Figure S1. Data preprocessing and quality control (QC) metrics for the scRNA-seq dataset GSE205013.
(A–C) Distribution of QC metrics for the GSE205013 dataset, stratified by tissue origin (A), doublet identification status (B), and sample source (C). (D) Comprehensive QC metrics visualized via violin plots, showing stratified results for the number of detected genes (nFeature_RNA), total UMI counts (nCount_RNA), and the percentage of mitochondrial (percent.mt), ribosomal (percent.rp), and hemoglobin (percent.hb) genes.
Figure S2. Heterogeneous distribution and clinical validation of malignant subclusters.
(A) Stacked bar plots quantitatively comparing the proportions of malignant subclusters between primary PDAC and liver metastasis. (B) Correlation matrix heatmap showing the transcriptomic association between signature scores of the four malignant subclusters (SRGN_MC1, TSPAN1_MC2, AKR1C2_MC3, and SERPINA3_MC4). (C) Kaplan-Meier curves assessing the prognostic impact of SRGN_MC1, AKR1C2_MC3, and SERPINA3_MC4 enrichment on overall survival using the TCGA-PAAD dataset. (D) Ridge plots showing the distribution and enrichment differences of these subclusters across different clinical M-stages.
Figure S3. Functional validation, clinical evolution, and immunotherapy predictive value of LMICs.
(A) Global UMAP projections of the integrated dataset, colored by tissue origin. (B) Global UMAP projections of the integrated dataset, colored by cell clusters. (C-D) UMAP feature plots showing AUCell scores for stem cell development (C) and scTour score (D). Dashed circles indicate the LMIC population. (E) Monocle 2 trajectory of malignant cells, colored by tissue origin, subcluster, and pseudotime. (F) Ridge plots comparing GSVA scores of LMICs across histological grades (G1–G3) in the TCGA-PAAD (top) and E-MTAB-6134 (bottom) cohorts. (G) Dot plots showing correlations between LMIC scores and immune checkpoint expression in liver metastasis, primary tumors, and normal pancreas. (H) Correlation of LMIC scores with ESTIMATE scores (left) and immune cell proportions inferred by quantiseq (right). (I) Kaplan-Meier curves validating the predictive power of LMIC scores for immunotherapy response across three independent cohorts (Braun, IMVigor210, and GSE176307). (J) Ridge plots showing LMIC score distribution between responders (R) and non-responders (NR). (K) Lollipop plot showing correlation coefficients between LMIC scores and steps of the cancer-immune cycle. (L) Forest plot summarizing the prognostic significance (Hazard Ratio) of LMIC scores across multiple independent PDAC clinical datasets.
Figure S4. Multi-view spatial dependency modeling and cellular feature predictors via MISTy analysis.
(A-B) Multi-view spatial dependency landscapes inferred using the MISTy algorithmic framework across independent spatial transcriptomic slices from liver metastases (A) and matching primary PDAC tissues (B).
Figure S5. Multidimensional validation of the SEMA3A-NRP1 axis in CAF-LMIC communication.
(A) Global TME interaction networks inferred by CellChat, showing the number of interactions (left) and interaction weights (right). (B) Ligand-receptor networks of the SEMA3A-NRP1 pair. (C) Boxplots validating differential SEMA3A expression in fibroblasts between primary and metastatic sites (GSE197177 and GSE205013). (D) Dot plots showing differential ligand-receptor patterns with endothelial cells (left) or CAFs (right) as senders and various epithelial subclusters as receivers. (E) Lollipop plot showing co-expression correlations between SEMA3A and stromal remodeling markers. (F) Correlation heatmap assessing SEMA3A levels with stromal scores and CAF infiltration across multiple PDAC cohorts. (G) Violin plot comparing SEMA3A transcript levels between PDAC tumors and normal tissues. (H) Scatter plot revealing the spatial expression correlation between SEMA3A and NRP1 in pan-cancer spatial transcriptomic data. (I–J) Correlation between ligand (I) or receptor (J) expression and 14 oncogenic functional hallmarks.
Figure S6. Pan-cancer expression landscape and lineage localization of SEMA3A and NRP1.
(A, C) Sex-stratified pan-cancer differential expression analysis of SEMA3A (A) and NRP1 (C) between tumor and normal tissues across various organs. (B, D) Pan-cancer single-cell heatmaps visualizing the lineage-specific localization of SEMA3A (B) and NRP1 (D) across different malignancies and their microenvironments.
Figure S7. YY1 regulatory network in LMIC.
(A) Correlation network between YY1 DoRothEA activity scores and oncogenic pathways (PI3K-AKT, EMT, WNT, TGF-β, and stemness) in LMIC. (B) Visualization of the YY1 transcription factor binding motif. (C) Correlation network between the expression of NRP1 and the TF DoRothEA activity. (D) Scatter plots of the correlation between the expression levels of NRP1 and YY1 genes in ICGC, TCGA, and CPTAC datasets.
Figure S8. Multidimensional validation of LMIC identity, tissue preferences, and pharmacogenomic vulnerabilities.
(A) UMAP projection showing the clustering of LMIC, TSPAN1_MC2_Metastasis, TSPAN1_MC2_Primary, and normal epithelial cells. (B) Tissue preference analysis confirming the specific enrichment of LMIC in metastatic tissues. (C) In silico functional dependency screening derived from the DepMap portal across a benchmarking panel of human PDAC cell lines, illustrating the computed essentiality scores for key metabolic regulatory master genes (MAT2A, G6PD, PHGDH, GLS, SLC1A5, ACLY, ACACA, and FASN). The color scale maps individual cell line dependencies, with higher values reflecting robust survival reliance. (D) CRISPR-Cas9-mediated gene effect kinetics across corresponding PDAC cell line for the nominated metabolic and transcriptomic features. More negative fractional values (blue spectrum) indicate significant cell growth arrest, viability loss, or biological lethality following specific gene knockout. (E) Multi-center clinical cohort evaluation mapping the spearman rank correlation landscapes between modeled drug sensitivity (IC50) and matching transcriptomic profiles across 13 independent human PDAC validation datasets. Correlation landscapes are partitioned for the consolidated LMICs score, NRP1 and SEMA3A expression.
Figure S9. Functional impact of the SEMA3A-NRP1 axis on PDAC cell lines.
(A) Representative wound healing images for NC, OE-NRP1, and OE-SEMA3A groups at multiple time points (0–96h). Scale bar, 500 µm. (B) Transwell invasion images for the corresponding groups. Scale bar, 200 µm.
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