK phosphorylation in LPS-stimulated HT29 cells. Functional involvement of TGM2 in PANoptosis and
its mechanistic position within ERK signaling require further validation.
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1. Introduction appropriate interactions between luminal microbes and the
mucosal immune system, resulting in sustained and dysreg-
ulated inflammatory responses within the colonic mucosa
[6]. In pediatric patients, UC poses additional challenges
beyond intestinal inflammation, including impaired linear
growth, delayed pubertal development, and long-term psy-
chological and physical consequences during critical de-
velopmental stages [7]. Notably, even during clinical re-
mission, a substantial proportion of pediatric patients con-
tinue to experience persistent symptoms such as abdomi-
nal pain and fatigue, reflecting a heightened vulnerability
in this population.

Ulcerative colitis (UC) is a chronic inflammatory
bowel disease characterized by persistent inflammation of
the colonic mucosa [1]. Although UC most commonly
manifests in young adults, approximately 10% of cases oc-
cur in pediatric patients, and both the incidence and preva-
lence of pediatric UC have been increasing worldwide [2].
Once predominantly confined to developed regions, pedi-
atric UC has shown a marked rise in developing countries
in recent years, underscoring its growing global health bur-
den [3,4].

The pathogenesis of UC is multifactorial and involves

complex interactions among metabolic alterations, epithe-
lial barrier dysfunction, microbial dysbiosis, and immune
dysregulation [5]. Reduced production of short-chain fatty
acids, impaired synthesis of mucin-2, and decreased mi-
crobial diversity collectively compromise the integrity of
the intestinal barrier. Disruption of this barrier permits in-

Current therapeutic strategies for pediatric UC rely
primarily on pharmacological interventions, including
aminosalicylates such as mesalazine [&], corticosteroids,
immunomodulators, and biologic agents targeting key in-
flammatory pathways, including infliximab (IFX) and
vedolizumab (VDZ) [9,10,11]. These treatments aim to
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induce and maintain remission, promote mucosal healing,
and improve quality of life. However, considerable limita-
tions remain, including heterogeneous treatment responses,
treatment-related adverse effects, and a lack of long-term,
pediatric-specific safety and efficacy data. In refractory dis-
ease, surgical intervention may be required, further high-
lighting the unmet need for improved mechanistic under-
standing and targeted therapeutic approaches in pediatric
UcC.

PANoptosis is a recently defined inflammatory form
of programmed cell death that integrates components of py-
roptosis, apoptosis, and necroptosis into a unified molecu-
lar framework [12,13]. As an innate immune—driven cell
death pathway, PANoptosis has been increasingly impli-
cated in the pathogenesis of inflammatory diseases, where
its dysregulation can promote excessive inflammation, ep-
ithelial barrier disruption, and aberrant immune activa-
tion [14,15]. Experimental studies have demonstrated
that ZBP1-mediated PANoptosis plays a critical role in
interferon-driven inflammatory responses, and genetic ab-
lation of ZBP1 has been shown to attenuate severe intestinal
inflammation in mice with intestinal epithelial cell-specific
deletion of SETDBI1 [16,17]. These observations suggest
that PANoptosis may represent a central regulatory node
linking epithelial injury to mucosal inflammation in the in-
testine.

Despite accumulating evidence implicating regulated
cell-death programs in intestinal inflammation, the genes
associated with PANoptosis-related transcriptional changes
in pediatric UC remain poorly defined. Identification of
such genes may support disease stratification and gener-
ate testable mechanistic hypotheses. In this study, trans-
glutaminase 2 (TGM2) was prioritized as a PANoptosis-
related candidate through integrative bioinformatic screen-
ing. Its associations with disease activity, treatment re-
sponse, inflammatory features, epithelial junctional pro-
teins, and MAPK signaling were subsequently examined.
This design was intended to nominate TGM2 for further in-
vestigation rather than to establish it as a functional regula-
tor of PANoptosis or a direct therapeutic target.

2. Methods
2.1 Data Acquisition and Preprocessing

Four publicly available pediatric UC transcrip-
tomic datasets (GSE107499, GSE109142, GSE87473, and
GSE126124) were retrieved from the Gene Expression Om-
nibus (GEO) database. The GSE126124 cohort comprised
both intestinal tissue and peripheral blood samples, whereas
the remaining datasets consisted exclusively of colonic tis-
sue samples. Raw expression data were converted into
standardized gene expression matrices based on the corre-
sponding platform annotation files. After preprocessing,
GSE107499, GSE109142, and GSE87473 were merged
into a single integrated cohort (Merge-cohort). This merged
dataset was randomly divided into a training set and an

internal validation set at a ratio of 7:3. The GSE126124
cohort was retained as an independent external validation
dataset.

2.2 Identifying PANoptosis-Related Differential Genes

Differentially expressed genes (DEGs) between pedi-
atric UC samples and non-inflamed controls in the training
set were identified using a threshold of [log, fold change|
>1.5 and a nominal p value < 0.05. A curated list of
PANoptosis-related genes (PRGs) was compiled from pre-
viously published studies (Supplementary Table 1). Over-
lapping genes between the DEGs and PRGs were defined as
PANoptosis-related DEGs involved in pediatric UC. Func-
tional interaction networks and pathway enrichment analy-
ses of these genes were performed using GeneMANIA [18]
and Metascape [19] to identify significantly enriched bio-
logical processes and signaling pathways.

2.3 Machine Learning—Based Identification of Key
PANoptosis Genes

To identify critical PANoptosis-associated genes,
twelve machine learning algorithms were implemented,
including LASSO, Ridge regression, Elastic Net, step-
wise generalized linear modeling (Stepglm), support vec-
tor machine (SVM), glmBoost, linear discriminant anal-
ysis (LDA), partial least squares regression for general-
ized linear models (plsRglm), random forest (RF), gra-
dient boosting machine (GBM), extreme gradient boost-
ing (XGBoost), and Naive Bayes, resulting in a total of
113 machine-learning algorithm combinations. Genes con-
sistently selected across multiple algorithms were defined
as key PANoptosis genes. The diagnostic performance
of these genes in distinguishing pediatric UC from con-
trols was evaluated using receiver operating characteristic
(ROC) curve analysis, and the area under the curve (AUC)
was used for comparative assessment.

2.4 Evaluation of Key Gene Expression in Drug-Treated
UC Cohorts

Three additional GEO datasets (GSE16879,
GSE73661, and GSE92415) were analyzed to exam-
ine treatment-associated changes in candidate-gene
expression. Expression was compared before and after
infliximab, vedolizumab, or golimumab treatment and
between responders and non-responders. Associations
between candidate-gene expression and disease activity
were evaluated using the Mayo score [20], with higher
scores indicating more severe disease activity.

2.5 Immune Infiltration Analysis and Correlation With
PANoptosis Genes

Immune cell infiltration was estimated using five
complementary computational algorithms: single-sample
gene set enrichment analysis (ssGSEA), CIBERSORT [21],
MCP-counter, xCell [22], and EPIC [23]. These approaches
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were applied to quantify the relative abundance of immune
cell subsets in UC samples. Spearman correlation anal-
ysis was subsequently conducted to assess relationships
between key PANoptosis genes and immune cell popula-
tions. Correlations between key genes, pro-inflammatory
cytokines, and intestinal barrier—associated proteins were
also systematically evaluated.

2.6 Consensus Clustering Analysis

Unsupervised consensus clustering was performed to
stratify pediatric UC patients into molecular subgroups
based on the expression profiles of the candidate genes.
Differences among clusters were analyzed with respect
to inflammatory-gene expression, intestinal barrier-related
genes, and estimated immune-cell infiltration. Gene set en-
richment analysis (GSEA) was applied to identify biolog-
ical pathways preferentially enriched in each cluster using
the established GSEA framework.

2.7 Mendelian Randomization Analysis

Two-sample MR was conducted to explore the as-
sociation between genetically predicted TGM2 expression
and UC risk. Expression quantitative trait-locus data were
obtained from large-scale genome-wide association stud-
ies [24], and UC outcome data were retrieved from the
FinnGen consortium. Six harmonized SNPs were included
in the final analysis (rs7955767, rs17787900, rs225245,
rs12624511, rs8887, and rs1666873). Five methods im-
plemented in the TwoSampleMR package were applied:
inverse-variance weighted (IVW), MR-Egger, weighted
median, simple mode, and weighted mode. MR-PRESSO
was used to screen for outliers, heterogeneity was assessed
with IVW and MR-Egger tests, horizontal pleiotropy was
evaluated with the MR-Egger intercept, and leave-one-out
analysis was used to examine the influence of individual
SNPs.

2.8 Molecular Docking and Experimental Validation

Molecular docking analysis was performed to pre-
dict the binding affinity and interaction modes between
mesalazine and candidate target proteins. The three-
dimensional structure of mesalazine was retrieved from the
PubChem database, and protein structures were obtained
from the Protein Data Bank (PDB). Ligand energy mini-
mization was conducted using the MM2 force field, fol-
lowed by docking simulations performed with AutoDock
Vina. Docking conformations and interaction patterns were
visualized using PyMOL.

For clinical validation, colonic mucosal biopsies were
obtained from pediatric patients diagnosed with ulcerative
colitis (UC) and age-matched healthy controls at Huaibei
People’s Hospital. UC was diagnosed according to the re-
vised Porto criteria by integrating clinical presentation, en-
doscopic findings, histopathological evaluation, and labo-
ratory results. Control tissues were collected from individ-
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uals who underwent colonoscopy for colorectal screening
or functional gastrointestinal symptoms and showed no ev-
idence of intestinal inflammation or other organic bowel
diseases. Patients with autoimmune disorders, infectious
colitis, malignancies, or a history of intestinal surgery were
not included. After collection, tissue specimens were im-
mediately frozen in liquid nitrogen and stored at —80 °C
until further analysis. The study was approved by the Ethics
Committee of Huaibei People’s Hospital (No. 2023-109),
and written informed consent was obtained from all partic-
ipants or their legal guardians prior to sample collection.

Human colorectal epithelial HT29 cells (catalog no.
SCSP-5032) were purchased from the Cell Bank of the Chi-
nese Academy of Sciences (Shanghai, China). The cell
lines were validated by STR profiling and tested nega-
tive for mycoplasma. Cells were maintained in DMEM
(Gibco, USA) supplemented with 10% fetal bovine serum,
100 U/mL penicillin, and 100 pg/mL streptomycin under
standard culture conditions (37 °C, 5% CO,). The culture
medium was refreshed every 2-3 days, and cells in the ex-
ponential growth phase were used for all experiments.

Stable TGM2-silenced HT29 cells were generated by
lentiviral infection with shRNA targeting human TGM2
(GenePharma, Shanghai, China). Polybrene (8 pg/mL) was
added during transduction to improve infection efficiency,
followed by puromycin selection (2 pg/mL) for 7-10 days
to establish stable cell lines. Knockdown efficiency was
confirmed by quantitative real-time PCR (qRT-PCR) to-
gether with Western blot analysis. The primer sequences
employed in this study were designed and supplied by San-
gon Biotech Co., Ltd. (Shanghai, China), and are presented
in Supplementary Table 2. Cells infected with a scram-
bled shRNA vector served as the negative control.

The following primary antibodies were used: GAPDH
(Cat. No. 60004-1-Ig; Proteintech, Wuhan, Hubei, China),
TGM2 (Cat. No. 15100-1-AP; Proteintech, Wuhan, Hubei,
China), Occludin (Cat. No. 27260-1-AP; Proteintech,
Wuhan, Hubei, China), Claudin 3 (Cat. No. 86697-1-
RR; Proteintech, Wuhan, Hubei, China), ZO-1 (Cat. No.
21773-1-AP; Proteintech, Wuhan, Hubei, China), p38 (Cat.
No. 14064-1-AP; Proteintech, Wuhan, Hubei, China),
Phospho-p38 (Cat. No. 28796-1-AP; Proteintech, Wuhan,
Hubei, China), JNK (Cat. No. 51153-1-AP; Proteintech,
Wuhan, Hubei, China), Phospho-JNK (Cat. No. 80024-
1-RR; Proteintech, Wuhan, Hubei, China), ERK1/2 (Cat.
No. 11257-1-AP; Proteintech, Wuhan, Hubei, China), and
Phospho-ERK1/2 (Cat. No. 80031-1-RR; Proteintech,
Wuhan, Hubei, China).

To mimic an inflammatory environment, HT29 cells
were exposed to lipopolysaccharide (LPS, Escherichia coli
O111; Sigma-Aldrich, USA) at a concentration of 1 pg/mL
for 24 h, while untreated cells were used as controls. Total
RNA was extracted with TRIzol reagent (Invitrogen, USA)
following the manufacturer’s protocol. RNA quality was
assessed using a NanoDrop 2000 spectrophotometer and an
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Fig. 1. Overall study design. Public pediatric UC transcriptomic cohorts were integrated for differential-expression analysis and

PANoptosis-related gene screening. Candidate genes were prioritized by machine-learning algorithms and evaluated in diagnostic, treat-

ment, immune-infiltration, clustering, and MR analyses. TGM2 was then examined in pediatric colonic specimens and LPS-stimulated

HT29 cells, followed by transcriptomic, MAPK-signaling, and molecular-docking analyses. UC, ulcerative colitis; MR, Mendelian

randomization; TGM2, transglutaminase 2; LPS, lipopolysaccharide; MAPK, mitogen-activated protein kinase.

Agilent 2100 Bioanalyzer, and only samples with an RNA
integrity number (RIN) of at least 7.0 were included for se-
quencing.

RNA libraries were prepared using the NEBNext Ul-
tra RNA Library Prep Kit (New England Biolabs, USA)
and sequenced on the Illumina NovaSeq 6000 platform by
Novogene (Beijing, China). Following removal of adap-
tor sequences and low-quality reads, the clean reads were
aligned to the human reference genome (GRCh38). Gene
expression levels were calculated as fragments per kilobase
of transcript per million mapped reads (FPKM). Differen-
tial expression analysis was carried out using the DESeq2
package, with |logy fold change| >1.0 and adjusted p <
0.05 defined as the significance thresholds. Gene Ontol-
ogy (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGQG) enrichment analyses were subsequently performed
to explore biological functions and signaling pathways as-
sociated with TGM2 under inflammatory conditions.

2.9 Statistical Analysis

All computational analyses were performed using R
software (version 4.3.2; R Core Team, Vienna, Austria) and
Strawberry Perl (open-source; https://strawberryperl.com),
and experimental data were analyzed using GraphPad Prism
(version 9.0; GraphPad Software, San Diego, CA, USA).
Before parametric or non-parametric tests were selected,
the distribution of continuous data within each comparison
group was assessed using the Shapiro—Wilk test, and homo-
geneity of variance was evaluated before parametric testing.
Normally distributed data are presented as the mean + stan-
dard deviation, whereas non-normally distributed data are
presented as the median with interquartile range. Two in-
dependent groups were compared using an unpaired two-
tailed Student’s #-test when the assumptions of normality
and equal variance were satisfied; otherwise, the Mann—
Whitney U test was applied. For comparisons involving
more than two groups, one-way analysis of variance fol-
lowed by Tukey’s multiple-comparisons test was used for

&% IMR Press


https://strawberryperl.com
https://www.imrpress.com

After batch correction Merge-Cohort

Before batch correction

100 i
* | Type
Type Typ
S <] esetorae [] esetoran
g o § [ cssioa o o
= eseerars =] osesrars
-50 ‘
0 200 [
PC1
F DEGs
» 2501 o 3 3 — ™
3 i
1 81
£ 200 o
2 1504
@
S 100 1 H
£ e 60
& 5°'|jl| r"sa] '.39] g 5 565
12} 0 19 21 18 e
R S A S A e s . £
Y I I ISITY 2
<§6f§f§f§f§f 540
FPEFITSIFTSF S . : g
S F S5 S5 5
g PSS E { Log, (fld chan
SLIPLILEI LSV .-
S & & F &L LV P Y »
R S IO VAN s
I RN
S S8 & ASNAENAIN
$ & S L LY
N AN )
PN A
G nece1- Down Up
- —
PANoptosis DEGs — —
Ll —
Ko~ —
ooz —
g S — Reguiate
§ - — W
a1 — oo
885 17 119 Tane- —
- —
wier- —
g I .
e Functions
e I
o — W regulation of inflammatory response
stomo- —

2
2

leukocyte cell-cell adhesion

3
]

regulation of T-helper 1 type immune response

positive regulation of apoptotic process

[R-HSA-6785807: Interleukin-4 and Interleukin-13 signaling]
VWP2865: ILT and megakaryocytes In Gbesity W regulation of leukocyte mediated immunity
M5885: NABA MATRISOME ASSOCIATED
G0:0071492: cellular response to UV-A B T cell activation involved in immune response
—
] 00045087 Tnnate Immune response
G0:0043068: positive regulation of programmed cell death M response to interleukin-2
G0:0002825: regulation of T-helper 1 type immune response
— GO:0001775: cell activation
| E— G0:0007159: leukocyte cell-cell adhesion
M166: PID ATF2 PATHWAY
— M255: PID HIFL TFPATHWAY
——1 G0:0034765: regulation of monoatomic ion transmembrane transport
G0:1901652: response to peptide '@

00 25 50 75 100 125 150 175 20.0

-10g10(P) € @ e @ @
[mmunosuppression @
Gastritis

ingivitis
Encephalitis
Ineckon caused by Helcobacte pylor @ @
Skin lesion
Adult type dermatomyositis @
Inflammatory dermatosis
Glomerulonephritis
Gestational Diabetes
Hepatitis C, Chronic
Acute Coronary Syndrome @ @
o 25 so 75 w0 s Bo s 0 (]

-10g10(P)

Fig. 2. Identification and characterization of 17 PANoptosis-related differentially expressed genes in pediatric ulcerative colitis.
(A) Principal component analysis (PCA) of GSE107499, GSE109142, and GSE87473 before batch-effect correction, in which clear
separation among the three datasets was observed. (B) PCA after batch-effect correction, in which improved integration of samples from
the three datasets was demonstrated. (C) PCA of the merged cohort, in which control and pediatric UC samples were separated according
to their expression profiles. (D) Numbers of control and pediatric UC samples included in the merged cohort, training set, testing set,
GSE126124 colonic tissue cohort, and GSE126124 peripheral blood cohort. (E) Volcano plot of differentially expressed genes (DEGs)
between control and pediatric UC samples in the merged cohort. Upregulated and downregulated genes are shown in red and green,
respectively. (F) Numbers of upregulated and downregulated DEGs; 81 genes were upregulated and 55 genes were downregulated. (G)
Venn diagram showing the intersection between 136 DEGs and 902 PANoptosis-related genes, from which 17 overlapping genes were
identified. (H) Expression changes of the 17 PANoptosis-related DEGs; 15 genes were upregulated and 2 genes were downregulated
in pediatric UC. (I) Functional enrichment analysis of the 17 overlapping genes, in which inflammation- and immune-related biological
processes were identified. The red box was used to highlight the significantly enriched pathways associated with the 17 differentially
expressed genes, particularly inflammation-related pathways, including IL-4 and IL-13 signaling and inflammatory response pathways.
(J) Disease enrichment analysis showing the diseases associated with the 17 overlapping genes. The red box was used to highlight the
results of DisGeNET disease enrichment analysis, showing that these 17 differentially expressed genes were significantly enriched in
inflammation-related diseases, with inflammatory disease ranking as the top enriched disease category. (K) Protein-protein interaction
network of the 17 PANoptosis-related DEGs and their functionally associated proteins.
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Fig. 3. Identification and clinical relevance of PANoptosis-associated candidate genes in pediatric ulcerative colitis. (A) Predictive
models generated using 12 machine-learning algorithms were evaluated in the training set, testing set, merged cohort, GSE126124 colonic
tissue cohort, and GSE126124 peripheral blood cohort. The random forest model achieved the highest overall C-index. (B) Genes
selected by the 12 machine-learning algorithms were compared, and CCL2, JAK3, and TGM?2 were identified as shared candidate genes.
(C) Receiver operating characteristic (ROC) curves for CCL2, JAK3, and TGM?2 in the merged cohort, with AUC values of 0.890, 0.939,
and 0.942, respectively. (D) ROC curves in the training set, with AUC values of 0.906, 0.931, and 0.943 for CCL2, JAK3, and TGM2,
respectively. (E) ROC curves in the testing set, with AUC values of 0.859, 0.955, and 0.937 for CCL2, JAK3, and TGM2, respectively.
(F) ROC curves in the GSE126124 colonic tissue cohort, with AUC values of 0.783, 0.690, and 0.918 for CCL2, JAK3, and TGM?2,
respectively. (G) ROC curves in the GSE126124 peripheral blood cohort, with AUC values of 0.489, 0.717, and 0.744 for CCL2, JAK3,
and TGM2, respectively. (H-K) Expression levels of CCL2, JAK3, and TGM? in control and pediatric UC samples from the training set,
testing set, GSE126124 colonic tissue cohort, and GSE126124 peripheral blood cohort, respectively. (L) Expression levels of the three
genes before and after infliximab treatment in GSE16879. (M) Expression levels before and after infliximab treatment in GSE73661. (N)
Expression levels before and after vedolizumab treatment in GSE73661. (O) Expression levels before and after golimumab treatment in
GSE92415. (P) Expression levels of the three genes in infliximab responders and non-responders from GSE16879. (Q) Expression levels
in infliximab responders and non-responders from GSE73661. (R) Expression levels in vedolizumab responders and non-responders from
GSE73661. (S) Expression levels in golimumab responders and non-responders from GSE92415. (T) Correlations between CCL2, JAK 3,
and TGM?2 expression and Mayo scores in GSE73661. (U) Correlations between the expression of the three genes and Mayo scores in

GSE92415. “p <0.05, ™p <0.01, and ""p < 0.001; ns, not significant.
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normally distributed data, whereas the Kruskal-Wallis test
followed by Dunn’s multiple-comparisons test was used for
non-normally distributed data. All tests were two-sided,
and p < 0.05 was considered statistically significant.

3. Results
The design flowchart of this study is presented in Fig.

3.1 Seventeen PANoptosis-Related Genes are
Differentially Expressed in Pediatric UC

After batch-effect correction, samples from the three
pediatric UC cohorts exhibited satisfactory integration, as
demonstrated by principal component analysis (Fig. 2A,B).
Clear separation between control and pediatric UC sam-
ples was observed in the merged cohort (Fig. 2C). The
merged dataset was randomly divided into a training set
and an internal validation set at a ratio of 7:3 (Fig. 2D).
Differential expression analysis identified 136 genes that
were significantly dysregulated in pediatric UC, including
81 upregulated and 55 downregulated genes (Fig. 2E.F).
Intersection with curated PANoptosis-related genes yielded
17 PANoptosis-associated differentially expressed genes
(PRGs) (Fig. 2G). Except for ABCG2 and ABCBI1, which
were downregulated, the remaining 15 PRGs were signif-
icantly upregulated in pediatric UC (Fig. 2H). Protein—
protein interaction (PPI) analysis using the GeneMANIA
database revealed extensive interactions among proteins en-
coded by these PRGs (Fig. 2K). Functional enrichment
analysis demonstrated that these genes were predominantly
involved in inflammation-related pathways, particularly in-
terleukin signaling pathways such as 1L4, IL13, and IL1
signaling (Fig. 2I), and were significantly associated with
inflammatory disease processes (Fig. 2J).

3.2 CCL2, JAK3, and TGM?2 are PANoptosis-Related
Candidate Genes With Diagnostic and
Treatment-Associated Expression Patterns in Pediatric UC

113 machine-learning algorithms were applied to pri-
oritize the 17 PANoptosis-related differentially expressed
genes and construct predictive models for pediatric UC.
The random forest model showed the highest overall per-
formance, with a C-index of 0.909 in both the training and
validation cohorts (Fig. 3A). Cross-comparison of the se-
lected features identified CCL2, JAK 3, and TGM?2 as shared
candidate genes (Fig. 3B). In the merged cohort, the AUC
values were 0.890 for CCL2, 0.939 for JAK3, and 0.942
for TGM?2. The corresponding values were 0.906, 0.931,
and 0.943 in the training set and 0.859, 0.955, and 0.937 in
the testing set. In GSE126124, the tissue AUC values were
0.783, 0.690, and 0.918, and the peripheral-blood AUC val-
ues were 0.489, 0.717, and 0.744, respectively (Fig. 3C-G).
All three genes were upregulated in pediatric UC samples
(Fig. 3H-K). JAK3 and TGM2 expression was lower af-
ter infliximab, vedolizumab, or golimumab treatment, and
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lower expression of the three genes was observed in respon-
ders than in non-responders in the indicated cohorts (Fig.
3L-S). These treatment-associated differences may reflect
attenuation of inflammatory activity and do not demonstrate
direct drug targeting. Expression of the three genes was
positively correlated with Mayo scores (Fig. 3T,U).

3.3 Expression of CCL2, JAK3, and TGM?2 Is Associated
With Inflammatory Infiltration and Intestinal
Barrier-Related Transcriptional Changes

Gene set enrichment analyses (GSEA) associ-
ated higher CCL2, JAK3, and TGM2 expression with
inflammation-related pathways, including MAPK, Toll-
like receptor, and JAK-STAT signaling (Fig. 4A—C). Five
complementary deconvolution algorithms estimated dif-
ferences in immune-cell composition between control and
pediatric UC samples (Fig. 4D and Supplementary Fig.
1). CCL2, JAK3, and TGM?2 expression were positively
correlated with several pro-inflammatory cell estimates
and negatively correlated with M2 macrophage estimates
(Fig. 4E,F). The three genes were also positively correlated
with inflammatory mediators, including COX2, ICAMI,
IFNG, IL1A, ILIB, NFKBI, NLRP3, TLR4, and TNF (Fig.
4G). Conversely, their expression was inversely correlated
with Claudin-3, Occludin, ZO-1, and E-cadherin and
positively correlated with N-cadherin (Fig. 4H). These
findings suggest that the expression levels of CCL2, JAK3,
and TGM? are associated with intestinal inflammation and
intestinal permeability.

3.4 Pediatric UC Patients Can Be Stratified Into
Molecular Subtypes With Distinct Disease Severity

Consensus clustering based on the expression of
CCL2, JAK3, and TGM? stratified pediatric UC patients
into two distinct molecular clusters (Fig. 5A), which
were clearly separated by principal component analysis
(Fig. 5B). Cluster 1 exhibited significantly higher ex-
pression of all three genes (Fig. 5C) and was associ-
ated with elevated Mayo scores, indicating more severe
disease activity (Fig. 5D,E). Cluster 1 also displayed
increased expression of multiple pro-inflammatory genes
(Fig. 5G) and reduced expression of intestinal barrier—
related genes (OCLN, CLDN3, and E-cadherin) (Fig. 5F).
Pathway enrichment analysis revealed significant activa-
tion of inflammation-related pathways in Cluster 1, in-
cluding MAPK signaling, chemokine signaling, and Toll-
like receptor signaling (Fig. 5H). Immune infiltration
analysis further demonstrated increased abundance of pro-
inflammatory immune cells in Cluster 1, whereas Cluster
2 was characterized by higher levels of M2 macrophages
(Fig. 51, Supplementary Fig. 2).

Two-sample MR was used to explore the association
between genetically predicted TGM2 expression and UC
risk. Six instrumental SNPs were included. The IVW
method indicated an association with UC risk (OR 1.486,
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Fig. 4. Associations of CCL2, JAK3, and TGM?2 with inflammatory pathways, immune-cell infiltration, and intestinal barrier-
related genes in pediatric ulcerative colitis. (A) GSEA showing signaling pathways associated with CCL2 expression, including
the JAK-STAT, NOD-like receptor, MAPK, Toll-like receptor, chemokine, and leukocyte transendothelial migration pathways. (B)
GSEA showing immune- and inflammation-related pathways associated with JAK3 expression. (C) GSEA showing signaling pathways
associated with TGM2 expression, including the Toll-like receptor, apoptosis, NOD-like receptor, JAK—STAT, pathogenic Escherichia coli
infection, and leukocyte transendothelial migration pathways. (D) Heatmap showing differences in the estimated abundance of immune-
cell populations between control and pediatric ulcerative colitis (UC) samples. Immune-cell abundance was estimated using ssGSEA,
CIBERSORT, EPIC, MCP-counter, and xCell. (E,F) Correlations of CCL2, JAK3, and TGM2 expression with immune-cell populations
estimated using the five algorithms. Positive and negative correlations are shown in red and blue, respectively. (G) Correlations of
CCL2, JAK3, and TGM?2 expression with the inflammatory genes COX2, ICAM1, IFNG, IL1A, ILIB, NFKBI1, NLRP3, TLR4, and TNF.
(H) Correlations of CCL2, JAK3, and TGM?2 expression with the intestinal barrier-related genes Claudin-3, E-cadherin, N-cadherin,
Occludin and ZO-1. Dot color represents the direction and strength of the correlation, and dot size indicates statistical significance. “p
<0.05, ”p<0.01 and ""p < 0.001. The red boxes in subgraphs D, E, and F were used to highlight the significant correlations between
macrophages/neutrophils and the expression levels of TGM2, JAK3, and CCL2. GSEA, gene set enrichment analysis.
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Fig. 5. Molecular subtypes of pediatric ulcerative colitis with distinct disease activity and genetic analysis of TGM2. (A) Pediatric
UC samples were classified into two molecular clusters by consensus clustering based on the expression of CCL2, JAK3, and TGM2.
(B) The distribution of Cluster 1 and Cluster 2 samples was evaluated by principal component analysis. (C) The expression levels of
CCL2, JAK3, and TGM?2 were compared between the two clusters. (D) Mayo scores were compared between Cluster 1 and Cluster 2 in
GSE73661. (E) Mayo scores were compared between the two clusters in GSE92415. Higher Mayo scores were observed in Cluster 1

in both cohorts. (F) The expression levels of ZO-1, Occludin, Claudin-3, E-cadherin, and N-cadherin were compared between the two
clusters. (G) The expression levels of inflammation-related genes were compared between Cluster 1 and Cluster 2. (H) Differences in
inflammation- and immune-related pathway enrichment between the two clusters were evaluated by gene set enrichment analysis. (I)
Differences in estimated immune-cell abundance between the two clusters were assessed using ssGSEA, CIBERSORT, EPIC, MCP-
counter, and xCell. The red boxes were used to highlight immune cell populations showing particularly pronounced differences in
estimated abundance between the two clusters. (J) Associations of individual instrumental single-nucleotide polymorphisms (SNPs)

with genetically predicted TGM2 expression and UC risk were assessed using five Mendelian randomization (MR) methods. (K) SNP-

specific and combined MR estimates are presented as effect sizes with 95% confidence intervals. (L) The robustness of the inverse-

variance weighted (IVW) estimate was evaluated by sequentially excluding each SNP in a leave-one-out analysis. (M) The distribution

of SNP-specific estimates around the overall MR estimate is shown in the funnel plot. (N) Associations between genetically predicted

TGM2 expression and UC risk were evaluated using MR-Egger, weighted median, IVW, simple mode, and weighted mode analyses.

Statistical significance was obtained only with the IVW method. “p < 0.05, “p < 0.01, and ™" p < 0.001; ns, not significant.
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Fig. 6. Effects of TGM2 knockdown on inflammatory mediators, tight-junction proteins, and MAPK signaling in LPS-stimulated
HT29 cells. (A) Representative hematoxylin and eosin staining of colonic tissues obtained from healthy controls and pediatric ulcerative
colitis (UC) patients. Scale bar = 100 um. (B) 7TGM2 mRNA expression was measured in pediatric UC and control tissues. (C) TGM?2
knockdown efficiency was evaluated at the mRNA level in HT29 cells transduced with two independent TGM2-targeting shRNAs.
(D) TNFo expression was measured in LPS-stimulated shSc and TGM2-knockdown HT29 cells. (E) /LI expression was measured
in the indicated groups. (F) /L6 expression was measured following TGM2 knockdown and LPS stimulation. (G) TGM2 knockdown
was confirmed at the protein level by Western blotting. (H) Occludin and Claudin-3 protein levels were examined by Western blotting
after TGM2 knockdown. (I) ZO-1 and Occludin expression was assessed by immunofluorescence staining. Scale bar = 50 um. (J)
Differentially expressed genes between LPS-stimulated shSc and shTGM2 HT29 cells are shown in the volcano plot. Using |log, fold
change| >1.0 and adjusted p < 0.05 as the thresholds, 1558 genes were upregulated and 1580 genes were downregulated following
TGM2 knockdown. (K) Kyoto Encyclopedia of Genes and Genomes enrichment analysis of the differentially expressed genes, in which
the MAPK signaling pathway was identified among the enriched pathways. (L) ERK, JNK, and p38 phosphorylation were examined by
Western blotting. Reduced ERK phosphorylation was observed following TGM2 knockdown, whereas no substantial changes in JNK
or p38 phosphorylation were detected. (M) Predicted binding pose and amino acid interactions between mesalazine and TGM2 obtained

sk

by molecular docking. “*p < 0.01, and ™" p < 0.001; ns, not significant.
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95% CI 1.055-2.092; p = 0.023). The point estimates
from the other methods were directionally similar but were
not statistically significant: MR-Egger, OR 1.364 (95% CI
0.377-4.933; p=0.661); weighted median, OR 1.315 (95%
CI0.966-1.790; p = 0.082); simple mode, OR 1.380 (95%
CI10.935-2.037; p = 0.165); and weighted mode, OR 1.283
(95% C1 0.937-1.756; p = 0.180) (Fig. SL,K,N).

Sequential removal of individual SNPs did not mate-
rially change the IVW estimate in the leave-one-out anal-
ysis (Fig. 5L), and the funnel plot is shown in Fig. 5M.
Nevertheless, the small instrument set, the lack of statisti-
cal significance with four complementary estimators, and
the absence of colocalization analysis limit causal interpre-
tation. The MR result was therefore regarded as suggestive
genetic evidence rather than definitive evidence that TGM2
causes UC.

3.5 TGM?2 Knockdown Is Associated With Reduced
Inflammatory Responses, Increased Tight-Junction Protein
Expression, and Lower ERK Phosphorylation

Colonic specimens from six pediatric patients with UC
and six controls were included in the clinical validation
(Fig. 6A), and TGM2 mRNA expression was higher in the
UC specimens (Fig. 6B). The raw PCR data corresponding
to Fig. 6B are provided in Supplementary Table 3. Sta-
ble TGM2 knockdown in HT29 cells was confirmed at the
mRNA and protein levels (Fig. 6C,G). After 24 h of LPS
stimulation, TGM2-knockdown cells showed lower TNF-a.,
IL-1p, and IL-6 expression and increased Occludin, ZO-1,
and Claudin-3 abundance (Fig. 6D-F,H,I). The raw PCR
data for Fig. 6C-F are provided in Supplementary Table
4. RNA sequencing of LPS-stimulated shSc and shTGM2
cells identified 1558 upregulated and 1580 downregulated
genes after TGM2 knockdown (Fig. 6J), and the differen-
tially expressed genes were enriched in the MAPK signal-
ing pathway (Fig. 6K). The raw RNA-Seq data are pre-
sented in Supplementary Table 5. TGM2 knockdown was
accompanied by reduced ERK phosphorylation, whereas
substantial changes in JNK or p38 phosphorylation were
not detected (Fig. 6L). These results suggest that, under
the experimental conditions used in this study, changes in
TGM2 expression were significantly associated with ERK
pathway activation and tight-junction protein abundance.
Molecular docking predicted a potentially feasible binding
pose and hydrogen-bond interactions between mesalazine
and TGM2 (Fig. 6M). Because this in silico analysis cannot
demonstrate genuine physical binding, intracellular target
engagement, or TGM2-dependent drug activity, the dock-
ing result was regarded only as preliminary evidence for
generating a research hypothesis concerning a possible re-
lationship between mesalazine and TGM2.

4. Discussion

The global incidence of pediatric UC has increased
steadily over recent decades, with the most pronounced rise
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observed among children and adolescents [25]. Compared
with adult-onset UC, pediatric UC is often characterised by
more extensive disease involvement and a more aggressive
clinical course, underscoring the importance of early diag-
nosis and effective intervention to achieve sustained remis-
sion and prevent long-term complications. At present, anti—
tumour necrosis factor therapy remains the only biologic
treatment formally approved for pediatric UC, highlighting
a substantial unmet need for additional therapeutic strate-
gies [26]. Although other biologics, such as vedolizumab
and golimumab, have shown promise, significant gaps re-
main in the understanding of pediatric UC pathogenesis,
disease monitoring, and treatment individualisation, as well
as in addressing the unique developmental and psychoso-
cial challenges faced by affected children and adolescents
[27,28,29].

In the present study, an integrative analytical frame-
work was employed to systematically examine the poten-
tial involvement of PANoptosis-related genes in pediatric
ulcerative colitis. Seventeen genes were identified as differ-
entially expressed between pediatric UC and control sam-
ples, with the majority showing increased expression in the
disease group. Functional enrichment analysis indicated
that these genes were mainly associated with inflammation-
related pathways, including IL-4, IL-13, and IL-1 signal-
ing. Following the integration of multiple machine-learning
algorithms, CCL2, JAK3, and TGM2 were further priori-
tized as key candidate genes associated with pediatric UC
[30]. Notably, CCL2, JAK3, and TGM?2 were consistently
upregulated in both intestinal tissue and peripheral blood
samples, and their expression levels were positively associ-
ated with disease severity, as reflected by the Mayo score.
These findings support their potential value as biomarkers
for assessing disease activity and progression. Treatment-
associated changes in the expression of these genes were
also observed following infliximab, vedolizumab, and goli-
mumab therapy, with lower expression detected in treat-
ment responders. Such findings suggest that variation in
CCL2, JAK3, and TGM?2 expression may be associated
with therapeutic response, although direct pharmacological
regulation cannot be inferred. In addition, higher expres-
sion of these genes was associated with increased estimated
infiltration of pro-inflammatory immune-cell populations,
particularly M1 macrophages, neutrophils, and Th1 cells,
which may collectively contribute to the establishment of
an inflammatory intestinal microenvironment. Conversely,
elevated expression was associated with reduced levels of
barrier-protective molecules, including Claudin-3 and Oc-
cludin, further supporting a close relationship between in-
flammatory activation and epithelial barrier disruption in
pediatric UC.

Previous studies have reported elevated TGM2 ex-
pression in UC and have linked TGM2 to mitochondrial
dysfunction, altered cellular metabolism, and exacerba-
tion of mucosal inflammation [31]. However, the pre-
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cise mechanisms by which TGM2 contributes to UC pro-
gression, particularly in the context of inflammatory cell
death pathways, have remained incompletely understood.
In this study, Mendelian randomization analysis provided
suggestive genetic evidence that increased TGM2 expres-
sion may be associated with a higher risk of UC. How-
ever, as Mendelian randomization alone cannot establish
biological causality, TGM2 should be regarded as a po-
tential contributor to UC pathogenesis rather than a con-
firmed causal driver. Moreover, molecular docking analy-
sis predicted a potential binding pose between TGM2 and
mesalazine, providing a basis for future studies to investi-
gate whether TGM2 may be involved in the pharmacologi-
cal effects of mesalazine in pediatric UC. Functional exper-
iments showed that TGM2 knockdown in LPS-stimulated
HT29 cells was accompanied by reduced expression of
pro-inflammatory cytokines and increased abundance of
the tight-junction proteins ZO-1, Occludin, and Claudin-
3. However, these changes should not be interpreted as di-
rect evidence of restored epithelial barrier function because
functional permeability assays were not performed. Re-
duced ERK phosphorylation was also observed after TGM2
knockdown, whereas substantial changes in JNK or p38
phosphorylation were not detected. These findings suggest
an association between TGM2 expression and ERK signal-
ing under the present experimental conditions, but direct ac-
tivation of ERK by TGM2 and ERK-dependent regulation
of barrier function remain unproven. Moreover, the LPS-
stimulated HT29 model reproduces only selected epithelial
inflammatory responses and cannot fully recapitulate the
cellular heterogeneity, immune—epithelial interactions, mi-
crobial influences, or chronic course of pediatric ulcerative
colitis. Further validation using gain-of-function and res-
cue experiments, ERK modulation, functional permeability
assays, patient-derived organoids, and in vivo colitis models
is therefore required.

5. Limitations

Clinical validation was based on colonic samples from
six pediatric patients with ulcerative colitis and six controls
at a single center, and the observed difference in TGM2
expression should therefore be confirmed in larger, multi-
center cohorts. /n vitro experiments were conducted only
in LPS-stimulated HT29 cells, which cannot fully repro-
duce the cellular heterogeneity, immune—epithelial interac-
tions, microbial influences, or chronic course of pediatric
ulcerative colitis. Further validation in additional epithe-
lial models, patient-derived organoids, and in vivo models
is required.

TGM2 was identified through PANoptosis-related
bioinformatic screening, but canonical markers of pyrop-
tosis, apoptosis, and necroptosis, together with direct cell-
death assays, were not examined. Accordingly, TGM2
should be regarded as a PANoptosis-related candidate rather
than an established regulator. Although TGM2 knockdown
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was associated with reduced ERK phosphorylation and in-
creased tight-junction protein expression, gain-of-function,
rescue, ERK-modulation, and permeability assays were not
performed. The genetic evidence was also limited by the
inclusion of only six SNPs, significance restricted to the
IVW method, and the absence of colocalization analysis.
In addition, molecular docking alone cannot confirm direct
binding between mesalazine and TGM2, and further bind-
ing and TGM2-dependence experiments are required.

6. Conclusion

TGM2 was identified as a PANoptosis-related can-
didate associated with pediatric UC severity, inflamma-
tory activity, tight-junction protein expression, and ERK
phosphorylation. TGM2 knockdown was accompanied by
reduced inflammatory-gene expression and increased ZO-
1, Occludin, and Claudin-3 abundance in LPS-stimulated
HT29 cells. The genetic analysis provided suggestive, but
not definitive, evidence linking TGM2 expression to UC
risk. These findings support further evaluation of TGM2 as
a candidate biomarker and mechanistic research target; they
do not establish TGM?2 as a central regulator of PANopto-
sis, a direct activator of ERK, or a direct target of current
UC therapies.
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