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Downregulation of UDP-glucose
6-dehydrogenase predicts
adverse outcomes in patients with
colorectal cancer and promotes
tumorigenesis

Mengyuan Wang®, Zhiming Ge'%, Xianxian Fan', Hongbo Zhao?, Zhenfu Shi?,
Jiucun Zhang?, Li Jin?, Yan Li3, Jie Wang?, Xiaobin Zao*>"* & Yun Yang'**

UDP-glucose 6-dehydrogenase (UGDH) is the key enzyme of glucuronic acid metabolism and a key
mediator in several cancer developmental signaling pathways. However, the expression and function
of UGDH in colorectal cancer (CRC) are unclear. Bioinformatics analysis was conducted to research
the expression, diagnosis, prognosis, functional enrichment, genetic alterations, and immune
characteristics of UGDH in CRC. Hematoxylin-Eosin staining, KI67 immunohistochemistry staining,
and UGDH immunohistochemistry staining of clinical colon tissues were performed. The UGDH

gene was knocked down in HCT-8 cells. CCK8 and cell wound scratch assays were further performed
in UGDH wild-type and UGDH-knockdown HCT-8 cells. UGDH is markedly downregulated in CRC
tissues compared to normal tissues, which predicts a poor prognosis. The lower expression of UGDH
is associated with a high gene promoter methylation level and genome deletion. UGDH expression

is proportional to immune cell infiltration and immune-related genes. UGDH expression is correlated
with the p53 signaling pathway. Knockdown of UGDH in HCT-8 cells promoted their proliferation and
migration ability. UGDH could be useful as a valuable prognostic biomarker and potential therapeutic
target in CRC. UGDH could inhibit the proliferation and migration of CRC cells.

Keywords UDP-glucose 6-dehydrogenase, Colorectal cancer, Prognostic marker, Bioinformatics, p53
signaling pathway

Nowadays, cancer has been acknowledged as one of the most prevalent causes of mortality on a global scale',
and the issue of tumor drug resistance has become more prevalent?. The latest understanding demonstrates that
cancer is characterized by metabolic reprogramming, which means cancer cells will alter their metabolic state in
response to proliferative signals transmitted by oncogene signaling pathways>. The specific microenvironment and
metabolites further influence the metabolic phenotype of tumor cells, affecting the immune microenvironment,
tumor progression, treatment, and prognosis®. According to recent research, uridine diphosphate glucuronic
(UDP) acid metabolism is vital during cancer development, which has been identified as a therapeutic
vulnerability in a sugar nucleotide biosynthetic pathway that can be exploited in cancer cells with only a limited
impact on normal cells’.

UDP-glucose 6-dehydrogenase (UGDH) is an oxidoreductase that catalyzes the NAD*-dependent four-
electron oxidation of UDP-glucose to UDP-glucuronic acid®. The active site of UGDH contains a highly conserved
cysteine residue, which plays a key role in covalent catalysis’. During the sugar nucleotide metabolism, UGDH
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is a rate-limiting enzyme that participates in the biosynthesis of glycosaminoglycans, including hyaluronan,
chondroitin sulfate, and heparan sulfate®. Importantly, these glycosylated compounds synthesized under UGDH
regulation are prevalent in the extracellular matrix and are likely involved in signal transduction, cell migration,
cancer growth, and cancer metastasis’. Thus, UGDH has been considered a molecular indicator of tumor
progression in multiple cancer types, and an enzyme to be exploited as a potential prognostication marker in
oncology and a therapeutic target in cancer biology'°.

In recent years, researchers have devoted significant attention to the role of UGDH in malignant tumors.
UGDH accelerates SNAI1 mRNA decay and impairs lung cancer metastasis''; UGDH supports autophagy-
deficient pancreatic ductal adenocarcinoma growth via increasing hyaluronic acid biosynthesis'> UGDH
limits prostate androgen availability without impacting hyaluronan levels and is a novel field-specific candidate
biomarker of prostate cancer'>!%; Targeting UGDH inhibits glioblastoma growth and migration'>!¢; UGDH
knockout impairs migration and decreases metastatic ability of breast cancer cells, and UGDH is a prognostic
marker in breast cancer patients'”!8; UGDH up-regulation correlated with increased metastatic potential,
decreased patient survival, and drug resistance in hepatocellular carcinoma'*?’; UGDH promotes tumor-
initiating cells and a fibroinflammatory tumor microenvironment in ovarian cancer and targeting UGDH
inhibits ovarian cancer growth and metastasis??2. Additionally, UGDH is closely associated with tumor drug
resistance®, epithelial-mesenchymal transition?, and cellular localization®. The above studies indicate that
UGDH has broad and diverse regulatory effects in cancers, and it is also a promising target for diagnosing and
treating tumors.

Owing to the aging population and unfavorable risk factors such as obesity, a lack of physical exercise, and
smoking, colorectal cancer (CRC) is the third most common and the second deadliest cancer worldwide, and
the high mortality rate indicates a lack of success for current treatment methods®®. Accumulating evidence
shows that the abnormal metabolic program provides CRC cells with abundant energy, nutrients, and redox
requirements to support their malignant growth and metastasis, which is accompanied by impaired metabolic
flexibility in the tumor microenvironment (TME) and dysbiosis of the gut microbiota?’. However, the role of
UDP acid metabolism and the expression, prognostic value, correlated signaling pathways, and impacts on
immune cell infiltration of UGDH in CRC have rarely been studied.

Therefore, in this study, we designed bioinformatics analysis, clinical sample testing, and in vitro experiments
to detect the expression and analyze the potential role of UGDH in CRC, including its expression characteristics,
diagnostic and prognostic value, enrichment analysis, and genetic alterations. We subsequently investigated
the role of UGDH in immunotherapy and its potential as a therapeutic target by studying its association with
ICIs and immune checkpoint genes. With this study, we expect to clarify the expression of UGDH in CRGC, its
prognostic value, its relationship with the immune microenvironment, and its regulatory effect and mechanism
on CRC cells.

Methods

Data acquisition

We employed TCGA (https://cancergenome.nih.gov) and the GTEx project (https://gtexportal.org/) to obtain
comprehensive data on UGDH mRNA expression in tumor samples, corresponding paracancerous tissues, and
normal controls. Gene expression profiles of the original datasets were derived from the GEO (https://www
.ncbi.nlm.nih.gov/geo/). We filter a sample with an expression level of 0 and then perform a log2 (x+0.001)
transformation for each expression value. The protein expression data of UGDH were obtained from the HPA
(http://www.proteinatlas.org) and CPTAC (https://proteomics.cancer.gov) databases.

Clinical samples and patient information

Twelve colorectal cancer (CRC) samples were collected from the Yinchuan Traditional Chinese Medicine Hospital.
All samples were histopathologically confirmed with CRC criteria. The clinicopathological characteristics of
patients, including gender, age, tumor type, and tumor site, were shown in Supplementary Table S1. The Ethics
Committee of Yinchuan Traditional Chinese Medicine Hospital approved the study protocol. During the study,
we confirm that the informed consent of all participants and/or their legal guardians has been obtained. Research
involving human research participants was conducted following the Declaration of Helsinki.

Expression analysis of UGDH

UGDH expression in normal and tumor tissues was analyzed via the TNMplot (https://tnmplot.com/analysis/)?,
GEPIA (http://gepia.cancer-pku.cn)?’, and UALCAN (https://ualcan.path.uab.edu)®® platforms. The genes
correlated with UGDH expression were analyzed via the UALCAN platform.

Genomic alteration analysis of UGDH

The copy number variation (CNV) data for UGDH were retrieved from the MEXPRESS database (https://me
xpress.ugent.be/)!. The methylation levels of the UGDH gene in CRC tissues were analyzed via the UALCAN
platform. The single nucleotide variation (SNV) and expression of UGDH were analyzed via the Sangerbox
platform (http://sangerbox.com)®2.

Diagnostic analysis of UGDH in CRC

The data of CRC patients were downloaded from the TCGA. The diagnostic value of UGDH was assessed via
receiver operating characteristic (ROC) curves in CRC. The mRNA expression data of UGDH in malignant and
normal tissues from the TCGA database were used to construct these ROC curves. The curves were depicted
via the “ggplot2” package (version 3.3.6), and the “pROC” package (version 1.18.0) in R was used to conduct the
ROC analysis. The diagnostic metrics that were calculated were the area under the curve (AUC), cutoff values,
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sensitivity, specificity, positive predictive value, and negative predictive value. Superior diagnostic accuracy
is suggested by an AUC value that is nearly 1. Nomograms and calibrations were employed to evaluate the
prognostic significance of clinical characteristics for the prognosis of patients with tumors via the “rms” and
“survival” R packages.

Survival analysis of UGDH

The survival data of CRC patients were downloaded from the TCGA. The “survival” package (version 3.3.1) in R
(version 4.2.1) was used to conduct Kaplan-Meier (K-M) survival analysis. This analysis compared the rates of
overall survival (OS), disease-specific survival (DSS), disease-free interval (DFI), and progression-free interval
(PFI) between the high and low UGDH gene expression groups. Furthermore, the Kaplan-Meier plotter (KMP)
platform (https://www.kmplot.com), which collects data from 16 GEO datasets, was used to assess the survival
value of UGDH in CRC patients and autoselects the best cutoff*>.

Cancer stage and molecular subtype analysis of UGDH
The “cancer stage” and “molecular subtype” modules of the TISIDB database (http://cis.hku.hk/TISIDB/)** were
employed to examine the relationships between UGDH mRNA expression in CRC.

Immune-related characteristics of UGDH

Estimation of the proportions of stromal and immune cells in malignant tumor tissues via expression data
(ESTIMATE), Tumor Immune Estimation Resource (TIMER), and Microenvironment Cell Populations-counter
(MCPcounter), estimation of the proportion of immune and cancer cells (EPIC), quantification of the tumor
immune contexture from human RNA-seq data (quanTIseq), and immunophenoscore (IPS) analyses of UGDH
expression in CRC were performed via the Sangerbox platform. The “GSVA” package (version 1.44.5) with the
ssGSEA algorithm was employed to evaluate the correlation between UGDH expression and tumor-infiltrating
lymphocytes, MHC molecules, immunostimulators, immunoinhibitors, chemokines, and chemokine receptors
in CRC. Spearman’s correlation was employed to determine statistical significance, with p values of less than 0.05
indicating a significant correlation. These correlations were represented as heatmaps via the “ggplot2” package
(version 3.3.6).

Functional enrichment analysis of UGDH

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses
are knowledge bases for systematic analysis of gene functions, linking genomic information with higher-
order functional information®-*. GO and KEGG pathway enrichment analyses of genes were performed via
the DAVID database (https://david.ncifcrf.gov/). An FDR<0.1 and a p value <0.05 were set as the significant
enrichment cutoff.

Protein—-protein interaction network construction

The UGDH-related genes were input into the STRING platform (https://string-db.org/), with confidence scores
set to 0.4 or higher, and restricted to H. sapiens, yielding protein-protein interaction (PPI) data, which were then
analyzed via Cytoscape 3.10.1 (https://cytoscape.org/).

Histology staining analysis

The tissues were fixed overnight in 4% formalin (Servicebio, G1101, CN) and embedded in paraffin. Tissue
sections were stained with hematoxylin and eosin (HE) staining using a kit from Servicebio (G1003, CN) to
observe the structure. The quantification of the positively stained area was calculated by Image] software.

Immunohistochemistry (IHC) analysis

For THC, the tissue sections were deparaffinized and rehydrated before antigen retrieval, removal of endogenous
peroxidase, and blocking with normal goat serum. To detect proliferating cells, the Ki67 antibody (mouse
mAb, GB121499, Servicebio, CN) was added dropwise with incubated in a wet chamber overnight at 4 °C. To
detect UGDH, the paraffin-embedded sections were incubated overnight at 4 °C with the primary anti-UGDH
(mouse mAD, Proteintech, 67360-1-Ig, US). The next day, the reaction solution and HRP-labeled anti-mouse
secondary antibody (GB23301, Servicebio, CN) were added dropwise and incubated at 37 °C for 30 minutes.
Diaminobenzidine (G1212, Servicebio, CN) was applied to provide a chromogen, referring in a reddish-brown
color. Positive expression was defined as brown-yellow granules in the cytoplasm.

Cell culture

NCM460, HT-29, Caco-2, and HCT-8 cell lines were acquired from the American Type Culture Collection
(Manassas, VA, USA) and subsequently maintained in Dulbeccos modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, 100 pg/mL streptomycin, and 5% CO,.

Knockdown of UGDH

HCT-8 cells were seeded at a confluency of 60-80% for lentivirus infection 24 hours prior. Table 1 shows
information on the siRNAs targeted to the UGDH gene. The insertion sequence of the control was TTCTC
CGAACGTGTCACGT. The lentiviral vector used was GV493. The lentivirus was provided by GeneChem
Corporation (Shanghai, China), and the infected cells were further treated with puromycin (10 ng/ml,
CSGC32186, Chemstan, China).
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No. 5’ STEM Loop STEM 3
UGDH-RNAil-a | Ccgg CCGAAGTTTAGTCTTCAAGAT | CTCGAG | ATCTTGAAGACTAAACTTCGG | TTTTTg
UGDH-RNAIl-b | aattcaaaaa | CCGAAGTTTAGTCTTCAAGAT | CTCGAG | ATCTTGAAGACTAAACTTCGG
UGDH-RNAi2-a | Ccgg GCCATCAAAGAAGCTGATCTT | CTCGAG | AAGATCAGCTTCTTTGATGGC | TTTTTg
UGDH-RNAIi2-b | aattcaaaaa | GCCATCAAAGAAGCTGATCTT | CTCGAG | AAGATCAGCTTCTTTGATGGC
UGDH-RNAi3-a | Ccgg CGGATCATAGATAGTCTGTTT | CTCGAG | AAACAGACTATCTATGATCCG | TTTTTg
UGDH-RNAI3-b | aattcaaaaa | CGGATCATAGATAGTCTGTTT | CTCGAG | AAACAGACTATCTATGATCCG

Table 1. The SiRNA sequence.

Gene Sequence

UGDH

Forward Primer | CCCTGTGTGCTGTATATGAGC
Reverse Primer | TGCTTATTCTCTGGGCAAGAAAA
GAPDH
Forward Primer | GGAGCGAGATCCCTCCAAAAT
Reverse Primer | GGCTGTTGTCATACTTCTCATGG

Table 2. The qRT-PCR primers.

Cell viability assay

A total of 5x 10> cells were inoculated in 96-well plates for 24, 48, or 72 hours. To evaluate the capacity for cell
proliferation, the absorbance at 450 nm was measured viaa TECAN Infinite M200 Multimode microplate reader
(Tecan, Mechelen, Belgium) with a CCK-8 assay kit (Solarbio, CN). The experiments were performed in six
replicates and were repeated 3 times.

Wound healing assay

A total of 5x 10° cells were seeded in a 12-well plate. Twelve hours later, the cell monolayer was scratched with
a sterile 10-pL pipette tip to generate a line-shaped wound. The cells were subsequently cultured in DMEM
without FBS. After 48 hours, images of the scratches were acquired with a digital camera. The scratch areas were
quantified via Image Pro-Plus 6.0 software (Media Cybernetics Inc., US). The experiments were performed in
triplicate and repeated 3 times.

Quantitative real-time polymerase chain reaction (QRT-PCR)

Total RNA was extracted, and cDNA was synthesized via an EasyScript” All-in-One First-Strand cDNA Synthesis
SuperMix Kit (Transgene, Beijing, China). Relative quantification was conducted in triplicate via real-time PCR
on a QuantStudio 6 Pro Real-Time PCR System (Thermo Fisher Scientific, Waltham, US) with TransStart’
Top Green qPCR SuperMix (Transgene, Beijing, China). We employed GAPDH as an internal control gene.
The experiments were conducted in triplicate and repeated three times. Table 2 lists the primers used in this
investigation.

Western blot

The protein lysates were separated via 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) (Epizyme Biomedical Technology, PG112, CN) and subsequently electrophoretically transferred
onto polyvinylidene fluoride membranes (Epizyme Biomedical Technology, WJ001, CN). Anti-UGDH
(Proteintech, 67360-1-Ig, 1:1000, US) and anti-GAPDH (MBL, M171-3, 1:5000, JPN) primary antibodies were
used. The secondary antibody used was HRP-conjugated AffiniPure goat anti-mouse IgG (H+L) (Proteintech,
SA00001-1, 1:8000, US). The integrated density of the protein bands was analyzed via Image] software.

Statistical analysis

The data are presented as the means+standard deviations (SDs). Statistical significance was assessed via
Student’s t test or the Mann-Whitney test for comparisons between two groups. One-way analysis of variance
(ANOVA) followed by appropriate post hoc tests was employed when more than two groups were compared.
All the statistical analyses were performed via SPSS 25.0 software (IBM Co., NY, USA). Group differences were
deemed statistically significant if the P value was less than 0.05.

Results

Expression of UGDH in CRC

In the TCGA and TNM plot databases, UGDH mRNA expression levels were significantly lower in CRC tissues
than in normal tissues (Fig. 1A&B). In GEO datasets, including GSE74602, GSE10950, and GSE110224, the
results also demonstrated the downregulation of UGDH mRNA in CRC (Figure S1A). Furthermore, in the
TNM plot database, metastatic CRC tissues presented significantly lower expression levels than nonmetastatic
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Fig. 1. Expression of UGDH in CRC. (A) UGDH mRNA expression in normal and CRC tissues in the
TCGA database. (B) The UGDH mRNA expression of normal and CRC tissues in the TNMplot database. (C)
UGDH mRNA expression in normal, nonmetastatic, and metastatic CRC tissues in the TNM plot database.
(D) UGDH mRNA expression in CRC tissues from different tumor stage groups. (E) Total UGDH protein
expression in normal and CRC tissues in the TCGA database. (F) Phosphorylated UGDH protein expression
in normal and CRC tissues in the TCGA database. (G) UGDH protein expression in normal and CRC tissues
in the HPA database. ****p <0.0001.

CRC tissues did (Fig. 1C). In COAD tissues, UGDH mRNA expression decreases with increasing tumor stage
(Fig. 1D). The CPTAC data revealed that the total protein and phosphoprotein levels of UGDH were lower
in CRC tissues than in normal tissues (Fig. 1E&F). Immunohistochemical staining of clinical samples from
the HPA database also revealed downregulation of the UGDH protein in CRC tissues compared with normal
tissues (Fig. 1G). We further detected the UGDH expression of clinical CRC samples, and the result showed that
the UGDH protein was downregulated in tumor tissues compared with non-tumor tissues in the same sample
(Fig. 2).
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Fig. 2. H&E staining and THC staining of KI67 and UGDH of clinical CRC samples.

Prognostic value of UGDH in CRC

The diagnostic utility of UGDH mRNA expression was assessed for normal and CRC tissues via receiver
operating characteristic (ROC) curve analysis, and the results revealed that UGDH had high diagnostic value
(Fig. 3A). The Kaplan-Meier plotter survival analysis suggested that high UGDH expression was significantly
related to good overall survival (OS), RFS, and PES in CRC patients (Fig. 3B-D). In the TCGA-CRC database,
the results also revealed that high UGDH expression was related to good OS, DSS, DFI, and PFI in CRC patients
(Supplemental Figure S2). To obtain a better model for predicting survival in CRC patients than individual
prognostic factors, we constructed a nomogram model based on UGDH expression in combination with
multiple clinical prognostic factors, including the age at initial diagnosis, sex, and tumor stage (Fig. 3E). The
calibration curve (C-index=0.72, Fig. 3F) and K-M plot of the risk score also revealed the good predictive ability
of the nomogram model for CRC (Fig. 3G).

Genetic alterations of UGDH in CRC

Compared with that in normal tissues, the methylation level of the UGDH gene promoter in tumor tissues
was significantly greater (Fig. 4A) and was significantly negatively correlated with UGDH mRNA expression
(Fig. 4B). In CRC tumor tissues, the main gene copy number variation (CNV) type of the UGDH gene was
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Fig. 3. The diagnostic and prognostic value of UGDH in CRC. (A) ROC curve of UGDH mRNA expression
in CRC. (B) OS analysis between UGDH mRNA expression and CRC. (C) RFS analysis between UGDH
mRNA expression and CRC. (D) PFS analysis between UGDH mRNA expression and CRC. (E) A nomogram
that combines UGDH mRNA expression and other prognostic factors in CRC. (F) Calibration curve of the

nomogram. (G) KM plot analysis of the risk factors for the nomogram in CRC.
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Fig. 4. Genetic alterations of UGDH in CRC. (A) UGDH gene promoter methylation levels in normal and
CRC tissues. (B) Correlation analysis between the UGDH gene promoter methylation level and UGDH mRNA
expression in CRC. (C) UGDH mRNA expression in tumor tissues from the neutral, deletion, and duplication
groups in the TCGA-CRC database. (D) Information on UGDH gene mutations in CRC. (E) UGDH mRNA
expression in WT and mutant CRC tissues. (F) mRNA expression correlations between UGDH and m6A-
related genes in CRC. ***p <0.001; ***p <0.0001. ns not significant.

deletion (-1, 32.3%), and compared with that in the CNV normal (0) group, UGDH mRNA expression was
significantly downregulated in the CNV deletion group (Fig. 4C). Furthermore, the mutational landscape of the
UGDH gene in CRC was further explored. We found that 3 (0.8%) of the 372 CRC samples had UGDH gene
mutations (Fig. 4D). There was no significant difference in UGDH expression between the wild-type and mutant
UGDH samples. (Fig. 4E). The correlation analysis results revealed that UGDH mRNA was positively correlated
with most m6A-related genes (Fig. 4F).

Correlations between UGDH and the TP53 pathway in CRC

The TP53 tumor suppressor gene is the most frequently altered gene in human cancers and has been a major
focus of oncology research®®. Herein, we further explored the correlation between UGDH and the TP53 pathway
in CRC. First, compared with that in TP53-nonmutant CRC tissues, UGDH mRNA expression was significantly
lower in TP53-mutant CRC tissues (Fig. 5A), which presented a lower methylation level (Fig. 5B). At the protein
level, UGDH expression also tended to decrease in p53/Rb-related pathway-altered CRC tissues (Fig. 5C&D).
Furthermore, there was a significant positive correlation between UGDH and TP53 expression in both tumor
and normal colon tissues (Fig. 5SE&F). Overall survival analysis of CRC patients revealed that high UGDH
mRNA expression was associated with a better prognosis in the wild-type TP53 group than in the mutated TP53
group (Fig. 5G).
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Fig. 5. Correlation of UGDH and the TP53 pathway in CRC. (A) UGDH mRNA expression in normal, TP53-
Mutant CRC, and TP53-NonMutant CRC tissues. (B) UGDH gene promoter methylation levels in normal,
TP53-Mutant CRC, and TP53-NonMutant CRC tissues. (C) UGDH total protein expression in normal, TP53-
Mutant CRC, and TP53-NonMutant CRC tissues. (D) Phosphorylated UGDH protein expression in normal,
TP53-Mutant CRC, and TP53-NonMutant CRC tissues. (E) mRNA expression correlation of UGDH and TP53
in the TCGA-CRC cohort. (F) mRNA expression correlation of UGDH and TP53 in the GTEx-CRC database.
(G) OS analysis between UGDH mRNA expression and CRC in the wild-type TP53 and mutant TP53 groups.
*p<0.05;*p<0.01; ***p<0.0001.

Functional enrichment analysis of UGDH-related genes in CRC

We analyzed the genes related to UGDH expression in CRC (Fig. 6A&B). A total of 456 overlapping correlated
genes (OCGs) were obtained between the two groups (Fig. 6C), and detailed information on the correlated
genes is provided in Supplement Table S2. The GO enrichment analysis revealed that these OCGs were enriched
mainly in immune system process, cell proliferation, programmed cell death, regulation of cell migration, and
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response to lipopolysaccharide (Fig. 6D). The KEGG enrichment analysis indicated that these OCGs were
related primarily to the PI3K-Akt signaling pathway, the MAPK signaling pathway, colorectal cancer, apoptosis,
the AMPK signaling pathway, the p53 signaling pathway, the VEGF signaling pathway, and the PPAR signaling
pathway (Fig. 6E). The detailed information on the enrichment analysis is provided in Supplement Tables S3
and S4. We subsequently constructed a PPI network of the OCGs (Fig. 6F). Using the Cytoscape MCODE
component (Fig. 6G), we ultimately obtained 11 hub genes, including CANX, P4HB, HSPA5, NFKBI, SMAD2,
MDM2, MAP3K5, MAPK8, HSP90BI, EP300, and XBP1I (Fig. 6H).

UGDH regulates immune cell infiltration (ICl) in CRC

ESTIMATE analysis revealed a positive correlation between UGDH expression and stromal, immune, and
Estimate Scores (Fig. 7A). The IPS analysis results indicated that UGDH expression was positively correlated
with the MHC and EC scores and negatively correlated with the SC, CP, and AZ scores (Fig. 7B). QuanTlseq
analysis revealed positive correlations between UGDH expression and M1 and M2 macrophages, neutrophils, NK
cells, CD8 + T cells, and Tregs (Fig. 7C). EPIC analysis revealed that UGDH expression was positively correlated
with CAFs, endothelial cells, and macrophages (Fig. 7D). TIMER analysis revealed that B cells, CD4+T cells,
CD8+T cells, neutrophil cells, macrophages, and dendritic cells (DCs) were positively correlated with UGDH
expression (Fig. 7E). According to the MCPcounter analysis, UGDH expression was positively correlated with
T cells, cytotoxic lymphocytes, NK cells, monocytic lineage cells, DCs, neutrophil cells, endothelial cells, and
fibroblasts (Fig. 7F). Because immunomodulators and immune checkpoints strongly impact the immunological
microenvironment, we further investigated the relationship between UGDH and immunomodulators and
immune checkpoints in CRC. The results suggested that UGDH is positively related to most immunomodulators
in CRC (Figure S2).

UGDH downregulation promotes the proliferation and migration of CRC cells

We first examined the endogenous protein expression levels of UGDH in NCM460, HT-29, Caco-2, and HCT-8
celllines. The HCT-8 cell line showed the highest expression level and was used for further experiments (Fig. 8A).
We performed siRNA lentivirus infection in HCT-8 cells to knock down the expression of UGDH (Fig. 8B). qRT-
PCR and Western blotting analysis demonstrated that the UGDH expression level was substantially reduced in
HCT-8 cells (Fig. 8C&D). The proliferative activity of HCT-8 cells was markedly enhanced by the knockdown
of UGDH at 72 h, as demonstrated by the CCK-8 analysis (Fig. 8E). The scratch assay results demonstrated that
UGDH downregulation promoted the migration ability of HCT-8 cells (Fig. 8F).

Discussion

Studies have shown that downregulation of UGDH affects glycosaminoglycan synthesis and motility in HCT-
8 cells?® and has been identified as a differentially expressed gene in clinical CRC samples associated with
metabolism-related functions*!. However, the expression status and function of UGDH in CRC are unclear.

In our study, we first confirmed the downregulation of UGDH in clinical CRC tissues compared with
normal tissues. At the genome level, aberrant DNA methylation is an essential epigenetic regulator of gene
expression and genome stability that drives tumor progression*?. Our results revealed that, compared with
those in normal samples, the methylation levels of the UGDH gene promoter are significantly increased, which
indicates that increased methylation of the UGDH gene promoter could inhibit UGDH mRNA expression. On
the other hand, CNVs of the genome can also impact gene expression, which has been linked to complex traits
in humans, including disease and drug response®. Our results revealed that in CRC tissues, the main CNV type
of the UGDH gene is deletion, which is correlated with lower UGDH mRNA expression. At the mRNA level,
m6A methylation is the most abundant modification in mRNAs and plays an important role in the metabolic
reprogramming of tumor cells*. Our results revealed positive correlations between UGDH mRNA expression
and most m6A-related genes. These results highlight the multiple regulatory mechanisms of UGDH expression
in CRC, and the detailed mechanism needs further study at the molecular level.

We next analyzed the relationship between UGDH and the tumor microenvironment, which is essential
for tumorigenesis, development, metastasis, and therapeutic response, and the infiltration and activation status
of immune cells can strongly influence their function®®. It has been reported that downregulating UGDH in
glioblastoma cells can activate human primary macrophages and promote human T-cell migration, proliferation,
and activation'®. Our GO enrichment analysis revealed that UGDH and its correlated genes are involved
in immune and inflammatory responses. The ICI analysis further demonstrated the correlations between
UGDH mRNA expression and immune status in CRC. The application of immune checkpoint inhibitor-based
immunotherapy in CRC has yielded satisfactory results in terms of safety and efficacy?®. Thus, targeting UGDH
to regulate the immune status and improve immunotherapy efficacy might be an avenue of great potential.
However, more experiments and clinical trials are needed to confirm these findings.

Finally, we further performed in vitro experiments and confirmed that downregulating UGDH promoted
the proliferation and migration of CRC cells. Thus, we believe that UGDH is a tumor suppressor gene in
CRC. Interestingly, we found that UGDH expression was positively correlated with the TP53 expression, and
significantly different between TP53-Mutant and TP53-NonMutant CRC tissues. In the TP53-Mutant CRC
group, UGDH expression significantly correlated with prognosis, while it had no significant correlation in the
TP53-NonMutant group. Our KEGG analysis also revealed that UGDH and its correlated genes are enriched in
the apoptosis and p53 signaling pathways. Usually, p53 functions as a suppressor of carcinogenesis by regulating
genes involved in plasticity, autophagy, the cell cycle, apoptosis, and DNA repair, and there is a link between
p53 and apoptosis in CRC*. Combining these results, we speculate that UGDH upregulates the expression
of p53 and further exerts anti-tumor function in CRC. Nonetheless, the relationship and detailed regulatory
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Fig. 7. UGDH expression is correlated with immune cell infiltration. (A) Estimate analysis of UGDH in CRC;
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mechanism between UGDH and the p53 signaling pathway need further exploration via in vivo and in vitro
experiments.

Conclusions

UGDH is downregulated in CRC tissues and can potentially serve as a prognostic indicator for CRC. UGDH
downregulation promotes the proliferation and migration of CRC cells, which might correlate with the p53
signaling pathway.

Data availability

The datasets generated and/or analyzed during the current study are available in the Mendeley Data reposito-
ry (Zao, Xiaobin (2025), “CRC-UGDH”, Mendeley Data, V1, https://data.mendeley.com/datasets/dgzkyjrr7y/1,
doi: 10.17632/dgzkyjrr7y.1).
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