[bookmark: _Hlk233815668][image: ] Supplementary Figure 1 UMAP Visualization of Integrated Single-Cell RNA Sequencing Data.
(A) UMAP plot of clustered scRNA-seq data from merged samples.
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Supplementary Figure 2 Inference of CNV and Analysis of pseudotemporal ordering in Bladder Cancer Cells.
(A) Heatmap of CNV in bladder cancer epithelial cells.
(B) Violin plots showing total CNV scores for each cell type.
(C) UMAP plot showing the clustering distribution of epithelial cells. Each dot represents a single cell, with different colors indicating different clusters.
(D) Distribution of components in the pseudotemporal ordering space.
(E) Pseudotemporal ordering of tumor cells with different CNV levels inferred by Monocle2 (colored by CNV level and shown in facets).
(F) Pseudotemporal ordering of tumor cells with different CNV levels inferred by Monocle2 (colored by sample type and shown in facets).
[image: ] 
Supplementary Figure 3 Cell-Cell Communication and Metabolic Characteristics of HCNV Tumor Cells.
(A) Detailed view of ligand-receptor interactions.
(B) Scatter plot of outgoing vs. incoming signal strength for each cell type. Dot size represents the number of interactions.
(C) Metabolic pathway enrichment analysis for tumor cells with different CNV levels.
[bookmark: _Hlk233809334][image: ]
Supplementary Figure 4. Orthogonal validation of HCNV activity using bulk-level copy-number alteration data from TCGA-BLCA. 
(A) Bar plot comparing the fraction of genome FGA between the high- and low-HCNV-activity groups.
(B) Diverging bar plot comparing the fraction of genome gained (FGG, red) and fraction of genome lost (FGL, blue) between the high- and low-HCNV-activity groups. Data are presented as mean ± SD. Statistical significance was assessed by the Wilcoxon rank-sum test (***p < 0.001). [image: ]
Supplementary Figure 5. Clinical translational tools and prognostic validation of the pathological risk model.
(A) Representative H&E-stained whole-slide images from the independent ZZU-BLCA external validation cohort showing high-risk and low-risk score cases, with red boxes indicating regions of interest (ROIs).
(B–C) Forest plots of univariate (B) and multivariate (C)  Cox regression analyses for overall survival in the TCGA-BLCA cohort. The risk score was significantly associated with overall survival (univariate: HR = 2.14, 95% CI: 1.61–2.84, p < 0.001) and remained an independent prognostic factor after adjusting for age, sex, and TNM stage (multivariate: HR = 2.18, 95% CI: 1.58–3.03, p < 0.001).
(D) Nomogram for predicting 1-year, 3-year, and 5-year OS rates.
(E) Concordance index (C-index) of the multivariate prediction model including the risk score at different time points.
(F) Calibration curves comparing the nomogram-predicted survival probabilities with actual observed survival.
(G) Decision curve analysis evaluating the clinical net benefit of the model across different threshold probabilities.
(H) Correlation network diagram between HCNV signature genes and key pathological image features used for modeling.
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[bookmark: _Hlk233805114]Supplementary Figure 6. Interpretability analysis of the multimodal AI pathological model using SHAP and Grad-CAM.
(A) Feature ranking by mean absolute SHAP values in descending order: ResNet129, ResNet393, ResNet187, ResNet28, ResNet242, and Total_Intensity_PercentMaximal_OrigGray.
(B) SHAP value distributions across patients. 
(C) SHAP dependence plots highlighting interactions among the six features included in the model: ResNet129, ResNet393, ResNet187, ResNet28, ResNet242, and Total_Intensity_PercentMaximal_OrigGray.
(D) Decision plots of cumulative feature contributions for three representative high-risk patients (left) and three low-risk patients (right). Red and blue represent positive and negative contributions to risk scores, respectively.
(E) Grad-CAM heatmap overlays on representative patches. The left panel shows three representative high-risk patients, and the right panel shows three representative low-risk patients. Each patch is annotated with a corresponding Grad-CAM heatmap overlay, highlighting regions of interest identified by the deep learning model.





























Supplementary Figure 7 Association of Risk Score with Tumor Immune Infiltration and Drug Sensitivity.
(A) AUC values indicating higher sensitivity of high-risk score patients to PI-103 and BRD9647.
(B) AUC values indicating higher sensitivity of high-risk score patients to teniposide, atorvastatin, mitoxantrone, and anguidine.
(C) Heatmap showing the association of immune cell infiltration abundances (estimated by multiple algorithms: EPIC, MCPcounter, Quantiseq, etc.) with HCNV activity and clinicopathological features. *p < 0.05, **p < 0.01, ***p < 0.001
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[bookmark: _Hlk233814627][image: ]Supplementary Figure 8. Parallel clinicopathological evaluation of DPM3 to support the selection of RTN3 as the definitive hub gene. 
(A) Unpaired comparison of DPM3 expression between normal and tumor tissues in TCGA-BLCA. 
(B) Paired comparison of DPM3 expression between matched normal and tumor tissues. 
(C) Kaplan–Meier curve for progression-free survival in the high vs. low DPM3 expression groups. 
(D) Kaplan–Meier curve for overall survival showing that high DPM3 expression is associated with favorable prognosis. 
(E) Kaplan–Meier curve for disease-specific survival showing that high DPM3 expression is associated with favorable prognosis. 
(F) Association of DPM3 expression with T stage. 
(G) Association of DPM3 expression with N stage. 
(H) Association of DPM3 expression with M stage. 
(I) Association of DPM3 expression with clinical stage.
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[bookmark: _Hlk233809286][bookmark: _Hlk233812861]Supplementary Figure 9. Correlation network analysis and independent single-cell validation of RTN3 enrichment in HCNV cells. 
(A) Scatter plot showing the ranking and correlation of HCNV signature genes with the pathological risk score. 
(B) Correlation heatmap between key pathological imaging features and HCNV characteristic genes. 
(C–E) UMAP plots of the independent single-cell validation cohort (GSE277524). (C) Colored by sample source. (D) Colored by tissue type (primary vs. recurrent). (E) Colored by annotated cell types. 
[bookmark: _Hlk233809270](F) InferCNV heatmap in the independent single-cell validation cohort (GSE277524). 
(G) Raincloud plots showing RTN3 expression across LCNV, MCNV, and HCNV groups in the independent validation cohort. 
(H) ROC curve of RTN3 for distinguishing HCNV from LCNV in the independent validation cohort (AUC = 0.893). 
(I) Raincloud plots of RTN3 expression across LCNV, MCNV, and HCNV in the integrated single-cell Discovery cohort. 
(J) ROC curve of RTN3 for distinguishing HCNV from LCNV in the integrated Discovery cohort (AUC = 0.878). 
(K) Raincloud plots of RTN3 expression across LCNV, MCNV, and HCNV for each Discovery dataset: Horowitz, GSE130001, GSE135337, GSE222315, GSE211388, and PRJNA662018. 
(L) ROC curves of RTN3 for distinguishing HCNV from LCNV in each Discovery dataset: Horowitz (0.658), GSE130001 (0.900), GSE135337 (0.822), GSE222315 (0.765), GSE211388 (0.678), and PRJNA662018 (0.800).




















[bookmark: _Hlk233800441][bookmark: _Hlk233813039][image: ]Supplementary Figure 10. Bidirectional validation of RTN3-mediated immunosuppressive microenvironment remodeling.
(A, B) Western blot (A) and qRT-PCR (B) analysis of M2 macrophage polarization markers (CD206, CD163, and Arg1) in macrophages treated with conditioned medium (CM) from RTN3-knockdown UMUC3 cells.
(C, D) Western blot (C) and qRT-PCR (D) analysis of cancer-associated fibroblast (CAF) activation markers (SMA, FAP, and CD29) in fibroblasts treated with CM from RTN3-knockdown UMUC3 cells.
(E, F) Western blot (E) and qRT-PCR (F) analysis of M2 macrophage polarization markers in macrophages treated with CM from RTN3-overexpressing T24 cells.
(G, H) Western blot (G) and qRT-PCR (H) analysis of M2 macrophage polarization markers in macrophages treated with CM from RTN3-overexpressing UMUC3 cells.
(I, J) Western blot (I) and qRT-PCR (J) analysis of CAF activation markers in fibroblasts treated with CM from RTN3-overexpressing T24 cells.
(K, L) Western blot (K) and qRT-PCR (L) analysis of CAF activation markers in fibroblasts treated with CM from RTN3-overexpressing UMUC3 cells. *p < 0.05, **p < 0.01, ***p < 0.001.

[bookmark: _Hlk233813067][image: ]
Supplementary Figure 11. Bidirectional functional validation of RTN3 in bladder cancer cells.
(A–B) CCK-8 assays showing the effect of RTN3 knockdown on proliferation in T24 (A) and UMUC3 (B).
(C–D) CCK-8 assays showing the effect of RTN3 overexpression on proliferation in T24 (C) and UMUC3 (D).
(E–F) Colony formation assays (E) and quantification (F) showing RTN3 knockdown inhibits clonogenicity.
(G–H) Colony formation assays (G) and quantification (H) showing RTN3 overexpression promotes clonogenicity.
(I–J) Transwell migration assays (I) and quantification (J) showing RTN3 knockdown inhibits migration. Scale bar =100μm.
(K–L) Transwell migration assays (K) and quantification (L) showing RTN3 overexpression promotes migration. Scale bar =100μm.
(M–P) Wound healing assays and quantification showing RTN3 knockdown inhibits migration in T24 (M, N) and UMUC3 (O, P). Scale bar =500μm.
(Q–T) Wound healing assays and quantification showing RTN3 overexpression promotes migration in T24 (Q, R) and UMUC3 (S, T). Scale bar =500μm.*p < 0.05, **p < 0.01, ***p < 0.001.
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Supplementary Figure 12. Rescue experiments confirming RTN3 as a causal driver of malignant phenotypes in bladder cancer cells. 
(A–B) CCK-8 assays showing the rescue effect of RTN3 re-expression on the proliferation of T24 (A) and UMUC3 (B) cells with RTN3 knockdown. 
(C–D) Colony formation assays (C) and quantitative analysis (D) showing the rescue effect of RTN3 re-expression on the clonogenic ability of T24 and UMUC3 cells with RTN3 knockdown. 
(E–F) Transwell migration assays (E) and quantitative analysis (F) showing the rescue effect of RTN3 re-expression on the migration of T24 and UMUC3 cells with RTN3 knockdown. Scale bar =100μm.
(G–J) Wound healing assays (G, I) and quantitative analysis (H, J) showing the rescue effect of RTN3 re-expression on the migratory capacity of T24 (G, H) and UMUC3 (I, J) cells with RTN3 knockdown. Scale bar =500μm.**p < 0.01, ***p < 0.001.



[bookmark: _Hlk233813254][image: ]Supplementary Figure 13. RTN3 overexpression promotes gemcitabine resistance and rescue experiments confirm its causal role in chemoresistance. 
(A, B) Dose–response curves showing that RTN3 overexpression increases the IC50 of gemcitabine in parental T24 (A) and UMUC3 (B) cells compared with vector controls. 
(C, D) CCK-8 assays showing the rescue effect of RTN3 re-expression on the proliferation of T24-R (C) and UMUC3-R (D) cells with RTN3 knockdown. 
(E) Colony formation assays showing the rescue effect of RTN3 re-expression on the clonogenic ability of T24-R and UMUC3-R cells with RTN3 knockdown. 
(F) Quantitative analysis of relative colony formation activity in T24-R and UMUC3-R cells. **p < 0.01, ***p < 0.001.




[bookmark: _Hlk233802487][image: ]Supplementary Figure 14. Bidirectional and rescue validation of RTN3-mediated glycolytic reprogramming. 
(A, B) qRT-PCR analysis of PKM2, GLUT1, and LDHA mRNA expression in T24 (A) and UMUC3 (B) cells after RTN3 knockdown. 
(C, D) Western blot (C) and qRT-PCR (D) analysis of PKM2, LDHA, and GLUT1 expression in T24 cells after RTN3 overexpression. 
(E, F) Western blot (E) and qRT-PCR (F) analysis of PKM2, LDHA, and GLUT1 expression in UMUC3 cells after RTN3 overexpression. 
(G, H) Western blot analysis of RTN3, PKM2, LDHA, and GLUT1 protein expression in T24-R (G) and UMUC3-R (H) cells after RTN3 knockdown and rescue. 
(I, J) Relative lactate production (I) and glucose uptake (J) in T24-R cells after RTN3 knockdown and rescue under gemcitabine pressure. 
(K, L) Relative lactate production (K) and glucose uptake (L) in UMUC3-R cells after RTN3 knockdown and rescue under gemcitabine pressure. *p < 0.05, **p < 0.01, ***p < 0.001.
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