[image: ]Supplement Figure 1. Functional enrichment of core genes. (A) Expression distribution of genes in samples at different TNM stages. (B) KEGG Pathway: The enriched pathways include amebiasis, platelet activation, protein digestion and absorption, complement and coagulation cascades, ECM-receptor interaction, PI3K-Akt signaling pathway, and others. The bubble size represents the number of genes involved in each pathway, while the color intensity indicates the statistical significance (-log10(q. adjust)), with red representing the most significant enrichment. (C) GO Biological Process: The main biological processes enriched are the negative regulation of immune system processes, leukocyte activation, extracellular structure organization, and related processes. Bubble size indicates the number of genes, and bubble color reflects the significance level, with red indicating highly significant enrichments. (D) GO Molecular Function: Key enriched molecular functions include extracellular matrix structural constituent, integrin binding, growth factor binding, and platelet-derived growth factor binding. The bubble size represents the number of genes involved, and the color represents the level of significance, with red indicating the most significant enrichment. (E) GO Cellular Component: The enriched cellular components include collagen-containing extracellular matrix, secretory granule membrane, endoplasmic reticulum lumen, and more. The bubble size reflects the number of genes, while the color represents the significance, with red highlighting highly significant enrichment.


[image: ]Supplement Figure 2. Expression and prognosis of key prognostic factors. (A) Kaplan-Meier survival curves comparing the high and low expression groups for four genes (ST6GALNAC4, DAB2, LHFPL2, PFKP). In each plot, the blue line represents the low-expression group, and the red line represents the high-expression group. The p-value, hazard ratio (HR), and 95% confidence interval (CI) indicate the impact of high expression on overall survival. Patients in the high-expression groups consistently exhibited significantly reduced overall survival. (B) A scatter plot showing risk scores of the training set sorted in ascending order, with the x-axis representing the samples. (C) Risk score distribution curve. The x-axis represents the patient sample number, and the y-axis represents the risk score. Red indicates the high-risk group, and blue indicates the low-risk group. (D) Scatter plot depicting the relationship between risk scores and OS days. Red dots represent deceased patients, and blue dots represent surviving patients. The y-axis in (C) shows the risk score, and in (D) the survival time.


[image: ]Supplement Figure 3. Comparison of the immune microenvironment between high- and low-risk groups. (A) Immune and tumor purity scores based on the ESTIMATE algorithm. The box plots compare ESTIMATE scores, immune scores, stromal scores, and tumor purity between the low and high expression groups. The high expression group exhibits significantly higher ESTIMATE scores, immune scores, and stromal scores compared to the low expression group (****p < 0.0001), along with significantly higher tumor purity. These results suggest that high gene expression may be associated with changes in the tumor immune microenvironment. (B) Immune cell infiltration analysis. The box plots display the differences in immune cell infiltration between the low and high expression groups across various immune cell subtypes. The high expression group shows significantly higher infiltration levels of macrophages (M0, M1, and M2), activated mast cells, and monocytes (**p < 0.01; ****p < 0.0001), while other immune cell types, such as B cells and T cells, show no significant differences (ns denotes no statistical significance); (C) Differential expression of immune checkpoint genes. The plot compares the expression levels of multiple immune checkpoint genes between the low and high expression groups. Significant differences in expression are indicated by *p < 0.05, **p < 0.01, ****p < 0.0001. This analysis provides insights into the potential association between gene expression levels and immune checkpoint regulation, offering clues for the application of immunotherapy.


[image: ]Supplement Figure 4. CTPR database results. (A) Drug sensitivity box plots. This section compares the drug sensitivity between the high and low gene expression groups for six drugs (ABT-737, alisertib: navitoclax, BRD-A02303741: navitoclax, BRD-K50799972, FQI-2, and simvastatin). In the box plots, blue represents the low-expression group, and red represents the high-expression group. The significant differences in drug sensitivity between the two groups, indicated by ****p < 0.0001, suggest that gene expression levels may influence patient responses to these drugs. (B) Drug correlation bubble plot. This plot illustrates the correlation between four genes (ST6GALNAC4, DAB2, LHFPL2, and PFKP) and the sensitivity to a wide range of drugs. The bubble size represents the significance of the p-value, while the bubble color reflects the correlation between gene expression and drug sensitivity (red for positive correlation and blue for negative correlation).


[image: ]Supplement Figure 5. Quality control of single-cell data. (A) Violin plots display the distribution of nFeature_RNA (number of detected genes), nCount_RNA (total RNA count), percent.mito (percentage of mitochondrial genes), and percent.HB (percentage of hemoglobin genes) for each sample. Each sample is represented by a different color. The plots show variability between samples in terms of RNA feature count and RNA total count. The mitochondrial gene and hemoglobin gene percentages are relatively consistent across most samples, although certain samples exhibit higher hemoglobin gene percentages. (B) Scatter plots illustrate the correlation between different quality control metrics. A strong positive correlation is observed between nFeature_RNA and nCount_RNA (correlation coefficient = 0.92), indicating a strong association between the total RNA count and the number of detected genes. Other correlations, such as percent.mito with nCount_RNA and percent.HB with nCount_RNA, show weaker associations, suggesting that the mitochondrial gene and hemoglobin gene percentages are not strongly linked to RNA count or feature numbers.


[image: ]Supplement Figure 6. Normalization and annotation of single-cell data. (A) Gene variability analysis. The plot shows the relationship between standardized variance and average expression of each gene. Red dots represent highly variable genes, which display higher standardized variance, indicating significant expression differences across different cells. (B) Principal component analysis (PCA). This scatter plot shows the distribution of cells from different samples in the space defined by the first two principal components (PC1 and PC2). Each dot represents a cell, and different colors indicate cells from different samples. The spread highlights the heterogeneity of cells among different samples. (C) Variance explained by principal components. This scree plot shows the standard deviation of each principal component, indicating that the first few principal components explain a larger proportion of variance, guiding the selection of components for downstream analysis. (D-F) t-SNE dimensionality reduction and clustering analysis. D and E show t-SNE plots color-coded by sample, where each colored point represents cells from different samples. F displays t-SNE clustering based on group (N for normal tissue and T for tumor tissue), with blue dots representing normal cells and red dots representing tumor cells. These plots reveal differences in cell subpopulations between samples and groups. (G) t-SNE plot showing clustering results with RNA_snn_res = 0.2, where different colors represent distinct cell subtypes, illustrating the diversity of cell clusters. (H) Bubble plot showing the expression of key genes across different cell subtypes. The size of each bubble indicates the proportion of cells expressing the gene within each cell type, and the color represents the average expression level. This analysis aids in characterizing the functional properties of different cell subtypes. (I) Pathway enrichment heatmap. This heatmap depicts the pathway enrichment of four genes (APOA2, MARCO, SPP1, and SPP1-Mac). Darker colors indicate smaller p-values, signifying greater enrichment of these genes in specific signaling pathways.


[image: ]Supplement Figure 7. Functional enrichment analysis of characteristic genes in the APOA2+ Macrophage subpopulation. (A) KEGG Pathway: The enriched pathways include Coronavirus disease (COVID-19), complement and coagulation cascades, antigen processing and presentation, lipid and atherosclerosis, TNF signaling pathway, and others. The size of the bubbles represents the number of genes involved in each pathway, while the color indicates the enrichment significance (-log10(q.adjust)), with red indicating highly significant pathways. (B) GO Biological Process: Genes are significantly enriched in biological processes such as regulation of apoptotic signaling pathways, negative regulation of proteolysis, cytoplasmic translation, protein folding, response to heat, and blood coagulation. The color and size of the bubbles represent the enrichment significance and the number of genes, respectively, with red bubbles indicating highly significant enrichments in the respective processes. (C) GO Molecular Function: The molecular function enrichment results indicate that genes are primarily enriched in functions such as structural constituents of ribosomes, enzyme inhibitor activity, MHC class II protein complex binding, antioxidant activity, and protein folding chaperone. Red bubbles highlight functions with significant enrichment. (D) GO Cellular Component: The enriched cellular components include blood microparticles, vesicle lumen, cytosolic ribosomes, cytoplasmic vesicles, and more. The red bubbles indicate significant enrichment in components such as blood microparticles.


[image: ]Supplement Figure 8. Protein-protein interaction network of characteristic genes in the APOA2+ Macrophage subpopulation. Each node represents a gene or protein, with the size of the node corresponding to its degree of connectivity, indicating the number of interactions with other genes or proteins. The color intensity reflects the importance of the node, with darker colors representing higher centrality within the network. Nodes with more connections represent more complex interactions, indicating the central roles these proteins or genes may play in biological pathways. Larger nodes such as NFKBIA, APOE, and ICAM1 also exhibit high connectivity, suggesting their potential roles in inflammation, immune responses, or other critical biological functions.


[image: ]Supplement Figure 9. Heatmap of cell communication pathways. (A) Overall signaling patterns: The heatmaps display the overall signaling patterns in normal (N) and tumor (T) tissues across multiple signaling pathways (vertical axis) and cell types (horizontal axis). The intensity of the color represents the strength of the signaling, with darker colors indicating stronger signaling. Differences in the activity of various signaling pathways between normal and tumor tissues suggest alterations in intercellular communication within the tumor microenvironment. (B) Outgoing signaling patterns: This section highlights the outgoing signaling patterns in normal and tumor tissues. Similar to the overall patterns, the vertical axis represents different signaling pathways, and the horizontal axis shows various cell types. Color intensity reflects the strength of outgoing signaling. Notably, pathways such as MHC-I, TNF, and CXCL exhibit significant changes in outgoing signaling in tumor tissues, indicating their pivotal roles in the tumor microenvironment.
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