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Supplementary Figure S1. Quality control and cell type annotation of single-cell RNA sequencing data. (A) Violin plots showing sequencing quality metrics for each cell cluster. (B) Highly variable gene selection plot. (C) UMAP plot after Harmony batch correction. (D) UMAP plot showing cell distribution across different samples. (E) FeaturePlots showing the expression levels of representative marker genes for each cell type in UMAP space. (F) Cell type-specific differentially expressed genes.
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Supplementary Figure S2. Cell–cell communication network and PROGENy signaling pathway activity in malignant ductal epithelial cells. (A) Cell–cell communication circle plots showing ligand–receptor interactions between malignant ductal epithelial cell subpopulations and other cell types in the tumor microenvironment across multiple signaling pathways. (B) UMAP plots showing the activity scores of 14 signaling pathways inferred by PROGENy in malignant ductal epithelial cells.
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Supplementary Figure S3. Pseudotime-related gene modules and hdWGCNA co-expression network analysis. (A) UMAP plot of the Monocle3 cell_data_set object. (B) UMAP plot of the Seurat object. (C) Cell partitions generated by Monocle3 clustering. (D) Module–trait correlation heatmap. (E) UMAP plots showing the distribution of module scores calculated from pseudotime-related genes. (F) UMAP plots showing the expression levels of representative genes. (G) UMAP plots showing the distribution of hdWGCNA-identified modules in malignant ductal epithelial cells. (H) Hub gene co-expression networks of each module.
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