Pseudotime trajectory analysis. To reconstruct differentiation trajectories from scATAC-seq data, pseudotime analysis was performed using Monocle3 (version 2.0) [1]. ATAC peak counts were used to construct a cell data set, and cells were embedded in UMAP space for graph learning. Cell clustering was performed on the UMAP coordinates, followed by principal graph learning to capture the trajectory topology. Progenitor cells (specify your cell type) were designated as the root, and pseudotime values were assigned to all cells based on the shortest path distance along the learned graph.

Identification of pseudotime-dependent molecular features. To detect peaks, genes, and transcription factor motifs whose signal intensity changes significantly along the trajectory, three complementary differential analyses were performed. First, differentially accessible peaks were identified by fitting a generalized linear model to pseudobulk-aggregated ATAC counts (aggregated into 10 pseudotime bins) with pseudotime and total expressed features as covariates, selecting peaks with Benjamini-Hochberg adjusted q < 0.05. Second, differentially expressed genes along pseudotime were identified by applying a graph-based spatial autocorrelation test (Moran's I, q < 0.05; Moran's I > 0.05) to RNA expression data projected onto the same trajectory topology. Third, differentially active motifs were identified by fitting linear regression models to chromVAR-derived motif deviation scores [2] as a function of pseudotime, with Benjamini-Hochberg correction (q < 0.05).
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