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Identifying polyamine related
biomarkers in diagnosis

and treatment of ulcerative colitis
by integrating bulk and single-cell
sequencing data

Wanhui Wei'%*, Yuanyuan Lu**, Mengjiao Zhang'?, JinKun Guo¥? & Heng Zhang®?**

Ulcerative colitis (UC) is a chronic inflammatory disorder of the colon, and its pathogenesis remains
unclear. Polyamine metabolic enzymes play a crucial role in UC. In this study, we aimed to identify
pivotal polyamine-related genes (PRGs) and explore the underlying mechanism between PRGs

and the disease status and therapeutic response of UC. We analyzed mRNA-sequencing data and
clinical information of UC patients from the GEO database and identified NNMT, PTGS2, TRIM22,
TGM2, and PPARG as key PRGs associated with active UC using differential expression analysis and
weighted gene co-expression network analysis (WCGNA). Receiver operator characteristic curve
(ROCQ) analysis confirmed the accuracy of these key genes in UC and colitis-associated colon cancer
(CAC) diagnosis, and we validated their relationship with therapeutic response in external verification
sets. Additionally, single-cell analysis revealed that the key PRGs were specific to certainimmune
cell types, emphasizing the vital role of intestinal tissue stem cells in active UC. The results were
validated in vitro and in vivo experiments, including the colitis mice model and CAC mice model. In
conclusion, these key PRGs effectively predict the progression of UC patients and could serve as new
pharmacological biomarkers for the therapeutic response of UC.
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Ulcerative colitis (UC) is a chronic inflammatory disorder that affects the colon and results from a complex
interplay of various factors related to the immune system'. Over the past few years, the prevalence of UC has
significantly increased, particularly in the pediatric and elderly populations. It is widely recognized that UC
results from the interaction and combined effects of various factors, including environmental factors, hereditary
factors, microbes, and intestinal mucosal immunity?. Due to the complex pathogenesis, UC is often refractory
and recurrent. Despite the advancements made in the management of UC inflammation and patient symptoms
through the introduction of biologics, studies have shown that up to 30% of patients remain unresponsive to
conservative drug treatments>*. Therefore, early diagnosis and improved drug susceptibilities are critical clinical
questions in the management of UC.

The polyamines, including putrescine, spermidine and spermine, are a class of positively charged small mol-
ecules distributing widely in various tissue’. They play a critical role in maintaining cellular viability by modulat-
ing various physiological processes such as maintaining DNA or RNA stability, promoting protein biosynthesis,
and regulating cellular signal transduction®’. Polyamine metabolism is a hub that interconnects the microbiota,
diet, and immune system, and dysregulation of polyamine metabolism often leads to many diseases®. Clinical
data suggest that polyamine levels are decreased in autoimmune diseases and inflammation’, and therapeutic
interventions aimed at regulating polyamine metabolism have shown promise as a strategy for managing cancer,
infection, autoimmune diseases, and inflammation'®!!. Mechanistically, studies have demonstrated that spermine
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can inhibit the activation and proliferation of CD4* T cells, as well as dose-dependently hinder the polarization
of T effector cells'®. Research conducted in vivo has shown that the absence of ODC1, which is the rate-limiting
enzyme in the biosynthesis of polyamines, in group 3 innate lymphoid cells (ILC3s) can significantly decrease the
severity of inflammatory colitis by reducing IL-22 production. Furthermore, spermidine could improve intesti-
nal barrier function and alleviate inflammation by alteration of microbiota composition and metabolite'*. What's
more, as the main promoters of eIF5A hypusination, polyamines could rejuvenate memory B cell responses to
by regulation of TFEB protein expression and autophagy'®.

Given the essential and diverse functions of polyamines in immune regulation and disease pathogenesis,
investigating polyamine homeostasis and developing novel therapies targeting polyamines could represent an
intriguing and challenging area of research for UC. In the present study, we aimed to examine the relationship
between polyamine-related genes (PRGs) and UC pathogenesis, and to investigate the potential correlations
and underlying mechanisms between PRGs and the therapeutic effects of commonly used UC drugs. Our find-
ings further enhanced the understanding of polyamine metabolism in UC and provided potential targets and
implications for improving UC treatment.

Method

Data collections

To obtain mRNA-sequencing data and clinical data for this study, information on various datasets was collected
from The Gene Expression Omnibus profile database (GEO) (https://www.ncbi.nlm.nih.gov/geo/) and described
in detail in Table S1 (including the accession numbers). Data analysis was conducted using R software (version
4.2.1) (https://mirrors.tuna.tsinghua.edu.cn/CRAN/). We first performed a log transformation on the data, fol-
lowed by normalization using the normalizeBetweenArrays function for GEO data sets. The R package “sva”
was utilized to eliminate any batch effects present. Principal component analysis (PCA) was then performed to
validate the results of batch correction and visualize the data.

Our study included a total of 137 polyamine-related genes (PRGs) that were obtained from multiple sources.
These sources included the GeneCards human gene database (GeneCards—Human Genes | Gene Database |
Gene Search), which was searched using the term “polyamine,” and genes with a relevance score > 1.5 were
selected. The MSigDB database (GSEA (gsea-msigdb.org) GO: 1902267, R-HSA-351202) was also utilized to
identify additional PRGs. Further details on the 137 PRGs used in this study can be found in Table S2.

Differential expression analysis

To identify differentially expressed genes (DEGs) in our study, the R package “limma” was utilized'®. DEGs were
determined between the UC-active group and both the healthy control group and the UC-inactive group using
criteria of an adjusted p-value < 0.05 and |log2 fold change (FC)|> 1. The DEGs were then visualized using the R
packages “pheatmap” and “ggplot2”.

Functional annotation and pathway enrichment analysis
We utilized the R packages “org.Hs.eg.db” and “clusterProfiler”"” to perform Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) (http://www.gsea-msigdb.org) analyses on the differentially
expressed genes (DEGs) in our study. The results were then visualized using several R packages including
“ggplot2”, “circlize”'®, “enrichplot”, and “ComplexHeatmap”®’.
Besides, differences between UC-active group and health control or UC-inactive group in metabolism path-
way and immunologic function were analyzed by R package “GSEABase” and “GSVA™™. To identify significant
pathways, we set the threshold for adjusted p-value to be less than 0.05. The results of the top 20 ranked pathways

were then visualized using the R package “pheatmap”.

Developing a co-expression network and discovering gene modules

We utilized the R package “WGCNA” to build a weighted gene co-expression network?'. To determine the
appropriate soft threshold power (B), we performed scale-free topology model fitting and mean connectivity
analysis. The adjacency matrix was then transformed into a topological overlap matrix (TOM) and subjected to
average-linkage hierarchical clustering. Using the dynamic tree cut algorithm, we removed modules with fewer
than 30 genes and clustered the remaining gene modules based on a cutoff value of 0.25. The genes within the
same module had similar expression patterns and were associated with active UC. Finally, we identified hub
genes in each module based on their gene significance (GS) greater than 0.5 and module membership (MM)
greater than 0.8.

Discovery and validation of key polyamine-related genes associated with UC
We identified key PRGs associated with active UC by selecting genes that were present in all three categories:
PRGs, DEGs, and hub genes in the most relevant module identified by WGCNA. To visualize the overlapping
genes, we utilized the online tool “Calculate and draw custom Venn diagrams” (http://bioinformatics.psb.ugent.
be/webtools/Venn/).

The diagnostic efficiency of the key PRGs was performed with receiver operating characteristic (ROC) analysis
by R package “pROC”*%,

Immune cell infiltration estimation
To investigate the immune cell composition in colon tissue of healthy control, inactive UC, and active UC
groups, we utilized the CIBERSORT algorithm (https://cibersort.stanford.edu/)?. Only samples with P<0.05
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were selected for further analysis, and the relative abundance of 22 types of infiltrating immune cells was visual-
ized using the R packages “corrplot” and “pheatmap”. In addition, the ssGSEA method was applied to calculate
the immunity score and compare the clinical subgroups of immune cells. The results were presented using the
R package “ggpubr”

Single-cell analysis

Before the analysis, quality control of the single-cell sequencing data of immune cells from colonic lamina propria
of active UC patients was performed using the R package “Seurat”*. We evaluated the sequencing depth (total
number of UMIs, nCount), numbers of detected genes (nFeature) and the percentage of mitochondrial genes
(percent.mt) in each sample. Samples with nFeature below 50 and percent.mt above 5% were excluded from
subsequent analysis. After normalization of the filtered data, we identified 1500 highly variable genes (HVGs)
by “vst” method. Based on these HVGs, PCA was applied to figure out marker genes in each principal compo-
nent to reduce the dimension. In addition, genes that exhibited a |log2 FC|>1 and adjusted p value <0.05 were
considered as the marker genes. Subsequently, t-distributed stochastic neighbor embedding (t-SNE) clustering
was performed on the cell samples.

Cell culture and reagents

The HT29 cell lines were obtained from the Cell Bank of the Chinese Academy of Science (Shanghai, China) and
cultured in 1640 medium (HyClone, USA) supplemented with 10% (v/v) fetal bovine serum (FBS, Gibco, USA),
0.1 mg/ml streptomycin (Biosharp, China) and 100U/ml penicillin (Biosharp, China) at 37 °C in a humidified
incubator with 5% CO,. Lipopolysaccharides (LPS; HY-D1056), Azoxymethane (AOM; HY-111375) and Dextran
sulfate sodium (DSS; HY-116282C) were purchased from MedChemExpress (MCE, USA). Spermine (S4264-1G),
and spermidine (S2626-1G) were purchased from Sigma Aldrich (USA).

Animal experiments
DSS colitis mouse model: Male C57BL/6 mice, 8 weeks old, were used to establish an acute colitis model by pro-
viding ad libitum access to drinking water containing 3% DSS for 7 days. On the 8th day, mice were anesthetized
with 2% pentobarbital and euthanized by cervical disloaction. Harvested colons for further analysis (Figure S1).

The AOM/DSS mouse model: Male C57BL/6 mice at 8 weeks old were used to establish the AOM/DSS model.
The mice were first intraperitoneally injected with 10 mg/kg AOM (Sigma-Aldrich, MO, USA) and then provided
with a normal diet and free access to water for 7 days. Afterward, they were given drinking water containing
1.5% DSS (Sigma-Aldrich, MO, USA) for 7 consecutive days, followed by 14 days of normal drinking water. This
process was repeated three times to establish the AOM/DSS model. After fed a conventional diet for 10 weeks,
the mice were euthanized by cervical dislocation, their colons are harvested for analysis (Figure S1).

All animal studies were approved by the Zhongnan Hospital Experiment Animal Welfare ethics committee
affiliated to Wuhan University, and all methods were performed in accordance with the relevant guidelines and
regulations.

RNA interference and gene transfection

The small interfering RNAs (siRNAs) targeting NNMT and scrambled control siRNA were provided by RiboBio
(Guangzhou, China), and the sequences of NNMT siRNAs were as follows: sINNMT#1: GCAGAAAGCCAGATT
CTTA; siNNMT#2: CGTCGTCACTGACTACTCA; siNNMT#3: CTTCCACCATGGCCAACAA. The NNMT
siRNAs were transfected into HT29 cells using Lipofectamine 2000 transfection reagent (Invitrogen, Green
Island, CA) according to the manufacturer’s protocol.

Quantitative real-time polymerase chain reaction (Q-PCR) analysis

Total RNA was isolated from cells or tissues using Trizol reagent (Invitrogen, USA) and reverse transcribed
into cDNA using the reverse transcription PCR kit (TOYOBO, Japan). The expression levels of target genes
were quantified by real-time PCR using UltraSYBR Mixture (CWbio, China) according to the manufacturer’s
instructions. The 2724 method was used to calculate the relative change in mRNA levels, with GAPDH as the
reference gene. The primer sequences used in this study were provided in Table S3.

Western blotting

The total proteins from cell samples were isolated using sodium dodecyl sulfate—polyacrylamide gel electrophore-
sis (SDS-PAGE) and transferred to polyvinylidene fluoride membranes (ISEQ00010; Merck Millipore). Primary
antibodies against ATP13A2 (1:1000, 5879 s; CST, USA), SMOX (1:1000, 15,052-1-AP; Proteintech, China),
PAOX (1:1000, 18,972-1-AP; Proteintech, China), ODC (1:1000, 52238 s; CST, USA), IL6 (1:1000, 12912 s;
CST, USA), IFN-y (1:1000, 80385 s; CST, USA), TNF-a (1:1000, 11948 s; CST, USA), SOX2(1:1000, 11064-1-
AP; Proteintech, China), Nanog (1:1000, 14295-1-AP; Proteintech, China), SOX4 (1:1000, ab70598; Abcam,
USA), CD44 (1:1000, 15675-1-AP; Proteintech, China), CD133 (1:1000, 18470-1-AP; Proteintech, China), SAT1
(615868, 1:1000; CST, USA), NNMT (1:1000, 15123-1-AP; Proteintech, China) and GAPDH (1:7500, 10494-
1-AP; Proteintech, China) were separately incubated with the membranes overnight at 4 °C. Finally, the mem-
branes were incubated with peroxidase-conjugated secondary antibodies against rabbit or mouse IgG (1:5000;
Promoter, China) for 2 h at room temperature. The chemiluminescence imaging analysis was performed using
the Genegenome XRQ system (Synoptics, version 4.0MP). The specific software and system versions utilized
were as follows: Camera: Synoptics 4.0MP; GeneSys Version: 1.4.2.0; Database Version: 1.84. Blots were exposed
for different durations to visualize specific target proteins.

Scientific Reports |

(2024) 14:18094 | https://doi.org/10.1038/s41598-024-69322-6 nature portfolio



www.nature.com/scientificreports/

uc

GEO Datasets

- - “;

—

®

Immunohistochemistry (IHC)

The tumor and intestinal tissues were fixed in 4% paraformaldehyde overnight, and then embedded in paraffin
and sliced into sections. Deparaffinization was carried out using xylene, followed by rehydration with graded
alcohol solutions. The sections were blocked with 3% Bull Serum Albumin (BSA), and then incubated with
NNMT antibody (1:300, 15123-1-AP, Proteintech, China) at 4 °C overnight. Afterward, secondary antibodies
were applied to the slides for 50 min at room temperature. The slides were then treated with diaminobenzidine
(DAB) solution for color development, and counterstained with haematoxylin. Finally, the tissue slides were
observed under a microscope (IX51, Olympus, Japan).

Statistical analysis

Statistical analysis was performed using R software (version 4.2.1) and Graphpad Prism 9 (Graphpad Software
Inc., United States). The Unpaired Student’s t-test was applied for comparison of normally distributed variables
between two groups, while one-way analysis of variance was used for three groups. A p-value <0.05 was con-
sidered statistically significant.

Ethics approval and consent to participate

The study involving animal subjects was conducted under the approval of the Institutional Animal Care and Use
Committee of Zhongnan Hospital of Wuhan University. The study involving human data was approved by the
Ethical Committee of The Central Hospital of Wuhan, Tongji Medical College, Huazhong University of Science
and Technology, with ethics exemption granted for the use of publicly-available human data in this research.
All experiments were performed in accordance with relevant named guidelines and regulations, and this study
is reported in accordance with the ARRIVE guidelines.

Result
The immune-infiltrating landscape in healthy control, UC_inactive and UC_active groups
Figure 1 illustrates the study process in the form of a flowchart.

Initially, we gathered data from three GEO cohorts (GSE48958, GSE53306, and GSE75214), which included
bulk RNA sequencing information from healthy controls, inactive ulcerative colitis (UC), and active UC samples.
To ensure accuracy and reliability, we merged the three GEO cohorts after correcting for batch effects, result-
ing in a comprehensive cohort of 31 healthy controls, 41 inactive UC, and 97 active UC samples (Fig. 2A,B).
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Figure 1. Flowchart of the the research (by Biorender).
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Figure 2. The immune-infiltrating landscape in healthy control, UC_inactive and UC_active groups. (A,B).

PCA analysis showing the distribution of samples in GSE48958, GSE53306 and GSE75214 before (A) and

after (B) batch effect correction. (C) PCA analysis showing the distribution of samples in healthy control,
UC_inactive and UC_active groups. (D) The relative percent of 22 immune cells in each sample in the total set.
(E) The correlation analysis between 22 immune cells based on the total set. Red and blue indicates a positive or
negative correlation, respectively. The darker the color, the stronger the correlation. (F) Comparison of immune
cell infiltrations in healthy control, UC_inactive and UC_active groups. (ns no significant, *p <0.05, **p <0.01,
**#*p<0.001, ***p <0.0001). (G) Immune function analysis between healthy control and UC_active groups (up),
UC_inactive and UC_active groups (down). (R software (version 4.2.1) (https://mirrors.tuna.tsinghua.edu.cn/
CRANY/)).

PCA indicated that the active UC samples were notably distinct from the other two groups (Fig. 2C). We then
employed the CIBERSORT algorithm to compare the differences in immune cells among the three groups.
Samples with p>0.05 were considered reliable, and we obtained the relative percentages of 22 immune cells
in 3 healthy controls, 10 inactive UC, and 68 active UC samples (Fig. 2D). Figure 2E depicted the correlations
between the 22 immune cells, revealing that M2 macrophages were negatively correlated with activated mast
cells (R=-0.6), while follicular helper T cells were positively correlated with naive B cells (R=0.59) and resting
dendritic cells (R=0.65). Furthermore, CD8 + T cells were positively correlated with regulatory T cells (Tregs)
(R=0.61) and activated natural killer (NK) cells (R=0.51). Finally, we compared the immune cell infiltrations
and immune functions between the groups, as shown in Fig. 2EG. As expected, the active UC group exhibited
the highest level of immune cell infiltration and activation of several immune functions.
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Functional enrichment analysis and polyamine metabolic reprogramming in healthy control,
UC_inactive and UC_active groups
We employed a filtering approach, selecting differentially expressed genes (DEGs) with an adjusted p-value <0.05
and |log2 FC|>1 in both cohort A (consisting of healthy controls and active UC samples) (Fig. 3A,B) and cohort
B (comprising inactive UC and active UC samples) (Figure S2). GO analysis revealed that immune-related
pathways, such as cytokine-mediated signaling pathway, leukocyte migration, secretory granule membrane,
secretory granule lumen, immune receptor activity, and cytokine activity, were enriched in the UC_active group
(Fig. 3C,E). Similarly, KEGG analysis demonstrated enrichment of cytokine-cytokine receptor interaction, PI3K-
Akt signaling pathway, and chemokine signaling pathway in the UC_active group in both cohort A (Fig. 3D)
and cohort B (Fig. 3F).

Apart from immune-related factors, nutrients and metabolites are also significant regulators of immune
cell function?. When immune cells are activated, they undergo metabolic changes to meet the elevated energy
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Figure 3. Differential expression analysis and functional enrichment analysis between UC_active and healthy

control group. (A,B). Volcano plots showing the DEGs between UC_active and healthy control (A) or UC_

inactive group (B). (C,D) GO (C) and KEGG (D) analysis between healthy control and UC_active group. (E, F)
GO (E) and KEGG (F) analysis between UC_inactive and UC_active group.
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requirements and sustain their immune functions. The interplay between immune cells and metabolism orches-
trates both innate and adaptive immunity®*?’. Therefore, we analyzed the metabolic pathway profile between the
UC_active and healthy control groups (Fig. 4A) or UC_inactive groups (Fig. 4B). We observed changes in numer-
ous metabolic pathways in the UC_active group, including classical energy metabolism pathways, such as citric
acid cycle, fatty acid degradation, and glycogen degradation. Interestingly, we also noticed that the polyamine
biosynthesis pathway was active in the UC_active group. Recent studies have highlighted the significant role of
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Figure 4. The difference on metabolic molecular signatures between UC_active and healthy control (A) or
UC_inactive group (B). (R software (version 4.2.1) (https://mirrors.tuna.tsinghua.edu.cn/CRANY/)).
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polyamines in mammalian immune systems, particularly inflammation, although the underlying mechanism
remains controversial °. Hence, we selected polyamine metabolism for further investigation.

WGCNA to identify hub modules and hub genes associated with active UC

We performed WGCNA to identify hub modules and hub genes associated with active UC. After clustering analy-
sis, no outlier sample was detected in the total set (Figure S3A,B). We selected 13 as the soft threshold power ()
in both cohort A and cohort B based on the scale-free topology model fit and mean connectivity (Figs. 5A and
S4A). In cohort A, we identified 6 modules (Fig. 5B), and the red module had the strongest negative correlation
with active UC (R=-0.79, p<0.001) (Fig. 5C). Therefore, we designated the red module as the hub module,
and filtered out hub genes based on MM > 0.8 and GS> 0.5 (Fig. 5D, Table S4). In cohort B, we also identified
5 modules (Figure S4B), and the green module had the strongest positive correlation with active UC (R=0.66,
p<0.001) (Figure S4C). Similarly, we defined the green module as the hub module in cohort B, and identified
hub genes in the right upper quadrant of the module eigengene heatmap (Figure S4D, Table S5).

Identification and verification of the key PRGs associated with active UC

To identify key PRGs associated with active UC, we intersected DEGs, hub genes, and PRGs, resulting in 5 key
genes in cohort A (Fig. 6A) and 2 key genes in cohort B (Figure S4E). We subsequently verified the expres-
sion of these key genes among healthy control, UC_inactive, and UC_active groups in the total set (Fig. 6B).
The expressions of TGM2 and TRIM22 sequentially increased in healthy control, UC_inactive, and UC_active
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Figure 5. WGCNA to identify hub modules and hub genes based on healthy control and active UC. (A)
Selection of the soft-thresholding powers. The left panel shows the relationship between soft-thresholding
powers and scale free topology model fit, while the right shows the relationship between soft-thresholding
powers and mean connectivity. (B) Module clustering dendrogram based on a dissimilarity measure (1-TOM).
Different modules are colored differently. (C) Heatmap of the correlation between each module and trait.

Red and blue indicates a positive or negative correlation, respectively. The darker the color, the stronger the
correlation. (D) Scatter plot of the relationship between module membership (MM) and gene significance (GS)
in red module. Genes in right upper quadrant are identified as hub genes in red module.
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Figure 6. Identification and verification of the key PRGs in healthy control and active UC. (A) Venn diagram of
the overlap among DEGs (between healthy control and UC_active group), hub genes in red module and PRGs.
Genes in the center overlapping region are identified as key PRGs associated with active UC. (B) Differential
expression analysis of key PRGs in healthy control, UC_inactive and UC_active groups. (ns no significant,
*p<0.05, ¥*p<0.01, ***p<0.001, ****p <0.0001). (C) ROC curves of each key PRG for diagnosis of active UC.
(D) Heatmap of the correlation between each key PRG and immune cells. Red and blue indicates a positive or
negative correlation, respectively. The darker the color, the stronger the correlation.
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groups, while PPARG sequentially decreased. Additionally, the expressions of NNMT and PTGS2 in UC_active
group were significantly higher than those in healthy control and UC_inactive groups. ROC curves showed that
each key PRG had a significant clinical diagnostic value for active UC (Figs. 6C, S4F). We further confirmed
these results with external validation sets GSE87473 and GSE107499, where differential expression analysis and
ROC curves supported the key genes as biomarkers indicating active UC (Figure S5). We also investigated the
relationships between key genes and immune infiltrating cells based on the total set. As shown in the heatmap
(Fig. 6D), NNMT, PTGS2, TGM2, and TRIM22 had a positive association with most immune infiltrating cells,
while PPARG had a negative association. Among the 5 key genes, NNMT and PTGS2 had much stronger cor-
relation with immune cells, particularly type I Tregs, natural killer T cells, neutrophils, mast cells, and immature
dendritic cells. These findings suggest that the identified 5 key genes could serve as potential biomarkers for
active UC and are closely associated with immune infiltrating cells.

The role of key PRGs in therapeutic response of UC patients

Although significant advances have been made in the treatment of UC, there remains a group of patients who are
unresponsive to existing therapies®®. Therefore, we investigated the role of key genes in the therapeutic response
of UC patients and evaluated their potential as biomarkers to improve drug sensitivity. Glucocorticoids (GCs)
are essential drugs for combatting inflammatory diseases, and high doses of GCs are commonly administered
to UC patients with severe symptoms or experiencing an acute relapse?**’. We compared the expressions of
key PRGs in UC patients at different stages of treatment and found no significant difference in the intestinal
mucosa of GC responders or non-responders before or after GC treatment (Figure S6A), suggesting that GCs
may not affect these 5 key genes. With the advancements in therapeutic strategies for UC, we focused on emerg-
ing targeted biological agents®'. Infliximab (IFX), the first TNF antagonist approved for treating UC, can induce
and maintain remission and mucosal healing®***. Golimumab, the third anti-TNF therapy for the treatment of
moderate-to-severe UC, was also examined*. Vedolizumab (VDZ), a first-line biological targeting a4f37 integ-
rin, was recommended for UC patients in the case of immunosuppressive or TNF antagonist therapy failure®.
After treatment with IFX or VDZ, the expressions of all the key genes in responders were significantly different
from those in non-responders, and the levels of expressions in responders after treatment were closer to those
in healthy controls (Figs. 7, S6B). Specifically, compared with non-responders, NNMT, PTGS2, TGM2, and
TRIM22 were remarkably decreased in the intestinal mucosa of responders receiving treatment, while PPARG
was increased. However, despite being a TNF antagonist, golimumab had different effects on these 5 key genes
compared to IFX. Differential expression analysis indicated that in golimumab-responders, the expressions of
NNMT, TGM2, and PPARG were changed before and after golimumab treatment, while PTGS2 and TRIM22
did not differ across all groups (Figure S6C). In summary, the key genes remained unchanged with GCs treat-
ment but showed variations with novel biological agents. This hints at a potential link between these genes and
the effectiveness of biological agents, especially IFX and VDZ, in drug response. However, further experimental
validation is needed to understand the underlying mechanisms.
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Figure 7. Biological agents repaired intestinal mucosa of UC patients by regulating the key PRGs. (A,B)
Differential expression analysis of key PRGs in different treatment groups with IFX (A) and VDZ (B) in
GSE73661. (ns no significant, *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001).
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Expression of key PRGs in colonic lamina propria immune cells of active UC by scRNA analysis
To further elucidate the associations between 5 key genes and active UC, we analyzed a single-cell RNA sequenc-
ing (scRNA-seq) database (GSE162335) consisting of information from colonic lamina propria immune cells
from 11 active UC patients to identify the cell populations expressing key genes in active UC. Quality control
indicated that all samples met the criteria, with more than 50 detected genes (nFeature) and less than 5% mito-
chondrial genes (Figure S7A). After preprocessing, a dataset comprising 18,179 high-quality cell samples was
obtained, and a strong positive correlation was observed between nFeature and sequencing depth (total number
of UMIs, nCount) (R=0.86) (Figure S7B). Based on selected thresholds, 1500 variable genes were identified (Fig-
ure S7C), and PCA was utilized to decrease the dimensionality of the dataset by focusing on these variable genes
(Figure S7D). After selecting the top 20 principal components to further reduce dimensionality, t-SNE method
was used to cluster the cell samples, resulting in 20 subgroups (Figs. 8A, S8A). We calculated the contribution
value of genes and defined marker genes for each subgroup, and the top 10 marker genes were visualized in the
heatmap (Figure S8B).

We then annotated and categorized cell samples into six cell types, including B cells, T cells, monocytes,
common myeloid precursor cells (CMP), tissue stem cells, and macrophages (Fig. 8B). We found that T cells, B
cells, and monocytes were the main immune infiltrating cells in the colonic lamina propria of active UC patients.
We subsequently investigated the expression of key genes in different cell types (Fig. 8C). TRIM22 had the most
extensive distribution, including B cells, T cells, monocytes, and tissue stem cells, while PPARG expression
was low in all cell types and sporadically distributed in a subset of T cells (Fig. 8D,E). Significantly, PTGS2 was
markedly enriched in CMP and monocytes, and NNMT and TGM2 were specifically expressed in tissue stem
cells (Fig. 8D,E). These results highlight the close relationships between CMP, monocytes, tissue stem cells, and
PRGs, and their crucial roles in colonic immunity, even though these cell types were present in small numbers.

Verification of diagnostic efficiency of the key PRGs in colitis-associated CRC (CAC)
Persistent inflammation is one of major causes of cancer development, which can lead to the formation of dys-
plastic precursor lesions in multiple regions of the colon via a phenomenon called field cancerization®®. Given
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the increased risk of CAC development in patients with ulcerative colitis (UC), we evaluated the diagnostic
potential of key genes for CAC.

We first merged two Gene Expression Omnibus (GEO) cohorts containing healthy controls and CAC patients
after batch effect correction, resulting in a comprehensive cohort comprising 13 healthy controls and 26 CAC
samples (Fig. 9A,B). PCA showed marked differences between CAC samples and healthy controls (Fig. 9C).
Metabolism analysis indicated that both CAC and UC shared multiple changes in comparison to healthy controls,
particularly in the active polyamine biosynthesis pathway (Fig. 9D). Notably, the expressions of NNMT, PTGS2,
TGM2, and TRIM22 were significantly upregulated in CAC tumor tissue, while PPARG was downregulated
(Fig. 9E), mirroring the results obtained for UC. ROC curves were used to evaluate the diagnostic significance of
key genes in distinguishing between healthy controls and CAC (Fig. 9F). All five key genes showed AUC values
above 0.70, with NNMT, PTGS2, and TGM2 exceeding 0.85, suggesting their potential role in CAC diagnosis.

Validation of the role of polyamines and NNMT in inflammation and CAC in vitro and vivo
models

In order to explore the relationship between polyamines and intestinal inflammation, we conducted experiments
in both in vitro and in vivo models. We detected changes in mRNA and protein levels of polyamine metabolism
enzymes in HT29 cells treated with LPS. As shown in Fig. 10A,B, the expression of polyamine metabolism
enzymes changed after LPS stimulation, suggesting that inflammation can lead to polyamine remodeling. Inflam-
matory conditions upregulated the polyamine transporter ATP13A2 and the polyamine synthesis enzymes ADM1
and ODC1, while downregulating to some extent the polyamine degradation enzymes SMOX and PAOX. These
findings suggest that cells promote polyamine synthesis and inhibit polyamine degradation in order to increase
intracellular polyamine levels and alleviate damage caused by inflammation. To further investigate the impact
of polyamines on UC, we supplemented exogenous spermine and spermidine to HT29 cells after LPS stimula-
tion and evaluated changes in inflammatory cytokines (Fig. 10C,D). The results demonstrated that polyamine
supplementation significantly reduced the levels of inflammatory cytokines, suggesting that polyamine levels
can directly inhibit inflammation. Furthermore, we investigated the expression of five key genes in the cell
inflammation model (Fig. 10E), mouse colitis model (Fig. 10F), and mouse CAC model (Fig. 10G). Consistent
with previous findings, NNMT, PTGS2, TGM2, and TRIM22 were upregulated to varying degrees in colitis and
CAC models, while PPARy was significantly downregulated. (As mice do not have an ortholog for the human
TRIM22 gene, only the mRNA of the other four genes was detected in the mice).

Based on our previous findings (Figs. 6A and S4E), NNMT and PTGS2 have been identified as effective diag-
nostic markers for both UC and control groups, with good diagnostic performance in both active and non-active
UC. Given the well-established role of PTGS2 in inflammation, we focused our investigation on the impact of
NNMT on UC and CAC. We verified the knockdown efficacy of three siRNAs targeting NNMT using qPCR
and western blot (Fig. 11A,B), and identified siINNMT1#1 and #2 as the most effective for subsequent experi-
ments. In LPS-treated HT29 cells, we observed that knockdown of NNMT significantly reduced cell viability and
increased LPS-induced cell death (Fig. 11C). Furthermore, we examined the expression levels of inflammatory
factors (Fig. 11D) and found that IL6, TGEp, and TNFa were upregulated following NNMT knockdown, indi-
cating a potential anti-inflammatory role for NNMT. We also detected the expression of NNMT1 in an AOM/
DSS-induced CAC model and observed a significant upregulation of NNMT in tumor tissues (Fig. 11E). Given
our previous observation of NNMT enrichment in tissue stem cells, we investigated the effect of NNMT on cell
stemness. Our analysis of classical stem cell biomarkers (Fig. 11F) showed that knockdown of NNMT resulted
in downregulation of multiple stem cell markers, including SOX4, SOX2, Nanog, and CD44, emphasizing the
crucial role of NNMT in maintaining cell stemness.

Discussion

UC is a chronic inflammatory bowel disease characterized by recurring periods of remission and relapse, and its
etiology and pathogenesis are not yet fully understood®. The lack of understanding of the underlying mechanisms
poses significant challenges for the treatment and prevention of UC. Recent studies suggest that polyamines may
play a vital role in the immune system and can serve as prognostic indicators for autoimmune diseases®”. In this
study, we aimed to further investigate the diagnostic and therapeutic potential of polyamine-related genes in UC.

Previous studies have demonstrated the regulatory effect of polyamines on immunometabolism and inflam-
mation. For instance, Wei et al. found that LACCI regulates the interplay between proinflammatory NOS,
signaling and anti-inflammatory polyamine-mediated cytokine suppression in macrophages®®. Additionally,
Gobert et al. have shown that spermidine exerts a protective effect against colitis and colon carcinogenesis, sug-
gesting its potential as an adjunctive treatment for colitis and chemopreventive agent for colon carcinogenesis®.
To further investigate the roles of polyamines in UC, we identified five key PRGs and evaluated their potential
as diagnostic markers for UC.

Nicotinamide N-methyltransferase (NNMT) is an intracellular enzyme that catalyzes the N-methylation
of NAM using SAM, thereby regulating NAD-related signaling pathways, polyamine flux, and chromatin
remodeling®. The role of NNMT in tumor progression is highly complex. Inhibition of NNMT upregulates
the activity of ODC and SSAT, key enzymes in polyamine metabolism, increasing polyamine flux and energy
consumption*!. NNMT can also enhance SIRT1 activity by reducing its ubiquitination, promoting cell migra-
tion and invasion, and increasing cancer cell chemoresistance*?. Additionally, NNMT acts as a regulator for
the methyl donor to affect histone methylation, thereby impacting tumor epigenetics*’. These pathways are
interrelated; polyamine synthesis consumes acetyl-CoA, which functions as a substrate in histone acetylation,
thus affecting the level of histone acetylation. Moreover, spermidine can induce the upregulation of Sirtuin 1*.
Therefore, the regulatory mechanisms of NNMT in tumors are highly intricate. Clinical and basic research has
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Figure 9. Verification of diagnostic efficiency of the key PRGs in CAC. (A,B) PCA analysis showing the
distribution of samples in GSE4183 and GSE37283 before (A) and after (B) batch effect correction. (C) PCA
analysis showing the distribution of samples in healthy control and CAC groups. (D) The differences on
metabolic reprogramming between healthy control and CAC groups. (R software (version 4.2.1) (https://mirro
rs.tuna.tsinghua.edu.cn/CRANY/)). (E) Differential expression analysis of key PRGs between healthy control and
CAC groups. (ns no significant, *p <0.05, **p <0.01, **p < 0.001, ***p <0.0001). (F) ROC curves of each key
PRG for CAC diagnosis.
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Figure 10. Verification of the role of polyamines and key PRGs in inflammation or CAC. (ns no significant,
*p<0.05, **p<0.01, ***p<0.001, ¥***p <0.0001). (A,B) The mRNA (A) and protein (B) levels of polyamine
metabolic enzymes in HT29 treated with LPS. (C,D) The mRNA (C) and protein (D) levels of inflammatory
cytokines in HT29 cells supplemented with exogenous spermine and spermidine following LPS stimulation.
(E-G) The mRNA expression levels of key PRGs in HT29 treated with LPS (E), DSS-induced colitis model (F),
and AOM/DSS-induced CAC model (G).
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Figure 11. Verification of the role of NNMT in inflammation and cell stemness. (ns no significant, *p <0.05,
**p<0.01, **p <0.001, ****p <0.0001) (A,B). The mRNA (A) and protein (B) levels of NNMT in HT29
transfected with sSiNNMT. (C) The effect of NNMT on cell viability was evaluated using the CCK8 assay in
HT29 cells treated with LPS. (D) The mRNA levels of inflammatory cytokines in HT29 cells transfected with
siNNMT following LPS stimulation. (E) The protein expression levels of NNMT in CAC tissue were detected
with THC. (F) The protein expression levels of stemness-related genes in HT29 cells transfected with siNNMT.
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confirmed that high stromal NNMT expression predicts an unfavorable prognosis in colorectal cancer*, and is
a reliable biomarker for targeted tumor therapies*®. However, the exact role of NNMT in UC remains unclear.
Our study suggests that NNMT can be used as a predictor of clinical response and disease progression in UC.
Recently, research has shown that NNMT can maintain a high level of NAD-dependent proinflammatory signal-
ing by removing excess inhibitory nicotinamide (Nam) in UC¥, which corroborates our results. Furthermore,
single-cell data analysis results indicate that NNMT is highly enriched in tissue stem cells, highlighting its role
in self-renewal and differentiation. Several studies have reached conclusions consistent with ours. Pozzi V et al.
showed that NNMT expression was associated with cancer stem cell enrichment*®. Moreover, NNMT has been
found to have an important role in regulating pluripotency of human embryonic stem cells (hESC)*. Given that
strong stemness and pluripotency are typical characteristics of tumor cells, intervention of NNMT may block
colitis-propelled carcinogenesis by inhibiting the stemness of cells.

Prostaglandin-endoperoxide synthase 2 (PTGS2), also known as cyclooxygenase 2 (COX-2), is a critical
enzyme in the biosynthesis of prostaglandins (PGs) and is widely accepted as an indicator of inflammatory
activity®®. Our study showed that the expression of PTGS2 was significantly elevated in active UC patients com-
pared to healthy controls and inactive UC patients, consistent with previous research that targeted delivery of
celecoxib, a selective inhibitor of COX-2, effectively reduced the severity of UC®.

Tissue transglutaminase (TGM2) is a multifunctional enzyme that modifies proteins through an acyl transfer
reaction, and previous studies have mainly focused on its role in cancer. For instance, Patrizia Malkomes et al.
reported that TGM2 promotes the tumorigenicity of colon cancer cells by inactivating the tumor suppressor
p53°% Besides, TGM2-mediated cross-linking of CXCL12 and KRT19 protein can suppress T cell-mediated
immune attack and contribute to resistance to immunotherapy in colorectal cancer®. Although TGM2 has been
extensively studied in colon cancer, its role in UC remains unclear. Our study found that the expression of TGM2
was positively correlated with the activity of UC, suggesting that TGM2 might be involved in the inflammatory
process of UC.

Tripartite motif 22 (TRIM22), a member of the tripartite motif (TRIM) family, have emerged as an impor-
tant player endowed with both antiviral effects and modulatory capacity of the innate immune response*. The
specific role of TRIM22 in polyamine synthesis remains to be explored. Recent studies have shown that TRIM22
promotes the ubiquitination and degradation of NRF2, which regulates the expression of polyamine metaboliz-
ing enzyme genes, such as ODC and SAT®. Thus, we hypothesize that TRIM22 may be involved in polyamine
synthesis through its ability to decrease NRF2 expression®. As an antiviral defense gene, the role of TRIM22 in
UC was still uncertain. Our study broadened the function of TRIM22 by demonstrating that TRIM22 could be
used as biomarker to predict UC and CAC. However, further research is needed to investigate whether TRIM22
is involved in the progression of UC through its regulation of polyamine metabolism.

Peroxisome proliferator-activated receptor gamma (PPARG) is a type of nuclear receptor that plays a crucial
role in regulating gene expression related to energy metabolism, cellular development, and differentiation®’.
PPARG is generally downregulated during inflammation and oxidative stress and in many cancers®. Likewise,
in our study, PPARG was significantly reduced in UC, and negatively correlated with most immune cells, which
indicated that PPARG served as an immunosuppressive factor during the progression of UC. In context of
biochemical mechanisms, it has been confirmed that PPARG, as a central coordinator of the mucus barrier,
could protect intestinal epithelial cells from invasion in several ways™. Selective activation of PPARG using
pioglitazone has been shown to improve intestinal epithelial barrier function, alleviate NLRP6 inflammasome
dysfunction, and modulate the composition of gut microbiota®. Besides, microbiota-induced PPARG signaling
maintained the homeostasis of gut microbiota by promoting the energy metabolism of colonic epithelial cells
toward B-oxidation®'. It was also worth noting that PPARG played an essential role in the regulation of SAT
activity in HCT116 and Caco-2 cells®?. Given that SAT1 is the key enzyme in polyamine catabolism, polyamine
metabolism may also be an important pathway for PPARG in intestinal barrier protection.

As standard anti-inflammatory and immune modulator medications often fail to achieve satisfactory results
in many UC patients, there is a pressing need to develop more specific predictive biomarkers of therapeutic
response®. In our study, we observed a significant alteration in the expression levels of five key PRGs in the
IFX or VDZ response group after treatment, while no significant change was observed in the IFX or VDZ non-
response group. These findings indicate that monitoring the expression levels of these key PRGs may serve as
an indicator of clinical response and contribute to the development of personalized treatment plans for UC.
Previous clinical studies have revealed that under homeostatic conditions, the levels of polyamines are positively
correlated with circulating TNF-a, which is the therapeutic target of IFX*!. Studies have shown that there may
be a link between polyamines and TNF-a, as TNF-a was found to increase putrescine levels in primary cultured
fibroblast-like synoviocytes in the rheumatoid arthritis synovium®. Additionally, animal studies have indicated
that the consumption of spermidine could inhibit TNF-a-induced inflammation through the activation of RIP1
deubiquitination®. These results suggest that polyamines may be effective in predicting therapeutic response
and highlight their potential in regulating inflammation. Although the detection of polyamines is complex due
to their instability, the measurement of PRG mRNA expression levels may provide a more feasible alternative.
However, the current literature lacks consensus on the relationship between polyamines and a4p7 integrin, which
is the therapeutic target of VDZ. Our results provide a novel perspective for the treatment of UC with VDZ, but
f additional research is required to clarify the underlying mechanisms.

Certainly, our study has some limitations. Firstly, in the process of identifying key PRGs, we compared dif-
ferentially expressed genes between uninflamed UC, inflamed UC, and healthy conditions. This method may
select a large number of inflammation-related genes. While this approach aids in identifying PRGs associated
with inflammation, we acknowledge that it may introduce certain methodological limitations. Secondly, we
currently lack a comparison between UC and CAC to determine whether PRGs can serve as biomarkers to
distinguish between UC and CAC. This issue requires further research. Additionally, much of our research is
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based on analyses of existing databases. Although we conducted some experimental validations, further experi-
ments are necessary to clearly elucidate the regulatory relationships between PRGs and the onset, progression,
and treatment of UC.

Conclusions

In summary, our study revealed the remodeling of polyamine metabolism in active UC and indicated alterations
in polyamine levels directly affect inflammation levels, confirming the critical role of polyamines in UC. Through
bioinformatics analysis, we identified five key PRGs and validated their impact on UC disease status, drug
efficacy, and carcinogenesis. Overall, our findings provide valuable insights into the pathogenesis and potential
therapeutic targets of UC, as well as the diagnostic and predictive biomarkers for UC and CAC.

Data availability

The original contributions presented in the study are included in the article/Supplementary Material. The RNA
sequencing data used in the study can be found in the GEO database (https://www.ncbi.nlm.nih.gov/geo/), and
PRGs were obtained from the GeneCards human gene database (GeneCards—Human Genes | Gene Database |
Gene Search) and the MSigDB database (GSEA (gsea-msigdb.org) the accession numbers: GO:1902267, R-HSA-
351202). The detail of GEO database and the GeneCards human gene database (including the accession numbers)
was described in Tables S1 and S2. Any additional questions can be directed to the corresponding authors.
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