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Supplemental Fig. S1. UMAP visualization of simulated cells from simulation tests 1 to 3. From left to 
right, the differential expression (DE) factors are 0.1, 0.2, and 0.3, respectively, representing increasing 
gene expression differences between cells.
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Supplemental Fig. S2. Multiple evaluation metrics demonstrate the strong performance of 
classification using principal components (PCs) derived from gene expression profiles of highly variable 
genes identified by the standard Seurat v4 pipeline. (A) Accuracy, F1 score, sensitivity, and specificity 
of PC-based classification in simulation tests 1-3. (B) ROC curves and corresponding AUC values for 
PC-based classification of each cell cluster in simulation tests 1-3.
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Supplemental Fig. S3. Evaluation of principal components (PCs) derived from gene expression profiles 
generated using simulated gene programs in simulation tests 1-3. (A) Elbow plots of the standard 
deviations of the PCs across simulation tests 1-3. (B) Accuracy, F1 score, sensitivity, and specificity of 
the PCs in simulation tests 1-3. (C) ROC curves and corresponding AUC values of the PCs for each cell 
cluster in simulation tests 1-3.
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Supplemental Fig. S4. Performance comparison of DeCEP and existing methods on simulated data. 
(A) Sensitivity and specificity of DeCEP (discrete mode) and five other methods for each cell
cluster in simulation tests 1-3. (B) ROC curves and corresponding AUC values of existing methods for
each cell cluster in simulation tests 1-3.
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Supplemental Fig. S5. UMAP visualization of simulated cells from simulation tests 1 to 3, with cells 
colored by clusters identified through k-means clustering (k = 2).
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Supplemental Fig. S6. Multiple evaluation metrics indicate that the weighted quantification of context-
specific gene programs improves performance on simulated data. (A) Accuracy, F1 score, sensitivity, and 
specificity for different combinations of the DeCEP framework components in simulation tests 1-3. (B) ROC 
curves and corresponding AUC values for various DeCEP framework component combinations across each 
cell cluster. (C) Mean silhouette coefficient (SC) values for different combinations of the DeCEP framework 
components.
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Supplemental Fig. S7. UMAP visualization of simulated cells with 50 dynamic steps in simulation tests 4-6. 
From left to right, the differential expression (DE) factors are 0.1, 0.2, and 0.3, respectively, indicating the 
gradually increasing gene expression variability between cells.
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Supplemental Fig. S8. Initial characterization of the normal liver tissue scRNA-seq dataset. (A) Expression 
levels of Alb, Oat, Cyp2e1, and Cyp2f2 in hepatocytes. (B) UMAP visualization of hepatocytes derived from 
the adult mouse liver. Cells are colored by clusters. (C) Expression levels of three zonation marker genes 
and the resulting inferred order of cell clusters along the lobular axis from the portal triads (PT) to the central 
vein (CV).
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Supplemental Fig. S9. The hepatocyte-specific functional networks of detoxification-related gene 
programs, where genes in red represent key hub genes related to liver detoxification.
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Supplemental Fig. S10. Pseudo-spatial and DeCEP state mapping of hepatocytes by UMAP. (A) 
UMAP visualization of hepatocytes at the pseudo-spatial level. (B) UMAP visualization of hepatocytes 
with the DeCEP states.
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Supplemental Fig. S11. Evaluation metrics demonstrate that the weighted quantification of context-specific 
gene programs enhances performance on the normal liver tissue dataset. (A) Accuracy, F1 score, 
sensitivity, and specificity for different combinations of the DeCEP framework components used to 
characterize liver detoxification-related gene programs. (B) ROC curves and corresponding AUC values for 
various combinations of DeCEP framework components in characterizing liver detoxification-related gene 
programs. (C) Associations between individual gene program activity scores and the pseudo-space factor 
across different DeCEP framework component combinations. (D) Strength of the associations between the 
overall activity of detoxification-related gene programs and the pseudo-space factor in various DeCEP 
framework component combinations.
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Supplemental Fig. S13. Performance of CoGAPS in characterizing liver detoxification function in the 
normal liver tissue dataset. (A) UMAP visualization of hepatocytes based on the activity levels of eight 
patterns factorized by CoGAPS. (B) Gene programs associated with liver detoxification are significantly 
enriched in Pattern 7. (C) Significant enrichment of the hallmark gene sets in Pattern 7. (D) The top 20 
marker genes associated with Pattern 7. (E) Intersection of detoxification-related context-dependent hub 
genes identified by DeCEP and marker genes associated with Pattern 7 identified by CoGAPS. 
Intersections 1-3 represent the overlap between context-dependent hub genes related to drug 
metabolism - cytochrome P450, metabolism of xenobiotics by cytochrome, and glutathione 
metabolism, as identified by DeCEP, and the marker genes associated with Pattern 7, 
respectively. The top panel shows the PatternScores of the overlapping genes. The middle panel displays 
their absolute ranks, and the bottom panel shows their relative ranks among all marker genes for Pattern 7.
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Supplemental Fig. S14. Initial characterization of the adult mouse liver ST data. (A) UMAP visualization 
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Supplemental Fig. S16. Initial characterization of the Alzheimer’s disease scRNA-seq dataset. (A) 
Expression levels of Slc1a3 and Gfap in astrocytes. (B) UMAP visualization of astrocytes from the 
hippocampus of Alzheimer’s disease (AD) and wild-type (WT) mice. Cells are colored by neuroinflammation 
(NI) levels. (C) Proportions of astrocytes in AD and WT mice under different inflammatory conditions. (D) 
Distinct gene expression patterns under NI-high and NI-low conditions.
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Supplemental Fig. S17. Density plots of the activity scores for known neuroinflammatory gene programs 
under NI-high and NI-low conditions calculated by existing methods. The activity scores of NI-high and NI-
low astrocytes were compared. The one-sided Wilcoxon rank-sum test: ***P < 0.001, **P < 0.01, *P < 0.05.
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Supplemental Fig. S19. Initial characterization of the mouse brain ST data. (A) Anatomy of the mouse brain 
from the Allen Brain Atlas. (B-C) Demonstration of spatial domains derived from spatial clustering in brain 
sections from Alzheimer’s disease (AD) and wild-type (WT) mice. The spatial domains were further assigned 
to six brain regions (cerebral cortex (CTX), cerebral nuclei (CNU), hippocampal formation (HPF), 
thalamus (TH), hypothalamus (HY), and fiber tracts) based on the Allen Brain Atlas (B) and UMAP 
visualization (C). The table on the right summarizes the spatial domain assignments corresponding to each 
brain region.
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Supplemental Fig. S21. DeCEP further identifies the spatial characteristics of the representative 
neuroinflammatory gene program in a mouse brain using Slide-seqV2 data. (A) Spatial domains and DeCEP 
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existing methods in the human cSCC tissue section.
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