SUPPLEMENTAL METHODS
Genotyping
Genotyping was performed with Quick-Load Taq 2X Master Mix (New England Biolabs, M0271L) on 2% agarose gel for the PCR bands. The following PCR primers were used: Foxd1-Cre (forward-1, 5-CTC CTC CGT GTC CTC GTC-3, forward-2, 5-GGG AGG ATT GGG AAG ACA AT-3, reverse, 5-TCT GGT CCA AGA ATC CGA AG-3, 450 bps product for Cre allele, 237 bps product for wild type allele), Rosa26-mTmG (forward, 5-CTC TGC TGC CTC CTG GCT TCT-3, reverse-1, 5-CGA GGC GGA TCA CAA GCA ATA-3, reverse-2, 5-TCA ATG GGC GGG GGT CGT T-3, 250 bps product for mTmG allele, 330 bps product for wild type allele), Tcf21-Flox (forward, 5-GTG TGC ATT TCT GTG GTT GTC TCT-3, reverse, 5-CTG TTG TTT GTG CAG GTG GAG A-3, 558 bps product for Tcf21-flox allele, 460 bps product for wild type allele), and Rbm31/Sex (forward, 5-CAC CTT AAG AAC AAG CCA ATA CA-3, reverse, 5-GGC TTG TCC TGA AAA CAT TTG G-3,  353 bps product for Y allele, 269 bps product for X allele). 
Embryo staging
Triad breeding cages were set over a 24-hour period to ensure precise timing of pregnancy. Noon of the following day was considered E0.5. Dams were checked for plugs and housed together until the day of the experiment. Embryo gestational age was confirmed using the Theiler staging system.
Histology and immunohistochemistry
Samples were fixed with 10% neutral buffered formalin or 4% paraformaldehyde overnight, embedded in paraffin, and sectioned into 5-µm by the Mouse Histology and Phenotyping Laboratory of Northwestern University. 
For immunofluorescence, sections were deparaffinized in xylene and graded ethanol. Antigen retrieval was performed in a pressure cooker for 15 minutes at 120°C in citrate buffer (10 mM sodium citate, 0.05% Tween 20, pH = 6.0). Sections were washed three times with 1% BSA in PBS, permeabilized with 0.3% Triton-X-100, and blocked in 5% donkey serum + 0.3% Triton-X-100 in PBS for at least 30 minutes before incubating with primary antibodies overnight at 4°C. Primary antibodies: GFP (Abcam, ab13970, 1:500), Acta2 (Sigma, A2547, 1:400), Emcn V.7C7 clone (Abcam, ab106100, 1:250), Cd31 (R&D, AF3628, 1:100), Meis1/2/3 (Active Motif, 39796, 1:200), Pdgfrb (Abcam, ab32570, 1:100), Fn1 (Sigma, F3648, 1:200), Six2 (Proteintech, 11562-1-AP, 1:250), and Cdh1/E-cadherin (R&D, AF748, 1:200). Secondary antibodies: AlexaFluor-488, 594, and 647 were incubated for 90 minutes at room temperature.
H&E, Masson’s Trichrome, and Sirius Red stainings were performed using standard protocols at the Mouse Histology and Phenotyping Laboratory of Northwestern University.
Image quantification and statistical analysis
Images were captured on a Keyence BZ-X800 inverted microscope or Zeiss LSM-880 confocal microscope. Each channel was independently processed using FIJI/ImageJ software. Binary masks were generated for quantification using global thresholding algorithms: GFP+ EMCN+ CD31- area (representing stromal Endomucin+ cells) was thresholded with Huang method, Sirius Red+ area with Max entropy method, and Fibronectin-1+ area with Moments method. GFP+ EMCN+ CD31- area and Sirius Red+ area were  normalized to the surface area of the kidney mid-section. Fibronectin-1+ area was quantified from a minimum of 10 interstitial stromal fields per sample. Surface area was determined by manual tracing of the mid-section. The number of glomeruli were counted in a representative mid-section per sample. At least three independent biological replicates were used in each quantification. All statistical analyses were performed using an unpaired two-tailed t-test with a < 0.05 in Prism 10 (GraphPad Software, San Diego, CA). 
Preparation of single cells from E14.5 and E18.5 mouse kidneys
E14.5 embryos were harvested from three dams on the same date. Kidneys from Tcf21-cKO embryos (Foxd1Cre;Rosa26mTmG;Tcf21f/f) and Foxd1Cre;Rosa26mTmG;Tcf21+/+ littermate controls were dissected under sterile conditions and washed in cold calcium- and magnesium-free PBS. For cell dissociation, we optimized a previously-described cold-active protease protocol 1 that prevents artifactual changes and preserves transcriptomic profiles during enzymatic digestion. Briefly, kidneys were minced and digested using a fresh enzyme mix containing Collagenase type 2 (2.5 mg/ml; Worthington, LS004174), DNase I (125 U/ml; Worthington, LS002058), and Bacillus licheniformis protease (7.5 mg/ml; Sigma, P5380). E14.5 kidneys were incubated in 100 ul of enzyme mixture, and E18.5 kidneys were incubated in 1000 ul of enzyme mixture. Samples were incubated at 14°C for 45 minutes with gentle trituration every five minutes to aid dissociation. Enzymatic digestion was halted by adding one equivalent volume of 20% FBS in calcium- and magnesium-free PBS. Cells were centrifuged at 1,250 rpm for seven minutes to pellet them, then resuspended in 1 ml of DMEM (Dulbecco’s Modified Eagle Medium, Gibco, Netherlands) supplemented with 2% FBS. The suspension was passed through a 40-μm strainer (Scienceware Flowmi, H13680-0040) into DNA LoBind tubes (Eppendorf, 022431005). Following two additional filtrations into 5-ml polypropylene round-bottom tubes (Falcon, 352063), the cells were resuspended in 500 μl of DMEM with 2% FBS. Flow cytometry was performed using a BD FACSAria SORP system at the Flow Cytometry Core of Northwestern University. Fluorescence-activated cell sorting (FACS) was performed to isolate Foxd1-lineage stromal cells based on GFP expression. Cells that were GFP+ (either single-positive or double-positive for tdTomato) were collected for sequencing, ensuring the inclusion of both early progenitors and more differentiated stromal populations. (Suppl Fig. S1a). Samples were collected into PBS with 1% BSA and used immediately for downstream applications. Samples of the same genotype and sex were pooled. The number of embryos and cells per sample are given in the table below:
	scRNA-seq sample
	n embryos
	n cells

	E14.5 Control Female
	2
	199,522

	E14.5 Control Male
	4
	235,783

	E14.5 Mutant Female
	3
	109,099

	E14.5 Mutant Male
	1
	178,086

	E18.5 Control Female
	2
	124,000

	E18.5 Control Male
	2
	94,000

	E18.5 Mutant Female
	2
	100,000

	E18.5 Mutant Male
	1
	71,000



Preparation of single nuclei from E14.5 mouse kidneys
Single-cell suspensions were centrifuged at 300 x g for 5 minutes at 4°C. Cells were resuspended in 120 ul of fresh nuclei lysis buffer (10 mM Tris-HCl, pH = 7.4, 10 mM NaCl, 3 mM MgCl2, 0.1% Tween-20, 1% BSA, 0.1% IGEPAL CA-360, 0.01% Digitonin in nuclease-free water). Cells were incubated in the reaction for 7 minutes on ice. Then, the reaction was diluted twice with one equivalent of fresh wash buffer (10 mM Tris-HCl, pH =7.4, 10 mM NaCl, 3 mM MgCl2, 0.1% Tween-20, 1% BSA in nuclease-free water) and centrifuged at 500 x g for 5 minutes at 4 C. Following the second dilution, the supernatant was completely removed, and the pellet was resuspended in 15 ul of nuclei resuspension buffer (10X Genomics). The number of embryos and nuclei per sample are given in the table below: 
	scATAC-seq sample
	n embryos
	n nuclei

	E14.5 Control Male
	4
	13,860

	E14.5 Mutant Male
	4
	6,570



Initial processing for E14.5 scRNA-seq
Up to 10,000 cells from each sample were processed using the 10x Genomics Chromium 3’ Kit version 3 and sequenced on an Illumina NovaSeq with a target of ~400 million reads per sample. Raw sequencing data was demultiplexed and processed using Cell Ranger v6.1.0 and a custom reference combining the mm10 transcriptome with the eGFP and tdTomato RNA sequences. Filtered count matrices from each sample were loaded as a Seurat object (v4.0.2). Genes were retained in the analysis only if expressed in at least three cells. Cells exhibiting fewer than 2000 or more than 8000 gene features were filtered out of the subsequent analysis. Moreover, cells with mitochondrial content exceeding 15% or with hemoglobin gene (Hba and Hbb) expression above 1%, were also discarded. Following this, Scrublet (v0.2.2) was used to identify cells likely to be doublets, applying 25 principal components for each sample. Across all samples, an expected doublet rate threshold of 7.6% (based on loading of approximately 16,000 cells) was set to ensure thorough and consistent doublet identification leading to 2701 cells marked for removal (Suppl Fig. S2b). After filtering, all samples were merged into a single Seurat object. Estimated cell numbers and initial quality control (QC) statistics are given in the table below:
	E14.5 Sample
	Pre-QC Cell #
	Median Genes
	Median UMIs
	% Reads in Cell
	Post-QC Cell #

	Control Female
	11,049
	3,570
	12,569
	95.5
	9526

	Control Male
	11,995
	3,946
	15,391
	94.7
	9679

	Mutant Female
	7,867
	4,468
	18,576
	93.2
	5830

	Mutant Male
	9,543
	4,387
	19,294
	94.0
	7426

	Total
	
	
	
	
	32,461



Cell type annotation
SCTransform was applied on 3,000 variable genes for data normalization and scaling, with UMI count and percent mitochondria set as variables to regress. Principal component analysis (runPCA) was performed across all samples and the first 25 PCs were selected for Uniform Manifold Approximation and Projection (UMAP).  Clustering (FindClusters) was also run with 25 PCs and a resolution parameter of 0.25. Clusters were optimized to capture the major cell types and were stable across a range of parameters. To identify de novo markers for the resulting 13 clusters, FindMarkers was run using a two-sided Wilcoxon rank-sum test (min.pct = 0.25) with adjusted p-value calculated using Benjamini-Hochberg method (Suppl Table S1).  Individual clusters were grouped together based on annotated cell type for further analysis.
Stromal subclustering
To identify sub-populations within stromal clusters, we selected all cells from the clusters annotated as stroma (n = 22,355). Cells exhibiting more than 10% mitochondrial content were excluded to eliminate stressed or dying cells that could skew the analysis. 
	E14.5 Sample
	All Stromal Cells
	Median Genes
	Median UMIs
	Filtered Stromal Cells

	Control Female
	8,912
	3,577
	12,558
	8,897

	Control Male
	6,724
	3,889
	14,559
	6,689

	Mutant Female
	4,939
	4,668
	19,993
	4,934

	Mutant Male
	1,780
	4,046
	14,959
	1,777

	Total
	22,355
	3,922
	14,644
	22,297



The remaining 22,297 cells were renormalized using scTransform with 3000 variable genes and regressing on the difference between S and G2M score (CellCycleScoring) as recommended by Seurat to limit the effect of cell cycle on clustering while maintaining differentiation-associated trends. UMAP and clustering (FindClusters) were performed with the first 15 principal components and resolution at 0.20 based on the elbow of the scree plot and robustness of clusters (Suppl Fig. S6a,b). De novo markers across stromal clusters were identified as described above for cell types (Suppl Table S2a). Transcriptional signatures of stromal compartments were calculated using AddModuleScore on curated markers based on publicly available sources 2,3, Allen Developing Mouse Brain Atlas (https://developingmouse.brain-map.org/), GUDMAP 4,5, and our previous studies 6 (Suppl Fig. S4). To compare our annotations to previously published clusters (Combes et al),  we calculated the fraction of the top 20 published markers that overlapped our list of de novo markers by cluster (Suppl Table S2b).
GenePaint 
The spatial expression of representative key genes in control E14.5 mouse kidney was examined using GenePaint gene expression atlas (https://gp3.mpg.de/).
Comparison of stromal cells in Tcf21-cKO and control
Before comparing stromal cells across genotype, each sample was subsampled to 1,777 stromal cells to match the lowest sample and ensure even numbers across sexes.  This approach was used to take advantage of the independent samples but control for the effect of sex.  The scProportionTest algorithm (https://github.com/rpolicastro/scProportionTest) was used to calculate p-values for differences in composition between Tcf21-cKO and control conditions using a permutation test.  Confidence intervals were provided through bootstrapping. Differential expression analysis was performed using FindMarkers to measure changes in expression distribution across all single cells in the stromal compartment in Tcf21-cKO vs. control (min.pct = 0.25). All stromal cells were included to avoid biases due to uneven clusters between conditions while comparing single-cell level expression. Genes with log fold change ≥ 0.25 and with p-adjusted value less than 0.05 were defined as significantly increased or decreased in expression. Enriched GO terms for genes that exhibited significantly increased or decreased expression in Tcf21-cKO were determined using the R package clusterProfiler (https://github.com/YuLab-SMU/clusterProfiler) and compared all 28,891 genes expressed in the dataset as background
Trajectory analysis 
To construct a pseudotime trajectory representing healthy differentiation, cells from control samples (n = 15,579, excluding 7 outlier cells from the ECM-expressing cluster) were isolated from the stromal population. We excluded the Tcf21-cKO cells in an effort to capture the relationship between subpopulations in normal development. This subset of cells was normalized using scTransform with regression by cell cycle score difference as above (S-G2M). Then, RunPCA and RunUMAP (dim=15) was performed. The two-dimensional representations was converted to be compatible with Monocle v3 7,8. Clustering was performed in Monocle using the cluster_cells function with default parameters.  To build the underlying trajectory, learn_graph was run with parameters close_loop=FALSE and ncenter=310 (chosen based on calculating 2% of the number of cells). Pseudotime for each cell was calculated  using order_cells()with the starting node set as the  nephrogenic zone cluster. The function graph_test() was used to identify co-regulated genes across pseudotime with the autocorrelation approach (“principal_graph” parameter). Significant genes were defined by q value < 0.05. Genes were grouped into trajectory-based modules using find_gene_modules() with default parameters testing a range of resolution values from 10−6 to 10-1 and the aggregate_gene_expression was used to calculate module expression.  The pseudotime calculated in the control samples was binned into discrete intervals (bins) of 3 units each, ranging from 0 to 30.  To transfer the pseudobins from the control sample to Tcf21-cKO samples, the FindTransferAnchors() and TransferData() functions were used to identify the anchors with shared annotations between control and the Tcf21-cKO cells using the PCA as a dimensionality reduction technique function. To calculate enrichment of each trajectory-based module in the Emcn-expressing cluster in Tcf21-cKO samples, the percent of cells with score greater than 0 in this cluster compared with the rest of the sample was calculated.  These numbers were used in a hypergeometric test to determine the p-value for enrichment.
E14.5 scATAC-seq initial processing and analysis
Up to 10,000 single nuclei from each sample were processed using the 10X Genomics Chromium Single Cell ATAC Kit version 2 and sequenced on an Illumina NovaSeq with a target of ~400 million reads per sample. Raw sequencing data were demultiplexed, followed by read alignment and cell calling using Cell Ranger ATAC with the mm10 mouse reference genome. Count matrices were loaded into a Seurat object and subsequently analyzed with the Signac toolkit 9. Cells were filtered out the subsequent analysis if they met any of the following criteria: 1) < 3,000 reads for control male or < 5,600 reads for mutant male, 2) transcription start site (TSS) enrichment < 2.5 for control male or < 3 for mutant male, 3) Fraction of Reads in Peaks (FRiP) < 0.3 for control male or < 0.225 for mutant male. Moreover, cells with fraction of reads overlapping the ENCODE blacklist genomic regions 10 ≥ 0.15 or with nucleosome signal ≥ 1.5 were also discarded. Estimated cell numbers and initial QC statistics are given in the table below:
	E14.5 Sample
	Pre-QC Cell #
	Median high-quality fragments per cell
	Fraction of high-quality fragments overlapping peaks
	Post-QC Cell #

	Control Male
	9,127
	731
	39.5
	3,411

	Mutant Male
	1,969
	13,520
	39.2
	1,724

	Total
	11,096
	7,125
	39.4
	5,135



Peak calling was done using MACS 11. Control and mutant samples were integrated, and batch effects were corrected using Harmony 12. Then, gene activity scores were computed using Signac’s GeneActivity function by summing read counts in gene body and promotor region (2,000 bases upstream of TSS). Moreover, per-cell motif activity was inferred using chromVAR 13. To annotate stromal cells from scATAC-seq data, we transferred stromal subtype annotations from E14.5 scRNA-seq data using Seurat’s FindTransferAnchors (reduction = “cca”) and TransferData functions. We verified the annotations by running FindMarkers on the gene activity scores using a two-sided Wilcoxon rank sum test (min.pct = 0.1) (Suppl Table S7).
Genome browser visualization
Pseudo-bulked signal tracks for each sample were exported as BigWig files using ArchR’s getGroupBW function. Accessible chromatin peaks were scanned for the Tcf21 motif with the Biostrings searchSeq function using default parameters. The Tcf21 motif for mus musculus (Motif ID M01828_3.00) was downloaded from CIS-BP Database. Visualization of pseudo-bulked tracks and Tcf21 motif positions were performed in Gviz (v1.50.0). Data were pseudobulked to account for the uneven representation of stromal clusters across genotypes.
Initial processing for E18.5 scRNA-seq
Up to 10,000 single cells from each group were processed using the 10x Genomics Chromium 3’ Kit version 3 and sequenced on an Illumina NovaSeq with a target of ~400M reads per sample. Raw sequencing data was demultiplexed and processed using Cell Ranger and a custom reference combining the mm10 transcriptome with the eGFP and tdTomato RNA sequences. Filtered count metrics from each sample were loaded as a Seurat object. Genes were retained in the analysis only if expressed in at least 3 cells. Cells exhibiting any of the following criteria were filtered out of the subsequent analysis: 1) fewer than 300 genes, 2) fewer than 3,000 reads, 3) more than 50,000 reads for control female and mutant female samples (or 30,000 for control male and mutant male samples). Moreover, cells with mitochondrial content exceeding 10% or with hemoglobin gene (Hba and Hbb) expression above 1% were also discarded. After filtering, all samples were merged into a single Seurat object. Estimated cell numbers and initial quality control (QC) statistics are given in the table below:
	E18.5 Sample
	Pre-QC Cell #
	Median Genes
	Median UMIs
	% Reads in Cell
	Post-QC Cell #

	Control Female
	4,246
	3,262
	9,740
	91.9
	3,434

	Control Male
	10,512
	3,586
	12,244
	93.7
	7,400

	Mutant Female
	8,312
	3,500
	11,589
	94.8
	9,350

	Mutant Male
	3,891
	3,300
	10,002
	92.1
	3,250

	Total
	26,961
	3,412
	12,273
	93.1
	23,434



SCTransform was applied on 3,000 variable genes for data normalization and scaling, with difference between S and G2M score and percent mitochondria set as variables to regress. Integration across samples was performed using the Seurat workflow: SelectIntegrationFeatures and FindIntegrationAnchors (dims = 30) to merge the datasets into a single corrected expression matrix. Principal component analysis (runPCA) was performed across all samples and the first 20 PCs were selected for Uniform Manifold Approximation and Projection (UMAP). Clustering (FindClusters) was also run with 20 PCs and a resolution parameter of 0.30. Clusters were optimized to capture the major cell types and were stable across a range of parameters. To identify de novo markers for the resulting 14 clusters, FindMarkers was run using a two-sided Wilcoxon rank-sum test (min.pct = 0.1) with adjusted p-value calculated using Benjamini-Hochberg method (Suppl Table S5). Individual clusters were grouped together based on annotated cell type for further analysis.
Re-clustering of stromal sub-population 
To identify sub-populations of stromal cells, we selected all cells from the clusters annotated as stroma (n=21,922).  
	E18.5 Sample 
	Median Genes 
	Median UMIs 
	All Stromal Cells 

	Control Female 
	3,252 
	9,697 
	3,231 

	Control Male 
	3,541 
	11,919 
	6,552 

	Mutant Female 
	3,497 
	11,564 
	9,112 

	Mutant Male 
	3,342 
	10,052 
	3,027 

	Total 
	3,408
	10,808
	21,922 



SCTransform was applied on 3,000 variable genes for data normalization and scaling, regressing on the difference between S and G2M score (CellCycleScoring). Principal component analysis (RunPCA) was performed across all samples and the first 20 PCs were selected for Uniform Manifold Approximation and Projection (UMAP). Clustering (FindClusters) was also run with 20 PCs and a resolution of 0.3. Label transfer from our E14.5 scRNA-seq dataset was performed to assign preliminary cluster identities using the Seurat workflow: FindTransferAnchors and TransferData (reduction = “pca”) with PCs = 25. Cluster identities were then validated using two complementary approaches: (1) confirmation of transferred labels based on the expression of canonical stromal markers, and (2) identification of de novo marker genes for each cluster (Suppl Fig. S8c,d; Suppl Table S5). Cluster assignments were further supported by comparison with published in situ hybridization data.
Matrisome gene module score calculation
A published gene set (“core matrisome”) corresponding to matrisome-associated genes14 was downloaded from the Molecular Signature Database. Pearson correlation coefficients were computed between each gene and the average expression of “core matrisome” genes. The final module score was calculated using AddModuleScore in Seurat. Genes included in the final module score are included in Suppl Table S6.
Reclustering of Endomucin+ stromal cells
To identify Endomucin+ stromal cells at E18.5, we selected all stromal cells with log2-transformed Emcn expression > 1.03 in Tcf21-cKO samples. 1.03 was chosen for the threshold because it represented mutant cells with Emcn expression above the median. 
	E18.5 Sample
	Median Genes
	Median UMIs
	Emcn+ Cells

	Mutant Female
	3,393
	10,676
	4,390

	Mutant Male
	3,293
	10,049
	1,682

	Total
	3,343
	10,363
	6,072



The subset was re-normalized using SCTransform with 3,000 variable genes, regressing on the difference in cell cycle (S to G2m). Then, RunPCA, FindClusters, and RunUMAP were performed with 20 principal components and a resolution of 0.50. Preliminary cluster annotations were assigned according to the dominant cell type in each cluster. The annotations were subsequently validated by examining the expression of de novo markers (Suppl Table S5).
Cell-cell communication analysis
All stromal and non-stromal cells from E18.5 control and mutant samples were subset. To preserve condition-specific signaling architecture, control and mutant datasets were processed independently and later merged with the mergeCellChat function for comparative analysis. Each group was re-normalized using SCTransform with 3,000 variable genes as above, regressing out the difference in cell cycle scores. Then, RunPCA and RunUMAP were performed (dims = 20). Expression matrices were converted for compatibility with CellChat 15. The mouse ligand-receptor reference database was filtered to include only protein-protein interactions. Overexpressed genes and ligand-receptor pairs were identified using identifyOverExpressedGenes and identifyOverExpressedInteractions, respectively. Signaling pathway activity and overall communication networks were inferred using computeCommunProb with the triMean method and population.size = FALSE (due to the use of sorted cells). Significant ligand-receptor interactions among stromal, epithelial, and endothelial clusters were visualized and compared between genotypes using netVisual_bubble. 
Bulk RNA-seq of E18.5 whole kidneys
Foxd1Cre/+ Tcf21f/+ mice were bred with Tcf21f/+ mice over a 24-hour period. Dams were checked for plugs the following morning (E0.5) and housed together until the day of the experiment. E18.5 kidneys from Foxd1Cre/+ Tcf21f/f  (n=2 males) and Foxd1Cre/+ Tcf21+/+ littermate controls (n=2 males) were harvested on the same day. Kidneys were dissected under sterile conditions and placed in 10 equivalents of RNAlater solution (Sigma R0901). After RNA stabilization, kidneys were transferred to 600 ul of Buffer RLT (Qiagen 1053393) and disrupted with a mechanical homogenizer. RNA was extracted using the RNeasy Mini Kit (Qiagen 74104). Libraries were prepared using an Illumina Stranded mRNA-Seq Library Prep kit and sequenced with an Illumina NovaSeq X Plus sequencer on a 10B flowcell with single-end 50 nt mode and target of ~100 million reads.
RNA-seq reads were mapped to mm10 using HISAT2 and normalized gene expression values were calculated using Cufflinks. Genes with a combined FPKM (row sum across all samples) less than 4 were excluded from further analysis.  Genes with a false discovery rate < 0.05 and  absolute log2 fold change > 1.0 were considered significant. Gene ontology enrichment analysis was performed on significant up- and down-regulated using clusterProfiler. All expressed genes served as the background.
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