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Abstract. Despite the development and application of 
numerous biomarkers and targeted therapeutic approaches for 
bladder cancer, substantial limitations and challenges persist 
in its early diagnosis and targeted treatment. As a result, 
there is an immediate necessity to discover novel biomarkers 
and develop new targeted drugs. In the present study the 
association between genes and bladder cancer was analyzed 
through Mendelian randomization (MR). Sensitivity analysis 
was conducted to evaluate the reliability of gene causality. 
Colocalization analysis was used to reduce confounding factors 
due to linkage disequilibrium and improve the accuracy of 
causal inference. Validation was performed using quantitative 
polymerase chain reaction (qPCR) in bladder cancer cell lines. 
A nomogram model was constructed, and drug sensitivity 
analysis and single‑cell expression typing were conducted to 
predict survival, select potential therapeutic targets, and detect 
specific cell types with abundant expression. The results 
identified seven genes whose predicted levels were associ‑
ated with bladder cancer risk in the MR analysis. Elevated 
levels of four genes and decreased levels of three genes were 
associated with low risk of bladder cancer. All‑trans retinoic 
acid‑induced differentiation factor (ATRAID) and tripartite 
motif containing 25 (TRIM25) showed colocalization with 
SNP.PP.H4 values >0.95, indicating a high likelihood of asso‑
ciation with bladder cancer risk. Reverse transcription qPCR 
validation revealed low expression of ATRAID and TRIM25 in 
bladder cancer. ATRAID is primarily expressed in fibroblasts 

and smooth muscle cells, while TRIM25 is highly expressed 
in endothelial cells. Using clinical data from patients, a model 
based on ATRAID and TRIM25 demonstrated excellent 
predictive performance. Furthermore, drug analysis revealed 
that the expression of ATRAID and TRIM25 is closely associ‑
ated with the sensitivity to various chemotherapy drugs. In the 
present study, ATRAID and TRIM25 were identified as two 
biomarkers linked to the risk of bladder cancer. These find‑
ings not only provide new insights into the etiology of bladder 
cancer but also identify novel targets for the development of 
biomarkers and therapeutic medications against the disease.

Introduction

Globally, bladder cancer is ranked as the tenth most frequently 
diagnosed cancer and is the thirteenth leading cause of 
cancer‑related mortalities  (1,2). According to 2024 global 
cancer statistics, the number of new bladder cancer cases is 
estimated to have exceeded 600,000 worldwide. The age‑stan‑
dardized incidence rate is ~6.0 cases per 100,000 individuals, 
showing a slow upward trend. In the same year, the number of 
bladder cancer‑related deaths is projected to be ~220,000, with 
a mortality rate maintained at ~2.0 per 100,000 individuals. 
In recent years, with advancements in diagnostic technologies 
and optimization of treatment regimens, the survival rate of 
patients with bladder cancer has significantly improved in 
some regions with high levels of development (1). The survival 
rate of bladder cancer still requires improvement through 
early detection or targeted anticancer therapy (3,4). Therefore, 
early diagnostic biomarkers and the development of novel 
therapeutic targets for bladder cancer remain a focus of our 
research.

Human plasma proteins exhibit great potential in 
disease diagnosis and treatment monitoring, with several 
successes achieved over the decades (5,6). Previous studies 
have identified various proteins such as membrane proteins, 
α‑2‑macroglobulin, and SPP1 protein, as being associated 
with bladder cancer risk (7‑9). However, research on bladder 
cancer still faces limitations. In particular, the investigation 
into proteins associated with the development and progression 
of bladder cancer has not been comprehensively carried out.
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Large‑scale proteomic investigations have led to the iden‑
tification of over 18,000 protein quantitative trait loci (pQTL) 
that cover upwards of 4,800 proteins. Genetic variations 
related to the levels of multiple plasma proteins have been 
identified in previous pQTL studies (10‑14). These research 
efforts provide valuable data resources for elucidating the 
causal role of plasma proteins in the risk of bladder cancer 
through Mendelian randomization (MR). MR has been widely 
used in studying the pathogenesis and developing preventive 
strategies for various cancers, effectively distinguishing the 
effects of genetic factors from environmental factors, and 
aiding researchers identify potential disease biomarkers and 
therapeutic targets (15,16).

In the present study, a proteome‑wide MR analysis was 
conducted by integrating human plasma proteomics and 
genomics data to systematically identify biomarkers associated 
with bladder cancer risk. Prognostic models were constructed 
based on the identified genes and further validated. Single‑cell 
expression analysis was performed to detect their expression 
in bladder cancer tissues. Finally, druggability evaluation was 
conducted to explore their potential as therapeutic targets for 
bladder cancer.

Materials and methods

Data acquisition. The pQTL data were obtained from the UK 
Biobank Pharma Proteomics Project (UKB‑PPP) database 
(http://ukb‑ppp.gwas.eu/), with baseline cohort data selected 
for this analysis, describing pQTLs from 34,557 participants 
of European ancestry  (17). Outcome data were primarily 
derived from genome‑wide association studies (GWAS) 
involving populations of European ancestry. Summary 
statistics for the training set were sourced from the FinnGen 
biobank database (finngen_R10_C3_BLADDER_EXALLC), 
including 2,193 cases and 314,193 controls, while valida‑
tion set data were retrieved from the EBI database (ID 
no.  GCST90041858), comprising 762 cases and 455,586 
controls. Additionally, RNA‑seq data from 431 specimens 
(19 normal and 412 tumor samples) were collected from the 
TCGA database (https://portal.gdc.cancer.gov/), and bladder 
cancer‑related single‑cell data were downloaded from the 
GEO database (https://www.ncbi.nlm.nih.gov/geo/) under 
accession no. GSE129845 (18), including 3 samples.

PQTL MR analysis. The UKB‑PPP characterized the plasma 
proteomics features of UKB participants. GWAS‑based 
proteomics studies (17) were used to extract relevant causal 
relationships in pQTLs from the outcome summary data, by 
selecting single nucleotide polymorphisms (SNPs) associ‑
ated with each gene at a genome‑wide significance threshold 
(P<10-6) as potential instrumental variables (IVs). While 
the genome‑wide significance threshold is typically set at 
P<1x10-8, relaxing it to P<1x10-6 is considered acceptable in 
specific scenarios, such as candidate gene association analysis 
or fine‑mapping analyses including sensitivity analysis focused 
on specific loci. When the research objective is exploratory 
analysis (rather than strict causal inference), this threshold 
increases the number of IVs and avoids missing potential 
associations. The LD between SNPs was calculated, retaining 
only SNPs with R2<0.001 (clumping window size=10,000 kb), 

and weak instruments with F>10 were excluded. Notably, four 
statistical methods were used to assess the reliability of causal 
relationships: Inverse Variance Weighted (IVW) (19), MR 
Egger (20), Weighted Median (21), and Weighted Mode (22). If 
only one SNP was present in the causal relationship, the Wald 
ratio method was used. The reliability of the identified causal 
relationships was verified using leave‑one‑out analysis.

Colocalization analysis. The coloc method  (23) was used 
with expression quantitative trait locus (eQTL) summary data 
and bladder cancer GWAS data for colocalization analysis. 
The posterior probability was calculated for the 100‑kilobase 
region around the index SNP. In coloc results, H3 represents 
the posterior probability that two traits (gene expression and 
bladder cancer) are associated but have different causal vari‑
ants; H4 represents the posterior probability that two traits are 
associated and share a single causal variant. SNP.PP.H4 >0.95 
was used as the colocalization threshold.

GSEA enrichment analysis. GSEA  (24) is a method that 
utilizes predefined gene sets. It ranks genes according to the 
differential expression levels between two sample classes and 
then determines whether these predefined gene sets are over, 
represented at either the top or bottom of the ranking. In the 
present study, GSEA was employed to contrast the signaling 
pathways in the high‑expression and low‑expression groups. 
This was performed to investigate the molecular mechanisms 
underlying key genes in the 2 patient groups. The number of 
permutations was configured as 1,000 and the permutation 
type was designated as phenotype.

Tumor mutation burden (TMB) and microsatellite instability 
(MSI) data analysis. TMB is characterized as the cumulative 
count of somatic gene coding inaccuracies, including base 
substitutions, insertions, or deletions, identified per million 
bases. In the present research, the determination of TMB 
for each tumor sample involved calculating the mutation 
frequency and the number of mutations relative to the exome 
length. Specifically, TMB was used by dividing the number 
of non‑synonymous mutation sites by the total length of the 
protein‑coding region (25).

Nomogram model construction. A nomogram was developed 
through regression analysis, incorporating gene expression 
levels and clinical symptoms. This nomogram visually repre‑
sents the relationships between variables within the prediction 
model by means of scaled lines plotted on a single plane. 
A multivariate regression model was constructed and the 
contribution of each influencing factor to the outcome variable 
(regression coefficient) was used to assign scores to each level 
of each influencing factor. The scores were summed to obtain 
a total score, from which the predicted value was calculated.

Drug sensitivity analysis. Using the largest pharmacogenomics 
database (GDSC; https://www.cancerrxgene.org/), the R 
package ‘pRRophetic’ (26) was used to predict chemotherapy 
sensitivity for each tumor sample. Regression methods were 
used to obtain IC50 estimates for each specific chemotherapy 
drug treatment, and 10‑fold cross‑validation was performed 
on the GDSC training set to verify regression and prediction 
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accuracy. All parameters were set to default values, including 
the removal of batch effects with ‘combat’ and averaging of 
replicated gene expression values.

Single‑cell analysis. First, the Seurat package  (27) was 
employed to read the expression profiles. Genes with low 
expression were filtered out based on the criteria: nFea‑
ture_RNA >50 and percent.mt <15. Subsequently, the data 
underwent normalization and scaling, followed by processing 
using principal component analysis (PCA). The ElbowPlot 
function was used to ascertain the optimal number of prin‑
cipal components. To visualize the positions of each cluster, 
t‑distributed Stochastic Neighbor Embedding (28) analysis 
was carried out. Annotation of the clusters was performed 
using the celldex package (29), enabling the identification of 
cell types that are significantly associated with the occurrence 
of the disease. Each subunit of single cells was annotated using 
the R package SingleR (30).

Disease gene co‑expression network. Disease‑related genes 
were obtained from the GeneCards database (https://www.
genecards.org/). Genes with high relevance scores were 
selected, and a correlation analysis was conducted to 
explore the co‑expression network between key genes and 
disease‑related genes.The Pearson correlation method was 
used for the statistical analysis.

Cell culture. The immortalized cells of human ureteral epithe‑
lium (SV‑HUC‑1), and human bladder cancer cell lines (T24, 
5637, UMUC3, J82) were obtained from the American Type 
Culture Collection (ATCC). SV‑HUC‑1 cells were cultured in 
F‑12K medium (Gibco; Thermo Fisher Scientific, Inc.). T24, 
5637, UMUC3, and J82 cells were cultured in RPMI‑1640 
medium (Gibco; Thermo Fisher Scientific, Inc.). All media 
were supplemented with 10% fetal bovine serum (FBS; 
Corning, Inc.). The cells were incubated in a humidified atmo‑
sphere containing 5% CO2 at 37˚C. Regular observation of 
the structural state of the cells during cell culture and regular 
checks for mycoplasma contamination were performed.

Reverse transcription quantitative polymerase chain 
reaction (RT‑qPCR). TRIzol reagent (Invitrogen; Thermo 
Fisher Scientific, Inc.) was utilized to extract RNA from cells 
and tissues. Subsequently, complementary DNA (cDNA) 
synthesis was carried out with a reverse transcription system 
(FastKing One Step RT‑PCR kit; Tiangen Biotech Co., Ltd.), 
following the manufacturer's instructions precisely. RT‑qPCR 
was performed in triplicate using the Applied Biosystems 
7500 Real‑Time PCR System (Thermo Fisher Scientific, 
Inc.) and SYBR Green PCR Master Mix (TransStart® Top 
Green qPCR SuperMix; TransGen Biotech Co., Ltd.) on 
96‑well optical plates according to the manufacturer's 
instructions. The thermocycling conditions were as follows: 
Pre‑denaturation at 95˚C for 3 min, denaturation at 95˚C for 
30 sec, annealing extension at 60˚C for 30 sec, deformation 
and annealing extension for 40 cycles. The dissolution curve 
was increased by 0.5˚C every 2 cycles to 95˚C. The results 
were normalized to the endogenous control, β‑actin. The 
primers used are listed in Table SI. The 2‑ΔΔCq method was 
used for quantification (31).

Statistical analysis. Reliable MR analysis is based on three 
assumptions: i) Relevance assumption (instrumental vari‑
ables are closely related to the exposure but not directly 
related to the outcome); ii) independence assumption (instru‑
mental variables are not related to confounding factors); and 
iii) exclusion restriction assumption (instrumental variables 
only affect the outcome through the exposure; when IVs 
can affect the outcome through other pathways, pleiotropy 
is present). All analyses were conducted using R language 
(version 4.0). Continuous variables were compared using 
paired and unpaired Student's t‑test, or one‑way ANOVA 
(single‑factor analysis) followed by Bonferroni's post hoc 
test for multiple‑group comparisons. Data are presented as 
the mean ± standard deviation (SD) from three independent 
biological replicates. All statistical tests were two‑sided. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

pQTL MR analysis in the training set. The outcome 
ID finngen_R10_C3_BLADDER_EXALLC, related to 
bladder cancer, was obtained from summary statistics of 
316,386 samples (2,193 cases and 314,193 controls). Using 
the extract_instruments and extract_outcome_data func‑
tions, 342 pairs of gene‑outcome causal relationships were 
extracted (Table SII). Further MR analysis identified 114 
gene‑pQTL‑positive causal relationships (Fig.  1A; IVW, 
P<0.05). Sensitivity analysis was performed on the causal 
relationships of the 114 genes to verify their reliability. The 
results indicated that the removal of any SNP did not signifi‑
cantly affect the overall error lines, suggesting that the 114 
causal relationships were robust.

pQTL MR analysis. To further identify key genes among the 
114 pQTL genes associated with bladder cancer, the outcome 
ID GCST90041858 was obtained from the summary statis‑
tics of 456,348 samples related to bladder cancer (762 cases 
and 455,586 controls). Using the extract_instruments and 
extract_outcome_data functions, 22 pairs of gene‑outcome 
causal relationships were extracted (Table SIII). Further MR 
analysis identified seven gene‑pQTL‑positive causal relation‑
ships (Fig. 1B; P<0.05), corresponding to the genes all‑trans 
retinoic acid‑induced differentiation factor (ATRAID), 
bleomycin hydrolase (BLMH), calcineurin B homologous 
protein 1 (CHP1), cartilage intermediate layer protein (CILP), 
myosin phosphatase Rho‑interacting protein (MPRIP), SLIT 
and NTRK‑like family member 2 (SLITRK2), and tripartite 
motif containing 25 (TRIM25). The genes ATRAID, BLMH, 
MPRIP, and TRIM25 were potentially associated with a low 
risk of bladder cancer. The genes CHP1, CILP, and SLITRK2 
were potentially associated with a high risk of bladder cancer. 
Sensitivity analysis was performed on the causal relationships 
of the seven genes to verify their reliability. The results indi‑
cated that the removal of any SNP did not significantly affect 
the overall error lines, suggesting that the seven causal rela‑
tionships were robust (Fig. 2A‑G). Additionally, colocalization 
analysis at the pQTL‑GWAS level identified two genes with 
colocalization SNP.PP.H4 >0.95 (Fig. 2H and I), specifically 
ATRAID and TRIM25.

https://www.spandidos-publications.com/10.3892/mco.2025.2901
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Exploration of specific signaling mechanisms related to 
key genes. The specific signaling pathways involved with 
these two key genes and their impact on disease progres‑
sion‑related signaling pathways were explored. GSEA results 
indicated that ATRAID was enriched in ‘ADHERENS_
JUNCTION’, ‘OXIDATIVE_PHOSPHORYLATION’, and 
‘PEROXISOME’ signaling pathways (Fig. 2J). TRIM25 was 
enriched in ‘ARACHIDONIC_ACID_METABOLISM’, 
‘CELL_CYCLE’, and ‘DNA_REPLICATION’ signaling 
pathways (Fig. 2K). GSEA was further used to analyze the 

impact of these key genes on signaling pathways. RT‑qPCR 
was performed to investigate the mRNA expression of 
ATRAID and TRIM25 in bladder cancer cell lines. The 
results of RT‑qPCR, based on bladder cancer cell lines, 
demonstrated that the mRNA expression levels of ATRAID 
and TRIM25 were lower in tumor cell lines than in SV‑HUC‑1 
cells (Fig. 2L and M).

Clinical predictive value of key genes. The relationship between 
key gene expression and clinical symptoms was analyzed. The 

Figure 1. MR analysis screening. (A) Risk associations of 114 causal relationships identified through MR analysis. (B) Scatter plot of MR analysis for seven 
genes, with different colors indicating different statistical methods. The slopes of the lines represent the causal effects of each method. MR, Mendelian 
randomization; SNP, single nucleotide polymorphism; OR, odds ratio.



MOLECULAR AND CLINICAL ONCOLOGY  23:  106,  2025 5

analysis revealed a significant difference between ATRAID 
and the sex of patients (Fig. 3A‑H), and a significant differ‑
ence between TRIM25 and the M stage of patients (Fig. 3I‑P). 
These findings may provide guidance and support for disease 
diagnosis and treatment, drug development, and disease 
mechanism research.

Mutation prof ile and dif ferences in TMB/MSI of key 
genes. Processed SNP‑related data for bladder cancer 
were downloaded and the top 30 genes were selected 

with high mutation frequency for display, comparing the 
differences in mutated genes between the two groups of 
patients. Using the R package ComplexHeatmap, a muta‑
tion landscape map was plotted. The results revealed 
that there was a significant difference in the mutation 
frequency of AT‑rich interaction domain 1 (ARID1A) 
between patients with high and low ATRAID expres‑
sion (P=0.005), with a higher mutation proportion of 
ARID1A in the high‑expression group (Fig. 4A). Similarly, 
significant differences in mutation frequencies of ARID1A 

Figure 2. Key gene screening and reverse transcription‑quantitative PCR validation. (A‑G) Forest plots of leave‑one‑out analysis for SNPs corresponding 
to the seven genes. (H and I) Associations between SNPs of ATRAID and TRIM25 with the disease, where each point indicates a statistically significant 
SNP‑disease association. The x‑axis represents the P‑value of GWAS, and the y‑axis represents the P‑value of the pQTL analysis. (J and K) KEGG signaling 
pathways involving ATRAID and TRIM25, including genes involved in pathway regulation. (L and M) mRNA expression levels of ATRAID and TRIM25 
in bladder cancer cell lines. **P<0.01 and ***P<0.001. SNP, single nucleotide polymorphism; ATRAID, all‑trans retinoic acid‑induced differentiation factor; 
TRIM25, tripartite motif containing 25; GWAS, genome‑wide association studies; pQTL, protein quantitative trait loci; KEGG, Kyoto, Encyclopedia of Genes 
and Genomes.

https://www.spandidos-publications.com/10.3892/mco.2025.2901
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(P= 0.036), microtubule‑actin crosslinking factor  1 
(MACF1; P=0.010), spectrin repeat containing nuclear 
envelope protein 2 (SYNE2; P=0.026), and CREB binding 

lysine acetyltransferase (CREBBP; P<0.001) were also 
observed between subgroups based on TRIM25 expres‑
sion. The high TRIM25‑expression group had a higher 

Figure 3. Association analysis with clinical indicators. (A‑H) Association analysis between ATRAID and clinical indicators. (I‑P) Association analysis 
between TRIM25 and clinical indicators. ATRAID, all‑trans retinoic acid‑induced differentiation factor; TRIM25, tripartite motif containing 25.
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Figure 4. Mutational landscape of key genes, differences in TMB/MSI, and construction of the Nomogram model. (A and B) SNP‑related data of bladder 
cancer, showing the top 30 genes with high mutation frequencies in 2 patient groups. (C‑F) Differences in MSI and TMB between ATRAID and TRIM25. 
(G) Column chart of the key gene model. (H) Prediction analysis of OS for 3 and 5 years. (I and J) ROC curve and decision curve analysis. TMB, tumor muta‑
tion burden; MSI, microsatellite instability; SNP, single nucleotide polymorphism; ATRAID, all‑trans retinoic acid‑induced differentiation factor; TRIM25, 
tripartite motif containing 25; OS, overall survival; ROC, receiver operating characteristic; LExp; low expression; HExp, high expression; AUC, area under 
the curve.

https://www.spandidos-publications.com/10.3892/mco.2025.2901
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mutation proportion of ARID1A, MACF1, SYNE2, and 
CREBBP compared with the low TRIM25‑expression 
group (Fig.  4B). The relationship between the two key 

genes and common immunotherapy‑related tumor markers 
were further explored, revealing the relationship between 
TMB and MSI in the high‑ and low‑expression groups 

Figure 5. Drug sensitivity analysis. Sensitivity analysis of (A) ATRAID and (B) TRIM25 to chemotherapy drugs. ATRAID, all‑trans retinoic acid‑induced 
differentiation factor; TRIM25, tripartite motif containing 25; LExp; low expression; HExp, high expression; IC50, half maximal inhibitory concentration.
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of key genes (Fig. 4C‑F). The results indicated a statisti‑
cally significant relationship between ATRAID and MSI 
(Fig. 4C).

Nomogram model construction. The expression levels of key 
genes were used to present the results of the regression analysis 
in the form of a nomogram. The regression analysis results 

Figure 6. Expression of key genes at the single‑cell level. (A) Clustering of cells into 17 clusters based on principal component analysis using the t‑SNE 
algorithm. (B) Cell annotation of the 17 clusters, annotated into five cell types, namely Epithelial_cells, Fibroblasts, Smooth_muscle_cells, Endothelial_cells. 
(C and D) Expression profiles of key genes in cells. t‑SNE, t‑distributed Stochastic Neighbor Embedding; ATRAID, all‑trans retinoic acid‑induced differentia‑
tion factor; TRIM25, tripartite motif containing 25.

https://www.spandidos-publications.com/10.3892/mco.2025.2901
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indicated that various indicators of bladder cancer, along with 
the distribution of key gene expression, contributed to different 
extents in the overall scoring process (Fig. 4G). A predictive 
analysis for the 3 and 5‑year overall survival (OS) periods was 
also conducted. The results indicated that the predicted OS 
closely matched the observed OS, demonstrating the good 
predictive performance of the nomogram model. In the calibra‑
tion curve, the data points in blue (3‑year) and red (5‑year) are 
both closely distributed along the diagonal line, indicating that 
the predicted OS aligns well with the observed OS (Fig. 4H). 
In the receiver operating characteristic (ROC) curve, the area 
under the curve (AUC) for the 3‑year OS prediction was 0.68, 
and the AUC for the 5‑year OS prediction was 0.648. Although 
these AUC values were not particularly high, they indicate 
that the model has a certain ability to distinguish between the 
3 and 5‑year survival outcomes of patients (Fig. 4I). In the 
decision curve, the purple line representing the integration 
of key genes and clinical indicators (‘All’) exhibited a higher 
net benefit than lines incorporating only partial factors or no 
factors (Fig. 4J). These findings suggest that the nomogram 
model constructed by combining the clinical indicators and 
key gene expression levels (corresponding to the ‘All’ curve) 
can provide greater net benefits to patients accross appropriate 
risk thresholds in real‑world clinical decision‑making.

Drug sensitivity analysis. Early‑stage bladder cancer is effec‑
tively treated with surgery combined with chemotherapy (32). 
The present study used drug sensitivity data from the GDSC 
database and the R package ‘pRRophetic’ to predict the chemo‑
therapy sensitivity of each tumor sample, and further explored 
the sensitivity to common chemotherapy drugs. The results 
indicated that the two key genes, ATRAID and TRIM25, were 
significantly associated with sensitivity to BAY.61.3606, bort‑
ezomib, BX.795, CCT007093, CHIR.99021, and DMOG. High 
ATRAID expression was associated with increased resistance 
of bladder cancer cells to BAY.61.3606, BX.795, CCT007093, 
CHIR.99021, and DMOG (higher IC50 values indicate a need 
for higher drug concentrations to inhibit 50% of cells), while 
enhancing sensitivity to bortezomib (Fig. 5A). Conversely, high 
TRIM25 expression led to increased resistance to bortezomib, 
BX.795, CCT007093, CHIR.99021, and DMOG, but enhanced 
sensitivity to BAY.61.3606 (Fig. 5B).

Expression of key genes at the single‑cell level. The analysis 
of the present study included expression profiles from three 
bladder cancer‑related tissue samples. Using the FindClusters 
function from the Seurat package, 17 subtypes were identified 
(Fig. 6A). The R package SingleR was used to annotate each 
subtype, identifying 17 clusters into five cell types: Epithelial_
cells, Fibroblasts, Smooth_muscle_cells, Endothelial_cells, 
and Monocytes (Fig.  6B). The expression of the two key 
genes in cell subtypes was analyzed and the results using 
bubble plots and scatter plots are displayed (Fig. 6C and D). 
The findings revealed that ATRAID and TRIM25 were 
expressed in multiple cell types, but their expression was 
more widespread or higher in certain cells (such as epithelial 
cells and fibroblasts). Multiple key genes were found to be 
co‑expressed with tumor genes. Co‑expression relationships 
(including both positive and negative co‑expression) reflect the 
correlation trends in expression levels between genes. When 

two genes exhibit positive co‑expression, their expression 
levels tend to change in the same direction across samples. 
Apoptosis‑associated transcript in bladder cancer (AATBC) 
exhibited a negative co‑expression association with both the 
ATRAID and TRIM25 genes (Fig. S1A and B). Fibroblast 
growth factor receptor 3 (FGFR3) was positively co‑expressed 
with ATRAID and negatively co‑expressed with TRIM25 
(Fig. S1C and D). Hras proto‑oncogene, GTPase (HRAS) was 
positively co‑expressed with both ATRAID and TRIM25 
(Figs. S1E and S2A). RB transcriptional corepressor 1 (RB1) 
was positively co‑expressed with ATRAID and negatively 
expressed with TRIM25 (Fig. S2B and C). Tumor ptotein 
53 (TP53) was positively co‑expressed with ATRAID and 
negatively expressed with TRIM25 (Fig. S2D and E). Positive 
co‑expression between two genes may indicate their involve‑
ment in the same biological process or signaling pathway, 
achieving functional coordination through synergistic expres‑
sion. Alternatively, one gene may act as an upstream regulatory 
factor for the other. By contrast, negative co‑expression of two 
genes, may reflect opposing roles in biological processes, an 
antagonistic relationship within a shared pathway, or mutual 
inhibitory regulation.

Discussion

In the present study, seven plasma proteins were detected 
and the gene expression levels of these proteins were found 
to be significantly associated with the risk of bladder cancer. 
Among them, the genes ATRAID and TRIM25 had a prob‑
ability >0.95 of affecting the same phenotype in both pQTL 
and GWAS data, suggesting a high likelihood that these two 
genes are involved in the same biological pathway. The present 
study identified novel biomarkers for bladder cancer, which 
may provide new insights into the genetics and pathogenesis 
of bladder cancer.

ATRAID, also known as APR3, is a gene associated with 
apoptosis (33,34). Located on human chromosome 2p22.3, 
it can affect the cell cycle by altering cyclin D1 expression, 
thereby influencing malignant tumor occurrence and growth, 
and promoting cell differentiation (35). In the present study, 
its potential as a diagnostic marker for bladder cancer was 
identified, suggesting a suppressive role in the development 
of bladder cancer. However, previous studies have found 
increased expression of ATRAID in ovarian cancer, cervical 
cancer, and lung adenocarcinoma, suggesting an oncogenic 
role (35‑37), although no studies, to the best of the authors' 
knowledge, have yet been conducted on ATRAID in bladder 
cancer. Pathway enrichment analysis of ATRAID in the present 
study revealed significant enrichment in adhesion function and 
oxidative stress. Li et al (33) similarly found that upregulation 
of APR3 expression in ARPE‑19 cells significantly increased 
intracellular reactive oxygen species (ROS) levels and altered 
mitochondrial morphology, promoting cell oxidative stress by 
affecting mitochondrial function. ATRAID may also exert 
its effects in bladder cancer through similar oxidative stress 
pathways.

In the analysis of the relationship between ATRAID and 
clinical characteristics, it was determined that the expression 
of ATRAID was lower in male patients than in female patients. 
It was speculated that this difference may be related to sex 



MOLECULAR AND CLINICAL ONCOLOGY  23:  106,  2025 11

chromosome‑associated genes regulating ATRAID, and it is 
also possible that sex hormones such as estrogen, progesterone, 
and testosterone may affect the expression of ATRAID. These 
findings suggest a potential direction for future research. In 
immune infiltration analysis, high expression of ATRAID was 
significantly positively associated with MSI status, indicating 
its important role in MSI tumors and possibly serving as a 
novel therapeutic target.

TRIM25 is an E3 ubiquitin ligase confirmed to be an 
RNA‑binding protein (RBP) through its spry domain, and it 
plays a crucial role in gene regulation, controlling cell prolif‑
eration, and cancer cell migration (38‑40). The regulation of 
TRIM25 in tumors is largely through regulation of the endo‑
plasmic reticulum (ER), which can regulate apoptosis of tumors 
through the IRE1‑JNK signal, upregulating the unfolded protein 
response and ER‑associated degradation pathways  (41,42). 
TRIM25 has been shown to play a role in the development of 
colon cancer, hepatocellular carcinoma, endometrial cancer, 
gastric cancer, prostate cancer, lung cancer, breast cancer, 
ovarian cancer, and renal cancer (43‑53). Although several 
studies have explored the role of TRIM25 in bladder cancer, 
research on its role in this cancer type remains limited and 
requires further investigation (54‑56). Pathway enrichment 
analysis of TRIM25 in the present study showed significant 
enrichment in ‘ARACHIDONIC_ACID_METABOLISM’, 
‘CELL_CYCLE’, and ‘DNA_REPLICATION’ pathways. The 
enrichment of TRIM25 in the cell cycle pathway indicated its 
potential role in regulating cell cycle progression.

In the analysis of the relationship between TRIM25 and 
clinical characteristics, it was found that the expression of 
TRIM25 was lower in patients with distant metastases than 
in those without, which may indicate that the expression of 
TRIM25 is related to the occurrence of tumor metastasis, 
possibly exerting an inhibitory effect in the invasion and 
metastasis process of bladder cancer cells.

By combining ATRAID and TRIM25 with patient 
clinical data, bladder cancer 3 and 5‑year survival predic‑
tion models were constructed, with model AUCs of 0.68 
and 0.648, respectively. The 3 and 5‑year prognostic models 
constructed in the present study demonstrated relatively high 
predictive accuracy, which can assist clinicians in predicting 
the prognosis of individual patients. For patients predicted 
to have a shorter survival time, more aggressive treatment 
options can be considered, while for those predicted with a 
longer predicted survival, more conservative treatment strat‑
egies can be selected.

Drug sensitivity analysis of ATRAID and TRIM25 
revealed that high expression of ATRAID was associated with 
increased resistance of bladder cancer cells to BAY.61.3606, 
BX.795, CCT007093, CHIR.99021, and DMOG (higher 
IC50 values indicate higher drug concentrations required 
to inhibit 50% of cells), while enhancing sensitivity to 
bortezomib. Conversely, high expression of TRIM25 led to 
increased resistance to bortezomib, BX.795, CCT007093, 
CHIR.99021, and DMOG, but enhanced sensitivity to 
BAY.61.3606. From the perspective of drug sensitivity, these 
findings suggest that the expression levels of ATRAID and 
TRIM25 may serve as drug response prediction indicators 
(patients with high expression may exhibit poorer efficacy 
to these drugs). This implies that the expression levels of 

these two genes may influence the response of tumor cells 
to these drugs, and the drugs may regulate bladder cancer 
by affecting signaling pathways associated with ATRAID 
and TRIM25. Further investigation of these associations 
could improve our understanding of tumor drug response 
mechanisms and provide novel insights and strategies for 
personalized therapy.

ATRAID was mainly expressed in ‘Fibroblasts’ and 
‘Smooth_muscle_cells’, indicating that ATRAID may play 
an important role in tumor stromal remodeling or microen‑
vironment regulation. TRIM25 was mainly expressed in 
‘Endothelial_cells’, indicating that TRIM25 may play an 
important role in encoding vascular growth factors and regu‑
lating vascular maturation and stability.

In the present study, the association between plasma 
protein biomarkers and bladder cancer risk was compre‑
hensively explored. A two‑stage screening MR design was 
employed, which is characterized by a large sample size and 
a minimal likelihood of reverse causation and confounding 
bias. The consistency of multiple rigorous analysis results 
confirms the robustness of the findings of the present study. 
By screening ATRAID and TRIM25, a predictive model was 
constructed to effectively predict the 3 and 5‑year survival 
rates. The small sample size in the single‑cell analysis of 
bladder cancer may fail to accurately reflect cellular hetero‑
geneity, which is also one of the limitations of the present 
study. In addition, only qPCR was used to verify the RNA 
expression levels of the two genes, ATRAID and TRIM25. 
Verification at the protein level using western blotting and 
immunohistochemistry has yet to be carried out. Similarly, 
the functional verification of the ATRAID and TRIM25 
genes in bladder cancer and the exploration of the mecha‑
nisms by which these two genes participate in the occurrence 
and development of bladder cancer have not been performed. 
Subsequently, bladder cancer cell lines with knockdown and 
overexpression of the ATRAID and TRIM25 genes will be 
constructed for functional exploration. Furthermore, the 
specific mechanisms affected by these two genes will be 
investigated, particularly in the direction of bladder cancer 
drug resistance. In addition, an in‑depth research on their 
mechanisms will be conducted, so as to provide valuable 
insights for future studies on drug resistance in bladder 
cancer. In the present study, ATRAID and TRIM25 were 
identified as biomarkers associated with bladder cancer risk. 
These findings not only provide novel perspectives on the 
causes of bladder cancer, but also offer potential targets for 
the development of innovative biomarkers and therapeutic 
drugs against bladder cancer.
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