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ARTICLE INFO ABSTRACT

Keywords: Colorectal cancer (CRC) is one of the deadliest cancers worldwide. Numerous studies have re-
colorectal cancer ported a correlation between uric acid (UA) level and CRC risk. Here, we investigated the role and
Prognosis

prognostic value of UA-related genes in CRC progression. CRC-associated gene expression and
clinical data were retrieved from The Cancer Genome Atlas (TCGA), and UA-related genes were
identified by overlapping the TCGA and GeneCards databases. The Gene Ontology annotation,
Kyoto Encyclopedia of Genes and Genomes pathway, and Molecular Signatures Database dataset
were subjected to gene set enrichment analysis. A prognostic model was constructed using the
univariate and multivariate COX regression and least absolute shrinkage and selection operator
(LASSO) analyses and validated using the Gene Expression Omnibus cohort. Competing endog-
enous RNA network, CellMiner, and Human Protein Atlas were used to detect the signature of 13
UA-related genes in the prediction model. The expression of five potential UA-related genes in
CRC cell lines was confirmed via qPCR. CIBERSORT was used to evaluate immune cell infiltration
in the TCGA-CRC dataset. Thirteen highly prognostic UA-related genes were used to construct a
prognostic model of CRC with risk score accuracy and predictive efficacy. Abundance of activated
MO macrophages, monocytes, CD8" T cells, and natural killer cells positively correlated with the
risk score. Five promising UA-related genes showed higher expression levels in CRC than in
colonic cell lines. Thus, our model posits a direct relationship between UA-related genes and CRC
risk, offering novel insights into diagnosis, prognosis, and treatment.
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1. Introduction

Colorectal cancer (CRC) is the third most prevalent and deadly cancer worldwide, with approximately 106 180 new diagnosed
cases each year [1]. Despite great improvements in diagnosis, molecular targeted therapy, immunotherapy, and other therapeutic
strategies, the prognosis and survival of patients with CRC remain poor, highlighting the importance of distinguishing the risk of CRC
and identifying specific therapeutic targets [2-4].

Metabolic disorders, somatic mutations, and dysregulated tumor microenvironment are known risk factors for the development of
CRC [5-7]. Smoking, alcohol consumption, obesity, low-dietary-fiber diet, and long-term intake of red meat and processed meats can
increase the risk of CRC [8]. With the improvement of living standards, the intake of purine-rich foods has increased greatly, and this
change in diet structure predisposes individuals to the development of metabolic diseases. Metabolism-related diseases, such as
obesity, type 2 diabetes, insulin resistance, and metabolic syndrome, are associated with the incidence of tumors and mortality [5].
Metabolic programming refers to the long-term effects of early-life nutritional and environmental exposures on an individual’s
metabolism and the subsequent risk of developing various diseases later in life, including cancer. CRC is among the disease that have
been associated with metabolic programming [9]. Additionally, metabolic programming can affect epigenetic modifications, which
can be influenced by various environmental factors, including nutrition [10]. Altered epigenetic patterns can regulate the expression of
genes involved in cancer development and progression, including those related to cell cycle control, DNA repair, and apoptosi [11].
CRC is a complex condition influenced by various genetic, lifestyle, and environmental factors. Therefore, understanding the role of
metabolic programming can provide valuable insights into disease prevention and intervention strategies.

Uric acid (UA), the final product of purine catabolism, is mostly found in the liver, gut, muscles, and vascular endothelium [12].
Despite its crucial antioxidantive role, high levels of UA are associated with several metabolic and non-metabolic diseases. Addi-
tionally, UA induces an inflammatory response by activating NF-kB, thereby promoting the pathogenesis of metabolic disorders [13]. A
recent study reported an association between elevated UA levels and CRC, suggesting UA as an independent predictive risk factor for
CRC [14]. Recent studies on the relationship between UA metabolism and CRC have provided novel insights into the prevention and
treatment of cancer in patients with metabolic diseases. However, UA-related genes that are associated with the prognosis of patients
with CRC remain largely unknown. Therefore, disruptions in important metabolic pathways have therefore been the focus of many
cancer studies [15,16].

Based on our findings, a total of 13 UA-related genes with high prognostic value were screened from The Cancer Genome Atlas
(TCGA) and GeneCards databases and used to construct a prognostic model, which was validated using the Gene Expression Omnibus
(GEO) cohort. The results indicated that the risk score of the candidate genes had accuracy and convenient predictive efficacy.
Furthermore, the immune infiltration and somatic mutation analyses of the CRC data from TCGA were performed.

2. Materials and methods
2.1. Cell culture

The human colon cancer cell lines HCT116, SW480, SW620, RKO, HT29, and SW1116 were obtained from National Collection of
Authenticated Cell Cultures (Shanghai, China) and cultured in either Dulbecco’s modified Eagle’s medium (DMED) (Hyclone, USA)
supplemented with 10 % fetal bovine serum (FBS) (Gibco, USA) and 1 % penicillin/streptomycin at 37 °C in a humidified atmosphere
containing 5 % CO,. FHC cell line (FuHeng Cell Center, Shanghai, China) was maintained in FHC cultured medium (FuHeng Cell
Center, Shanghai, China) at 37 °C, 5 % CO3 humidified atmosphere.

2.2. Data collection

The “TCGAbiolinks” R package [17] was used to download the raw RNA sequencing (RNA-seq) data profiles (Workflow Type:
Count) from the TCGA-COAD project (https://portal.gdc.cancer.gov/projects/TCGA-COAD), containing 447 CRC and 41
para-carcinoma tissue samples. Subsequently, the Count data were transformed into transcripts per million reads (TPM), which in turn
were transformed by z-score normalization for further analysis. In addition, patient clinical information, including age, gender, sur-
vival status, overall survival (OS) time, disease-free survival (DSS) time, progression-free survival (PFS) time, stage, and TNM stage,
was downloaded using the GDC software (https://portal.gdc.cancer.gov/; Table S1). After excluding the CRC samples with incomplete
survival and TNM stage information, 364 CRC and 41 para-carcinoma tissue samples were selected for subsequent analyses. The CRC
somatic mutation and Masked Copy Number Segment data were retrieved using the TCGAbiolinks R package and visualized using the
“maftools” R package [18]. The validation cohort was obtained from the GEO database (https://www/ncbi.nlm.nih.gov/geo/) using
the “GEOquery” R package [19] with the query GSE17536 on the GPL570 platform. The GEO cohort consisted of 175 CRC samples,
with a survival time of >30. The data were transferred by z-score and standardized by the “limma” R package [20]. We retrieved 3180
UA-related genes from the GeneCards database [21] (https://www.genecards.org) by searching the keyword “Uric Acid.”

2.3. Construction and validation of the UA metabolism-associated risk model
Least absolute shrinkage and selection operator (LASSO) regression, a current machine-learning algorithm, was used to construct a

diagnosis model. Regularization was utilized to avoid the overfitting problem in the curve-fitting process to increase model accuracy.
The “glmnet” Package [22] was used to construct the model, and the parameter was set.seed (2), family = " binomial.”
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2.4. Screening of significant differentially expressed genes (DEGs)

The “Deseq2” R package was employed to identify the differentially expressed mRNAs between normal and tumor samples. The
cutoff value of the DEG criterion was set as log fold change (FC) > 1, along with adjP<0.05. DEGs with logFC >1 were considered
upregulated genes in the tumor, and those with logFC < —1 were considered downregulated genes. The results of the differential
analysis were plotted as heat and volcano maps using the R packages “pheatmap” and y “ggplot2,” respectively [23].

2.5. Gene enrichment of DEGs in normal and cancer tissue samples

Gene ontology (GO) annotation analysis [24], a common method for conducting large-scale functional enrichment studies, clas-
sifies gene and protein functions into three GO categories, including biological processes (BP), molecular functions (MF), and cellular
components (CC). The KEGG [25] is a widely used database that stores information about genomes, biological pathways, diseases, and
drugs. The GO annotation and KEGG pathway enrichment analyses of DEGs were performed using the “clusterProfiler” R package [26],
and a critical value of <0.05 for false discovery rate (FDR) was considered statistically significant.

To investigate the differences in biological processes between different subgroups, gene set enrichment analysis (GSEA) [26] was
performed for gene enrichment based on the TCGA-COAD gene expression profile dataset with logFC as the alignment. GSEA is a
computational method used to analyze statistical differences in a particular gene set between two biological states and is commonly
used to estimate changes in pathways and biological process activity in datasets. The gene set “msigdb.v7.0. symbols" was downloaded
from the Molecular Signatures Database (MSigDB) database [27] for GSEA, and an FDR of <0.25 was considered significantly
enriched.

In addition, the enrichment scores of relevant pathways in the Molecular Signatures Database (MSigDB) database were calculated
based on the gene expression matrix of each sample by the method of Gene Set Variation Analysis (GSVA) using the GSVA R package
[28]. Furthermore, the differences were screened by the “limma” package, setting |logFC |> 0.5 and adjP value < 0.05 as the threshold
of difference in pathways, and the relevant enrichment entries with statistically significant differences were displayed using heat maps.
Enrichment scores for UA-related genes were calculated using the single-sample GSEA (ssGSEA) method [29] based on the gene
expression matrix of each sample separately and presented using box plots.

2.6. Estimation of immune infiltration into CRC tumor microenvironment

Based on the principle of linear support vector regression, CIBERSORT [30] is an analytical tool for deconvoluting the tran-
scriptome expression matrix to estimate the composition and abundance of immune cells in a mixture of cells. The gene expression
matrix data (TPM) was uploaded to CIBERSORT combined with the LM22 eigengene matrix and filtered samples with an output of p <
0.05 to derive the immune cell infiltration matrix. The distribution of the 22 immune cell infiltrates in each sample was displayed by
histograms using the “ggplot2” R package.

2.7. Protein-protein interaction analysis of UA-related genes

The STRING database [31] is used for predicting protein—protein interactions. It contains 9.6 million proteins and 138 million
protein-protein interactions from 2031 species. It contains data obtained from experiments, text mining results from PubMed ab-
stracts, other databases, and bioinformatic predictions. Protein—protein interaction networks were constructed for UA-related dif-
ferential genes using the STRING database, setting 0.9 as the correlation coefficient. The protein-protein Interaction Network (PPI)
results were exported from the STRING database and visualized using Cytoscape [32].

2.8. Construction of the competing endogenous RNA (ceRNA) network for DEGs

The ceRNA network elucidates the mechanisms of long non-coding RNAs (IncRNA), microRNA, and mRNA interactions. The data
associated with the IncRNA-miRNA data (starBaseV3 hg19 CLIP-seq IncRNA all) were downloaded from the StarBase database to
screen for IncRNAs with pancancerNum >5 and clipExpNum >3. Using the multiMiR package [33], miRNAs were predicted using the
miRTarBase database, with dual luciferase validation as a condition.

2.9. Chemotherapy sensitivity analysis of prognostic genes based on CellMiner

The mRNA expression profiles and drug activity data of 13 UA-related DEGs in the prognostic model were downloaded from the
CellMiner database (https://discover.nci.nih.gov/cellminer/) [34], which. is a web-based tool containing genomic and pharmaco-
logical information for researchers to use NCI-60 cell line transcript and drug response data compiled by the National Cancer Institute.
The transcript expression levels of 22 379 genes, 360 miRNAs, and drug responses for 20 503 compounds are available on the Cell-
Miner website. We calculated correlations between the expression of the 13 prognostic model genes and compound sensitivity using
Pearson’s correlation analysis. Statistical significance was set at P < 0.05.
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2.10. Immunohistology analysis from HPA database

The Human Protein Analysis (HPA; https://www.proteinatlas.org/) [35] presents information on the tissue and cellular distri-
bution of 24 000 human proteins obtained from 48 human normal tissues, 20 tumor tissues, 47 cell lines, and 12 blood cell types. All
results are expressed in at least 576 immunohistochemical images, which are read and cited by professionals. Protein expression levels
and differences in 13 model genes in normal and colon cancer tissues were retrieved from the HPA database (https://www. protei-
natlas.org/).

2.11. RNA isolation and gPCR

Total cell RNA was isolated using TRIzol (Invitrogen, USA) according to the protocol previously reported [36]. The first-strand
cDNAs were generated utilizing HiScript II 1st Strand cDNA Synthesis Kit (Vazyme, China) and analyzing using ChamQ SYBR qPCR
Master Mix (Vazyme, China) by Quantitative Real-time Polymerase Chain Reaction (PCR) in LightCycler 480 II(Roche, Switzerland)
according to manufacture protocol. The sequences of primers are listed as followed: PLACI: forward primer: 5-GGAGTCTGTCAAG-
GAGTGCC-3’and reverse primer: 5- TGGTGAAGGCAGTTGTGCTA -3’; TERT: forward primer: 5- GGCACGGCTTTTGTTCAGATG
-3’and reverse primer: 5- GGAGGCTGTTCACCTGCAAAT -3’; TIMP1: forward primer:5- ATTCCGACCTCGTCATCAGG -3’and reverse
primer: 5- GGACCTGTGGAAGTATCCGC -3’; ACTB: forward primer:5-AGAGCTACGAGCTGCCTGAC-3’and reverse primer:
5'-AGCACTGTGTTGGCGTACAG-3’; TRIP6: forward primer: 5-CGACCAGACCGACAGGCATA -3’and reverse primer: 5'-
GCTGGCGGTAGTGTAAGAGG -3’; WDR72: forward primer: 5- CAGCAACTCAAACTCGGCAA -3’and reverse primer: 5-
GATGCCTTGGCTCACCTGG -3°.

2.12. Statistical analysis

All calculations and statistical analyses were performed using the R software (https://www.r-projec t.org/, version 4.0.2). For
comparing the two groups of continuous variables, the independent Student’s t-test was employed to estimate the statistical signifi-
cance of normally distributed variables, and the Mann-Whitney U test (i.e., Wilcoxon rank-sum test) was used to analyze the dif-
ferences between non-normally distributed variables. All statistical P-values were two-sided and were statistically significant at < 0.05.
The overall flow diagram is shown in Fig. S1.

3. Results
3.1. Identification of differential UA metabolism-associated genes and biological function analysis

Principal component analysis (PCA) was used to analyze the CRC data from the TCGA database (TCGA-COAD). As illustrated in
Fig. S2 A, the expression profiles of cancer tissues were significantly different from those of normal tissues. To explore the potential
mechanisms of CRC development and to identify diagnostic and prognostic markers, we performed differential analysis of the
expression profiles of CRC and normal tissues. Screening with the threshold of [logFC|>1 and adjusted P < 0.05, it showed that 4786
genes were upregulated and 3480 genes were downregulated, as visualized using the volcano plot and heat map. Brown represents
upregulated expression and dark green represents downregulated expression (Figure S 2B-C). To further understand the alteration of
pathways in CRC, we analyzed the enrichment scores of relevant datasets in MSigDB in all samples using GSVA and screened the
differentially enriched pathways with [logFC|>0.5, adjusted P < 0.05, using the “limma” package. Multiple pathways were suggested
to differ between the groups. The most significantly different pathways were visualized using a heat map that included multiple cancer-
related pathways.

Additionally, GSEA was conducted to enrich the GO, KEGG, and MSigDB pathway-related datasets with the list of genes ranked
from the highest to the lowest difference multiplicity. The results demonstrated that the gene sets were significantly enriched by the
GO enrichment analysis and were ranked by normalized enrichment scores (NES) in descending order: condensed chromosome
centromeric and condensed chromosome kinetochore; however, the significantly suppressed ones were the cation channel complex
sarcolemma (Fig. S3A). The GO enrichment analysis network indicated that the pathway was focused on chromosomes, centromeric
regions, spindle poles, and spliceosomal complexes (Fig. S3B) (Table S1). We visualized the top 10 functional entries that were
significantly enriched according to the descending order of the absolute NES values. The main functions were associated with the
extracellular matrix and extracellular vesicles.

The KEGG enrichment analysis revealed that the cell cycle and cGMP-PKG signaling pathways were significantly enriched, whereas
the ribosome and calcium signaling pathways were significantly inhibited (Fig. S3D) (Table S2). The KEGG enrichment network
analysis showed that the pathways were focused on signaling pathways regulating stem cell pluripotency, cell cycle, and the cGMP-
PKG signaling pathway (Fig. S3E). We also visualized the significant enrichment of related pathways in descending order of |NES|,
including signaling pathways regulating stem cell pluripotency, the Hippo signaling pathway, cell adhesion molecules, and other
related pathways, among which purine metabolism was significantly inhibited CRC (Fig. S3F).

The MSigDB dataset enrichment analysis showed the enrichment of several pathways, including sabates_colorectal adenoma and
vecchi_gastric_cancer_early, which were significantly suppressed (Fig. S3G). The enrichment analysis network diagram shows that the
pathways focus on the Anderson cholangiocarcinoma class2 and Basaki YBX1 targets up, and Benporath proliferation. (Fig. S3H). We
The enrichment of apparently related pathways were also visualized in the descending order of |NES| (Fig. S3I).
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3.2. Diagnostic signature of UA-related genes in CRC

In enrichment analysis, we found that purine metabolism was significantly reduced in CRC (Fig. 1A). Moreover, the results of the
GSEA and GSVA enrichment analyses showed that several purine metabolism-related pathways in the MSigDB dataset were signifi-
cantly altered in CRC and normal tissues (Fig. 1B and C). Disorders in purine metabolism may be involved in CRC development, and
several clinical studies have suggested that serum UA may be associated with CRC risk. To further explore the role of UA-related genes
in CRC, we searched the GeneCards database for UA-related genes using the keyword “Uric Acid,” and finally obtained 3180 UA-
related genes. The ssGSEA algorithm was used to calculate the enrichment scores of UA-related genes in each TCGA-COAD sample.
The enrichment levels of UA-related genes were significantly different between colon cancer and normal tissues (Fig. 1D). The results
of the receiver operating characteristics (ROC) curve analysis also showed high accuracy (AUC = 83.8 %) of using the UA-related gene
enrichment score as a diagnostic marker (Fig. 1E).
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By intersecting the UA-related genes with DEGs, we obtained 636 UA-related DEGs, which were visualized using a Venn diagram
(Fig. 1F). Among the UA-related DEGs, abnormally expressed transcript factors (MYH1, NR3C1, IRF4, MAF, and E2F1) were identified.
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cross validation. (C)LASSO coefficient of uric acid-related DEGs gene set. Dashed line showing the value of 10-fold cross validation.(D)13 inde-
pendent risk factors in risk predictive model constructed by multivariate COX regression analysis.(E)Distribution of patients in TCGA cohort based
on survival status with risk value in model. (F)Distribution of patients in low- and high-risk group based on the median risk score.
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Fig. 4. The predictive value of uric acid-related DEGs risk score model in survival status of patients from TCGA cohort

(A) The box plot of differential risk value between survival patients and dead patients, 0: survival, 1: dead. (B) The comparison of overall survival
between low- and high-risk group, brown: high-risk group, green: low-risk group. (C) The comparison of disease specific survival (DSS) between
low-and high-risk groups, brown: high-risk group, green: low-risk group. (D) The comparison of progression free survival (PFS) between low- and
high-risk group, brown: high-risk group, green: low-risk group.(E) AUC of time-dependent ROC curve suggesting the good performance of the risk
scores (AUC>0.7). (F) Diagnosis efficacy of AUC in time progression based on risk scores.
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Fig. 5. The predictive value of uric acid-related DEGs risk score model in combination with clinical pathological characteristics of patients from
TCGA cohort

(A) Nomogram elucidating higher contribution value than other clinical pathological characteristics. (B) The calibration plots of the nomogram. (C)
Univariate Cox regression analysis of the nomogram. (E) Multivariate Cox regression analysis of the nomogram.
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Fig. 6. The verification of model gene set expression profile and predictive risk model

(A) The box plots of the expression difference of 13 genes in risk model between CRC and normal tissues. (B) The paired dot plots of the expression
difference of 13 genes in risk model between CRC and cancer adjacent tissues. (C) The validation of predictive ability of risk model in GSE17536
cohort. (D) Diagnosis efficacy of AUC in time progression based on risk scores in GSE17536 cohort. (E) The heatmap of differential expression of 13
Todel genes in pan-cancer. *P < 0.05,**P < 0.01,***P < 0.001.

Abnormal expression of transcription factors often causes extensive abnormal expression of their downstream target genes. We
constructed a transcription factor network by performing Pearson’s correlation analysis with a correlation coefficient of 0.8 and a
threshold of P-value <0.001 (Fig. 2A). Subsequently, we took the top 150 UA-related differential genes in the descending order of
ploidy. We further constructed a protein-protein interaction network using STRING (correlation coefficient 0.9) and visualized it using
Cytoscape (Fig. 2B). The top three genes with the highest protein interactions were ALB (7), ACAN (5), and F2 (5). To further explore
the functions and pathways of UA-related genes, we performed a functional analysis of the 636 differentially expressed UA-related
genes. The GO functional analysis showed that these genes are involved in the body’s response to nutrients, homeostasis, and
leukocyte migration (Fig. 2C), and the KEGG functional analysis suggested that these genes are involved in tumor signaling pathways,
such as Phosphatidylinositide 3 kinases-protein kinase B (PI3K-Akt) immune-related pathways, and tyrosine metabolism (Fig. 2D).

3.4. Construction of the prognostic model of UA-related genes

To explore the role of UA-related genes in the prognosis of CRC, we used a univariate COX regression analysis to identify 35 UA-
related genes that might be associated with CRC prognosis from the 636 UA-related DEGs (Fig. 3A). Subsequently, the accuracy of the
prediction model was improved by the least absolute shrinkage and selection operator (LASSO) regression analysis. The model had the
best predictive accuracy when 21 genes were selected (LEP, CPT2, LRP2, WDR72, TIMP1, INHBB, CUX2, TRIP6, QSOX2, PLAC1,
SPINK4, ZDHHC11, MMP10, MACIR, PPARGC1A, ALPP, GPSM2, TERT, HDC, MUC16, and CALBI) (Fig. 3B and C). Finally, a multi-
variable Cox regression analysis was used to identify 13 independent predictors (LEP, CPT2, WDR72, TIMP1, CUX2, TRIP6, PLAC1,
SPINK4, MACIR, ALPP, TERT, HDC, and CALB1I) (Fig. 3D). We also constructed a prognostic model for CRC based on 13 UA-related
genes and calculated the risk values for each sample based on the correlation coefficients. The model showed that the number of
deaths significantly increased, and the survival time significantly decreased with an increase in risk values (Fig. 3E and F). We
visualized the differences in risk values across survival states, and found that the risk values were significantly higher in the death
group than in the survival group (Fig. 4A). The samples were divided into high- and low-risk groups with median values before
performing a survival analysis, which showed that overall survival (OS), disease-specific survival (DSS), and progression-free survival
(PFS) were significantly lower in the high-risk group (Fig. 4B-D). To verify the efficacy of the risk model, we constructed time-
dependent ROC curves using risk values as predictors. The results showed that the 1-, 3-, and 5-year AUC values were 79.57 %,
75.76 %, and 82.69 %, respectively, indicating high predictive accuracy of the model (Fig. 4E and F). Using a nomogram, we found that
the risk score contributed most to the survival risk compared with age, gender, stage, and TNM stage (Fig. 5A). Subsequently, cali-
bration curves were used to test the prediction accuracy of the model and found that the prediction accuracies of 1-, 3- and 5-year
survival rates were high (Fig. 5B). The clinicopathological characteristics of patients in the TCGA-COAD cohort are shown in Table S1.

To determine the effect of clinicopathological characteristics on risk scores, we performed univariate and multivariable Cox
analysis by combining clinical characteristics (age, sex, stage, T, N, M), and the results showed that the risk score of the prediction
model remained an independent risk factor after combining other clinical characteristics (multifactorial COX regression HR = 2.363,
95 % CI [1.867-2.987]; P < 0.001) (Fig. 5C and D). We visualized the expression of 13 model genes in cancer versus normal tissues,
among which CPT2, CUX2, HDC, LEP, and MACR were poorly expressed in cancer, whereas ALPP, CALB1, PLAC1, TERT, TIMP1, TRIP6,
and WDR72 were highly expressed in cancer. The cancer versus paracancer expression profiles of CPT2, CUX2, HDC, MACR, ALPP,
CALBI1, PLAC1, TERT, TIMP1, TRIP6, and WDR72 were significantly different, whereas those of ALPP, CALB1, LEP, and SPINK4 were
not significantly different, and this was attributed to the small paired-sample size (Fig. 6A and B). We then downloaded the CRC-
related dataset (GSE17536) from the GEO database for prognostic model validation, and the TimeROC results indicated that our
prognostic model had some predictive power (Fig. 6C and D). We explored the expression of 13 predictive genes in pan-cancer using
the Gene Expression Profiling Interactive Analysis (GEPIA) database (http://gepia.cancer-pku.cn/), and the results suggested that
these 13 predictive genes were significantly differentially expressed in multiple cancers and normal tissues.

3.5. Comparison of somatic mutation and tumor immune infiltration

We visualized the mutation gene profiles of TCGA-COAD samples using the “maftools” R package (Fig. 7A). A horizontal histogram
shows the mutation characteristics of the genetic loci with high mutation frequencies, and the top 10 genes with the highest mutation
frequencies were APC (71 %), TP53 (54 %), TTN (49 %), KRAS (42 %), SYNE1 (30 %), MUC16 (30 %), PIK3CA (30 %), FAT4 (25 %),
RYR2 (22 %), and CSMD3 (21 %). Similarly, horizontal histograms were used to show mutations in 13 prognostic model genes (Fig. 7B
and C), with the top three being CUX2 (9 %), WDR72 (4 %), and TRIP6 (3 %). Detailed mutation information for each sample is shown
in the waterfall plot, with different mutation types annotated in different colors at the bottom. Lollipop plots were applied to present
the amino acid mutation sites of CUX2, WDR72, and TRIP6 (Fig. 7D). Furthermore, we analyzed the mutation correlation among the
selected 13 genes (Fig. 7E).

Functional analysis of the UA-related DEGs suggested a close association with immunity. We computed the level of infiltration of 22
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Fig. 7. The mutation signature of data from TCGA-COAD

(A) The mutation profile of data from TCGA-COAD. (B) The waterfall plot depicting the top 10 mutation genes in TCGA-COAD samples. (C) The
waterfall plot depicting the mutation frequency of 13 uric acid-related DEGs of risk model in TCGA-COAD samples. (D) The somatic mutation rate of
CUX2, WDR72 and TRIP6. (E) The mutation co-occurrence and exclusion analyses of 13 uric acid-related DEGs of risk model.
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Fig. 8. The analyses of immune infiltration in

TCGA cohort

(A) The violin plots displaying the distribution difference of 22 immune cell types in low- and high-risk group estimated by CIBERSORT. (B) The bar
graphs showing the proportion of 22 immune cells types. (C) The heatmap of correlation between immune cell types.(D) Friend analysis of the
connectivity of 22 immune cell types.(E) The lollipop diagrams for the correlation between immune cell types and hazard ratio.
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Fig. 9. The construction of ceRNA network, the sensitivity of chemotherapy and immunohistochemistry
(A) The alluvial diagram displaying the ceRNA network of TERT and TIMP1. (B) The top 16 susceptibility results based on analysis of chemotherapy
sensitivity of 13 uric acid-related DEGs of risk model. (C) The immunohistochemistry results of 13 uric acid-related DEGs of risk model from The

Human Protein Atlas database.
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immune cells in CRC samples using the CIBERSORT algorithm. We found significant differences in some immune cells in high- and low-

risk groups, where CD8™ T cells, monocytes, and MO macrophages were significantly increased in CRC while plasma cells, resting CD4

memory T cells, and resting mast cells were significantly decreased (Fig. 8A). To further understand immune cell infiltration, we

visualized the distribution of immune cells in each sample and performed a correlation analysis of 22 immune cells (Fig. 8B and C) and

found that naive CD4™ T cells and activated mast cells had the highest association with other immune cells according to Friend analysis

(Fig. 8D). Further, the correlation were explored between immune cell expression and risk value using a correlation analysis with a

significance threshold of P < 0.05. The results showed that the abundance levels of MO macrophages, monocytes, CD8" T cells, and NK

cells were positively correlated with the risk value, whereas those of plasma cells, resting CD4+ memory T cells, resting mast cells, and

neutrophils were negatively correlated with the risk value (Fig. 8E).

3.6. Analysis of ceRNA network and chemotherapy sensitivity

To further reveal the regulatory network of UA-related gene sets, we constructed ceRNA networks. Based on the miRTarBase
database, we screened the miRNAs of predicted gene sets using the threshold of validation with a dual-luciferase reporter assay and
predicted IncRNAs based on the starBase database with the threshold of pancancerNum >5 and clipExpNum >3. The results were
visualized using the Cytoscape software. Finally, a ceRNA network of TERT and TIMP1 was constructed (Fig. 9A). To further explore
UA-related predicted gene-sensitive drugs, we determined the chemotherapy sensitivity of the predicted gene sets using the CellMiner
database. The chemotherapeutic drugs were screened using clinical trials and U.S. Food and Drug Administration (FDA) approval as
the benchmark. The Pearson’s correlation coefficient of the predicted gene set and chemotherapeutic drugs was calculated, and the top
16 significantly associated genes and drugs were visualized (Fig. 9B). We further confirmed the expression of the predicted genes in
cancer versus normal tissues using The Human Protein Atlas (https://www.proteinatlas.org/) database, where all 10 genes were found
to have significant protein expression in cancer versus normal tissues. Immunohistochemically, PLACI and TERT levels showed no
significant differences between cancer and normal tissues, while CUX2 expression level remained unchanged (Fig. 9C).

3.7. Expression of TRIP6, TERT, WDR72, PLAC1, and TIMP1
To verify the results of the above analysis, we tested the mRNA expression levels of TRIP6, TERT, WDR72, PLAC1, and TIMP1 in

different CRC cell lines (HCT116, SW480, SW620, RKO, HT29, and SW1116) and in the normal colonic epithelial cell line FHC. The
results of the qPCR assay showed that the expression levels of TRIP6 and PLAC1 levels were significantly higher in CRC cell lines than in
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Fig. 10. The expression of TRIP6, TERT, WDR72, PLAC1 and TIMP1 in CRC cell lines and normal colonic cell line
The mRNA expression levels of TRIP6(A), TERT(B), WDR72(C), PLAC1(D) and TIMP(E) measured by Q-pcr. *P < 0.05,**P < 0.01,***P < 0.001.
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FHC. Excluding the RKO cell line, the mRNA levels of TERT and WDR?72 were significantly elevated in the HCT116, SW480, SW620,
HT29, and SW1116 cell lines. In SW480 and HT29 cells, the mRNA expression level of TIMPI was significantly lower than that in FHC,
while it was significantly higher in the HCT116 and RKO cell lines than in FHC (Fig. 10).

4. Discussion

CRC is a multifactorial digestive system disease with a high risk of metastasis and recurrence, posing a significant global health
burden [37]. Despite extensive research on CRC development, the exact mechanism of CRC -microenvironment interactions has not
been elucidated. Recently, cancer cell metabolism reprogramming has become a research hotspot in cancer initiation and progression
[38]. Dysregulation of metabolic pathways is a hallmark of cancer [39]. Aberrant changes in metabolism trigger uncontrolled CRC cell
proliferation and an unbalanced tumor microenvironment. Although changes in gene and protein expression have been profiled in
CRG, little is known about metabolism-related gene alterations that characterize colorectal neoplastic progression.

UA, a catabolic product of purine derived from RNA and DNA, is a well-known antioxidant and proinflammatory compound. UA
disorder is a common cause of obesity, diabetes, and metabolic syndrome [40], and has been reported to induce the progression of
CRC. However, the integrated roles of multiple UA-related genes in CRC are unknown. Our analysis revealed a novel perspective on the
potential significance of UA-related genes in CRC prognosis, thus providing an effective therapeutic strategy.

In this study, we aimed to explore the potential association between UA-related genes and CRC risk. We screened 4786 upregulated
DEGs and 3480 downregulated DEGs in CRC tissues compared to normal tissues from the TCGA database. The GSEA, GSVA, and
MsigDB analyses were applied for further functional and pathway enrichment, and the identified DEGs were found to be enriched in
purine metabolism-related pathways. Additionally, ROC curves were used to test the diagnostic efficacy of the UA enrichment score of
the samples in the TCGA-COAD cohort, and the results showed that the UA-related enrichment score is a highly accurate diagnostic
marker, suggesting that UA-related metabolic problems play a vital role in CRC tumorigenesis. Of the 8266 DEGs, 636 UA-related DEGs
were identified by analyzing the data from the GeneCards database, and a gene signature was constructed in the TF and STRING
networks. The GO and KEGG enrichment results showed that UA-related DEGs participate in CRC progression by playing an important
role in tumor cell homeostasis and immune response signaling pathways, in accordance with the antitumor immunity function of UA in
previous studies [41]. Moreover, we identified 13 UA-related genes (LEP, CPT2, WDR72, TIMP1, CUX2, TRIP6, PLAC1, SPINK4,
MACIR, ALPP, TERT, HDC, and CALBI1) from 636 UA-related DEGs as independent risk predictive factors using univariate COX and
LASSO regression analyses and established a prognostic risk score model for CRC in the TCGA cohort. The model could predict the OS,
DSS, and PFS of patients with CRC with good accuracy by calculating the risk value of the tumor samples, and the risk score contributed
more than the age, sex, stage, and TNM stage. Subsequently, the prognostic risk model was validated in a GEO cohort. While previous
studies focused on the predictive function of UA level in CRC prognosis [14,42], this study offers a novel insight into the prognostic role
of UA-related genes in CRC. Our data highlight the value of combining biomarkers to predict the prognosis of CRC development.

Notably, because there were significant differences between the low- and high-risk score groups, the UA-related DEGs in the
prognostic risk models were further explored. We detected elevated expression levels of TRIP6, PLAC1, WDR72, TERT, and TIMPI in
CRC tissues compared to normal and para-cancerous tissues in the TCGA database. In addition, we detected the mRNA expression of
these candidate genes in the colonic epithelial cell line FHC and the CRC cell lines HCT116, SW480, SW620, RKO, HT29, and SW1116.
Elevation in the expression levels of these five UA-related genes in CRC cell lines compared to FHC indicated that they are closely
related to the progression and prognosis of CRC. Thyroid Hormone Receptor Interactor 6 (TRIP6) is a member of the zyxin family that
localizes to focal adhesion sites and serves as an adaptor protein to regulate diverse biological processes [43]. TRIP6, functioning as an
oncogene, promotes Ewing’s sarcoma cell migration, invasion, and growth [44] and accelerates cervical cancer cell proliferation and
invasion by upregulating oncogenic YAP signaling [44]. In addition, TRIP6 has been reported to serve as a positive regulator of in-
flammatory damage during the pathogenesis of colitis via TRAF6 activation [45]. We also calculated the tumor mutation burden in our
TCGA-COAD samples. A total of 2.86 % of TRIP6 somatic mutations were identified in CRC samples, which suggested its potential role
in CRC progression.

WD repeat domain 72 (WDR72), a member of the WD 40 repeat domain superfamily, plays a major role in tooth enamel formation
[46] and calcium vesicle turnover [47]. However, its function in cancer has rarely been reported. Recently, Ouyang et al. reported that
WDR?72 enhances the stemness of lung cancer cells by regulating the AKT/HIF-1 (protein kinase B/Hypoxia-inducible factor 1)
signaling pathway. In this study, compared with that in normal tissues and colonic cells, the expression level of WDR72 was signifi-
cantly elevated in CRC samples and CRC cell lines, with a 3.74 % somatic mutation rate in CRC samples in the TCGA-COAD database,
indicating that abnormal expression and mutation of WDR72 might increase CRC risk.

Placenta-specific 1 (PLACI) is involved in placental development and is frequently activated and expressed in various cancers.
PLACI1 is a specific antigen in tumor immune response and may play an important role in cancer immunotherapy [48]. Furthermore,
PLAC1 expression was found to be positively correlated with sensitivity to fluphenazine, imiquimod, and isotretinoin, but negatively
correlated with sensitivity to irofulven, suggesting that PLACI is a prospective chemotherapy target.

Telomerase reverse transcriptase (TERT) is a ribonucleoprotein polymerase that maintains telomere ends by adding the telomere
repeat TTAGGG. It engages in tumorigenesis via multiple genetic and epigenetic alterations by affecting telomerase activity [49]. It
showed higher expression levels in SW480, SW620, HT29, and SW1116 cell lines than in FHC, indicating that the upregulation of its
expression might promote CRC development. Moreover, we predicted that TERT expression was positively associated with the
sensitivity to nelarabine, hydroxyurea, cytarabine, fluphenazine, fludarabine, and raltitrexed, suggesting that TERT is a chemother-
apeutic target.

Tissue inhibitor matrix metalloproteinase 1 (TIMP1) is a natural inhibitor of matrix metalloproteinases in extracellular matrix
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degradation. TIMP1 possesses anti-apoptotic functionality and is involved in cellular response to several cytokines and hormones.
TIMP1 is correlated with poor prognosis in a wide variety of cancers. It has been reported to induce neutrophil extracellular trap
formation in pancreatic cancer [50]. Song et al. reported that TIMP1 participates in colon cancer progression and metastasis via the
Focal Adhesion Kinase-Phosphatidylinositide 3 kinases/protein kinase B(FAK-PI3K/AKT) and mitogen-activated protein kinase
( MAPK ) pathways [51]. TIMP1 is closely associated with tumors and inflammation, which is in line with the pro-inflammatory
function of UA. Therefore, these five UA-related DEGs are promising diagnostic and prognostic markers for CRC progression, and
their functions and mechanisms should be further explored.

An imbalance in the antioxidant and pro-inflammatory patterns of UA can also trigger tumor progression [51]. In the current study,
we attempted to elucidate the relationship between the risk model for UA-related genes and immune infiltration. The altered
expression profile from the CIBERSORT analysis in our risk score model is highly consistent with current studies on immune cell
infiltration. The high-risk CRC patients had increased CD8" T cells, monocytes, and MO macrophages, and the risk score exhibited a
positive correlation with the infiltration of these three immune cell types. CD8" T cells are an important cluster of cells that perform
immune surveillance and antitumor immune responses, which play a key role in balancing the tumor immune microenvironment [52,
53]. The progression of monocyte differentiation into tumor-associated macrophages (TAMs) has been reported to contribute to tumor
infiltration and metastasis; thus, an increase in monocyte levels could reflect the activity of TAMs [54].

Although we constructed an accurate CRC prognostic model and validated the candidate genes in a separate cohort, there are still
some limitations to our study, including the lack of more samples. The retrieval of all data and samples from the public database might
have conferred a lack of CRC cases covering all relevant regions. Further in vivo and in vitro experiments are needed to examine the role
of the five screened genes in CRC progression. Finally, further functional studies are required to elucidate the molecular mechanisms
underlying the role of UA-related DEGs in CRC.

In conclusion, our results support the notion that UA-related genes might be utilized as a noninvasive approach to assess the
prognosis of CRC. We identified 13 UA-related genes with high prognostic value to construct a prognostic model. The risk score of
candidate genes can be a new assessment tool for CRC prognosis that shows plausible biological and clinical significance. Inmune
infiltration of MO macrophages, monocytes, CD8" T cells, and activated NK cells was positively correlated with the risk score. Five
significant UA-related genes were expressed at higher levels in CRC cell lines than in colonic cell lines, and they were associated with
chemotherapy treatment. To the best of our knowledge, this is the first study to explore the relationship between UA-related genes and
CRC and may provide a significant basis for future mechanistic studies.
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