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Supplementary Figure1. Evaluation of Batch Correction and Dimensionality Reduction. (A) PCA plots of the integrated datasets before and after Harmony batch-effect correction. (B) UMAP visualization of major cell lineages. (C) Comparative analysis of cell type proportions. Box plots illustrating the relative frequency of major cell types (Epithelial cell, T cell, B cell, Plasma cell, Myeloid cell, Endothelial cell, Fibroblast, and NK cell) between the old and young groups. Each dot represents an individual sample. The horizontal lines indicate the median and interquartile range (IQR). P-values were calculated using the Wilcoxon rank-sum test (or T-test), with values indicated above the brackets.
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Supplementary Figure 2. (A) t-SNE visualization and compositional analysis of normal epithelial cells. (B) Marker gene expression heatmap for normal epithelial sub-clusters. Bar plot quantifying the percentage of various normal epithelial clusters (C) t-SNE visualization and compositional analysis of tumor epithelial cells. Bar plot quantifying the percentage of various tumor epithelial clusters (D) Marker gene expression heatmap for tumor epithelial sub-clusters.
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Supplementary Figure3. (A) Prognostic value of signature genes in Luminal breast cancer patients. Kaplan-Meier survival curves illustrate the association between high (red) and low (black) expression of NDUFC2 and HIST3H2A with overall survival in Luminal subtype patients. (B) Prognostic value of signature genes in TNBC patients. Kaplan-Meier plots evaluating the impact of CDKN2A, EBS4, and KRT15 expression on the survival of TNBC patients. (C) GSEA plots demonstrate the enrichment of distinct functional pathways across five tumor epithelial clusters.
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Supplementary Figure4. (A) Dot plots representing the top enriched Gene Ontology (GO) biological processes for specific normal epithelial subclusters. (B) Pie charts showing the distribution of signaling types. Circle plots illustrating the inferred cell-cell interaction networks for major cell types (Endothelial, Fibroblast, Plasma, and NK cells). (C) Network visualizations of specific signaling pathways.
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Supplementary Figure5. (A) B cell sub-clusters. (Left) Dot plot showing the expression of B-cell lineage markers (CD19, MS4A1) and subset-specific genes such as CD27 (Memory) and HLA-DRA (Activated/Regulatory). (Right) Box plots comparing the proportions of B-cell subsets between the Old and the Young groups. (B) T cell sub-populations. (Left) DotPlot illustrating markers for CD8+ lineages (CD8A, GZMB), Exhaustion (PDCD1, HAVCR2, LAG3), and Regulatory T cells (FOXP3, IL2RA). (Right) Comparison of T-cell subset proportions between groups. (C) Myeloid cell subclusters. (Left) DotPlot highlighting markers for TAM polarization (CD163, MRC1, CXCL9, SPP1) and dendritic cells (CD1C, THBD). (Right) Comparison of myeloid subset proportions between groups.
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