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Figure S1. Single-cell epigenome profiles of ccRCC and normal kidney based on discovery cohort.
(A) UMAP embedding of cells derived from scATAC-seq data, including 3 ccRCC tissues and 5 normal kidney tissues. (B) Dot plot illustrating the gene activity of marker genes for each cell type in scATAC-seq data. Gene activity was determined by assessing the accessibility of chromatin peaks, encompassing a region of the gene body and the upstream 2kb region of the transcription start site. (C) Chromatin accessibility of CA9 and SLC34A1 gene in scATAC-seq data. ccRCC, clear cell renal cell carcinoma; CNT, connecting tubule; DCT, distal convoluted tubule; IC, Intercalated cells; PC, principal cell; PEC, parietal epithelial cells; PT, proximal tubule; TAL, thick ascending limb.
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Figure S2. Single-cell epigenome profiles of ccRCC based on validation cohort.
(A) UMAP embedding of cells derived from scATAC-seq data, including 18 ccRCC samples. (B) Dot plot illustrating the gene activity of marker genes for each cell type in scATAC-seq data. (C) Footprint analysis of AP-1 motifs in ccRCC cancer cells.
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[image: ]
Figure S3. Single-cell transcriptome profiles of ccRCC and normal kidney based on discovery cohort.
(A) UMAP embedding of cells derived from scRNA-seq data, including 3 ccRCC tissues and 3 normal kidney tissues. (B) Dot plot illustrating the expression patterns of marker genes for each cell type in scRNA-seq data. The size of the dots represents the percentage of gene expression within the cell subgroups, while the color indicates the intensity of expression. (C) Expression levels of ATF and MAF family genes in ccRCC cells based on scRNA-seq data. ccRCC, clear cell renal cell carcinoma; PT, proximal tubule; PC, principal cell; TAL, thick ascending limb.
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Figure S4. Single-cell transcriptome profiles of ccRCC and normal kidney based on validation cohort.
(A) UMAP embedding of cells derived from scRNA-seq data, including 18 ccRCC tissues. (B) Dot plot illustrating the expression patterns of marker genes for each cell type in scRNA-seq data. (C) Expression levels of AP-1 genes in ccRCC cells based on scRNA-seq data.
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Figure S5. Comparing FOS and JUN family gene expression between ccRCC and normal kidney samples and the spatial transcriptome expression of AP-1 (A) Comparison of FOS and JUN family gene expression between ccRCC and normal kidney samples based on bulk-RNA validation cohort. The red represented ccRCC tumor samples, the gray represented normal kidney samples. (B) Spatial expression of AP-1 and CA9 based on stRNA-seq. CA9 is a specific marker of ccRCC cancer cells.
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(B) Figure S6. Chromatin accessibility of AP-1 in scATAC-seq data. cRCC, clear cell renal cell carcinoma; CNT, connecting tubule; DCT, distal convoluted tubule; IC, Intercalated cells; PC, principal cell; PEC, parietal epithelial cells; PT, proximal tubule; TAL, thick ascending limb.

Supplementary Figure 7
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Figure S7. Functional enrichment analysis based on AP-1 target genes
(A)  Identification of AP-1 target genes based on pySCENIC analysis. The inner layer of the circle represents co-targeting of more than 4 AP-1 family genes, while the outer layer of the circle represents co-targeting of less than 4 AP-1 family genes. (B) Functional enrichment analysis of AP-1 target-genes based on HALLMARK pathway gene sets. (C) Functional enrichment analysis of AP-1 target-genes based on KEGG pathway gene sets. (D) Functional enrichment analysis of AP-1 target-genes based on GO pathway gene sets.
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SUPPLEMENTARY METHODS
Data Acquisition
The utilized data sources in this study are summarized in Table S1. For the discovery cohort, we employed three ccRCC scRNA-seq datasets1 and three normal kidney scRNA-seq datasets2. Additionally, we incorporated three ccRCC scATAC-seq datasets1 along with five kidney scATAC-seq datasets3. Spatial transcriptomics data of ccRCC were obtained from the Gene Expression Omnibus (GEO) database under accession number GSE1755404. The data utilized paraffin-embedded (FFPE) sections and consisted of four samples. Bulk-RNA data from the GDC-TCGA and GTEx databases were utilized in this study. The dataset included a total of 523 ccRCC samples and 100 normal kidney samples5 . In the validation cohort, we utilized a total of 18 paired ccRCC scRNA-seq and scATAC-seq datasets6. Bulk-RNA data of validation cohort was obtained from the GEO database under accession number GSE40435.
Processing of scRNA-seq data 
The FASTQ raw data files of scRNA-seq were processed using Cell Ranger (version 6.1.2, 10x Genomics) with default parameters. The scRNA-seq data analyses were performed using the Seurat package in R software. Dimensionality reduction, clustering, and visualization were conducted using the SCTransform, RunPCA, and RunUMAP functions within the Seurat package. Cell quality control standards were organized in Table S1 and low-quality cells were filtered out. To address batch effects, the Harmony package (version 1.0) was applied for batch effects removal in the scRNA-seq analysis. Cell-type specific marker genes were identified using the FindAllMarkers function within the Seurat package, enabling manual annotation of each cell type in the scRNA-seq dataset. 
scATAC-seq data processing 
The FASTQ raw data files of scATAC-seq data were processed using Cell Ranger-atac-2.1.0 with default parameters. The scATAC-seq data was analyzed using the Signac pipeline (version 1.6.0) in R. Dimensionality reduction and clustering were performed using the RunT-FIDF, RunSVD, and RunUMAP functions within the Signac package. Cell quality control standards were organized in Table S1 and low-quality cells were filtered out. To address batch effects, the Harmony package (version 1.0) was applied for batch effects removal in the scATAC-seq analysis. Gene activity was determined by assessing the accessibility of chromatin peaks via the GeneActivity function in Signac, encompassing a region of the gene body and the upstream 2kb region of the transcription start site. Cell type annotations in the scATAC-seq data were determined based on the gene activities and chromatin accessibility of the corresponding marker genes. This information was used to assign cell types to individual cells in the scATAC-seq dataset. 
stRNA-seq data processing 
The stRNA data analysis was conducted using the Seurat package (version 4.2.0). Spot quality control standards were compiled and organized in Table S1, and spots with low quality were filtered out. The expression of relevant genes was visualized using the SpatialFeaturePlot function within the Seurat package.
Bulk RNA-seq data analysis  
Bulk RNA-seq analyses of discovery cohort, including differential analysis and survival analysis of AP-1 genes, were conducted using the GEPIA platform (Gene Expression Profiling Interactive Analysis, http://gepia.cancer-pku.cn/)7. The differential analysis of AP-1 genes in validation cohort were conducted using R software.
Motif analysis
In the analysis of scATAC-seq data, we utilized chromVAR (v1.20.0) in R to evaluate TF binding accessibility profiles. This software calculates biased-corrected deviations, referred to as motif scores, which indicate the gain or loss of accessibility for each TF motif relative to the average cell profile. The motif position frequency matrices used in the analysis were obtained from the JASPAR2020 R package (v.0.99.10).
Footprint analysis
Transcription factor footprint analysis was performed using the Footprint function of the Signac R package. The reference data used for the analysis were obtained from the BSgenome.Hsapiens.UCSC.hg38 R package (v.1.4.4). These references provide the necessary genomic information for identifying transcription factor footprints in the scATAC-seq data.
Transcription factor regulatory network analysis
The regulatory networks of transcription factors with target genes were defined using pySCENIC. Specifically, genes that were upregulated in ccRCC cancer cells were selected to identify the target genes of AP-1. The resulting TF regulatory network was visualized using Cytoscape software (v.3.10.1), allowing for a graphical representation of the interactions between transcription factors and their target genes.
Functional enrichment analysis
The functional enrichment analysis of the AP-1 target genes was conducted using the enricher function of the clusterProfiler package (version 4.2.2) in R. This analysis utilized gene sets from the HALLMARK, KEGG, and GO categories obtained from the Molecular Signatures Database (MSigDB). Significance was determined using an adjusted p-value threshold of less than 0.05, indicating significant differences in enriched functional terms associated with the AP-1 TF target genes.
Statistical analysis
All data analyses were performed using the R software (version 4.1.2). For the differential analysis of AP-1 expression and motif activity, the Wilcoxon test was utilized. A threshold of p < 0.05 was considered statistically significant for determining differential expression and motif activity of AP-1.
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