Supplementary Figure 1. Additional differential-feature patterns between PDAC and non-PDAC.
(A) PCA of differential coverage-derived 5hmC features (windows, peaks, OCRs, and genes). Each dot represents one sample, with different colors indicating groups (PDAC versus non-PDAC); the axes show PC1 and PC2 with explained variance, illustrating group-level separation across feature modalities.
(B) Number of significant differential features by coverage-based feature type. The bars show the total counts, and the labels indicate upregulated and downregulated features in PDAC patients relative to those in non-PDAC patients.
(C) Motif diversity score (MDS) comparison between groups. Higher MDS values in PDAC indicate increased end-motif diversity, suggesting a loss of preferential end-motif usage and a shift toward a more uniform motif distribution in PDAC.
(D) Heatmap of FSD differences across genomic regions and fragment-length bins. The color of the heatmap represents the log2(PDAC/non-PDAC) ratio. The gold outlines around the heatmaps denote significantly different FSD features, illustrating that the most significant FSD differences were concentrated between 140 and 190 bp. In addition, some long/multinucleosomal fragments (>220 bp) presented decreased signals in PDAC, but these changes were not statistically significant.

Supplementary Figure 2. Tissue specificity and annotation of PDAC-associated differential 5hmC features.
(A) Tissue-specific enrichment patterns for differential feature sets across four coverage-based modalities (differential peaks, differential windows, differential genes, and differential OCRs). The y-axis lists tissue types, and the x-axis shows enrichment significance. Different feature types captured complementary source signals: differential gene- and window-based features were predominantly enriched in nervous system-related tissues, with window features showing a broader distribution across multiple tissues, including the digestive, breast, and circulatory systems. In contrast, OCR features were most strongly enriched in heart-associated tissues, whereas peak features were enriched mainly in whole blood. Notably, no enrichment of differential features was detected in pancreatic tissue.
(B) HOMER genomic annotation of differential window, OCR, and peak sets. The x-axis lists feature sets and their numbers. The y-axis represents the proportion of annotated genomic regions. The bar color denotes different genomic annotations. Most regions were annotated as intronic or intergenic across all feature sets, whereas promoter-associated regions were relatively more represented in differential OCRs and differential peak sets.
(C) ChromHMM annotation of differential region-based features. The y-axis shows ChromHMM states, and the x-axis shows fold enrichment. Differential peak features were enriched in enhancer-associated states, particularly those associated with genetic enhancers (EnhG). The window and OCR features showed concordant enrichment in transcription-flanking regions, with the strongest enrichment observed for the OCR features.

Supplementary Figure 3. Feature-type-specific GO biological process enrichment of PDAC-associated differential 5hmC signals.
Top enriched GO-BP terms across differential feature types. The y-axis lists the GO terms, the x-axis shows the fold enrichment, and the bar color indicates the normalized q value (qvalue_norm).
(A) Gene. Gene-level signals were enriched mainly in neuronal and synaptic functional programs.
(B) OCR. OCR-associated signals preferentially reflected developmental and prostaglandin/prostanoid-related programs.
(C) Peak. Peak-associated signals were enriched in hematopoietic and immune homeostasis-related processes.
(D) Window. Window-level signals captured broader developmental, metabolic, and regulatory programs.

Supplementary Figure 4. Additional analysis of stage-associated 5hmC dynamics in PDAC.
(A) Stagewise comparison of the motif diversity score (MDS) across stages I, II, III, and IV. End-motif diversity increased with stage, suggesting progressive fragment-end remodeling.
(B) Stagewise trends of GSVA and concordance scores across feature modalities. Among PDAC-discriminative feature types, FSD-derived metrics significantly increased with increasing stage, whereas other modalities did not significantly differ.
(C) Shared-versus-unique GO-term composition among stage-associated NMF programs (peak_C1, peak_C2, peak_C3, OCR_C1, and OCR_C3). The y-axis denotes the number of enriched GO terms in each component. The x-axis denotes different components and their corresponding top-loading features used for enrichment analysis. The numbers above the bars indicate total GO terms, with unique GO terms shown in parentheses. Shared terms were defined as GO terms present in at least two components, whereas unique terms were specific to a single component. These results suggest that stage-related programs share a common functional backbone while retaining nonredundant component-specific biology.

Supplementary Figure 5. Endpoint comparison and functional enrichment of pseudotime-associated 5hmC features
(A) GO-term enrichment of features stratified by the direction of pseudotime-associated change: increasing versus decreasing along pseudotime. Features increasing along pseudotime were enriched for signaling-related programs, whereas features decreasing along pseudotime were enriched for more basal cellular functions.
(B) Endpoint-setting comparison for pseudotime construction in gene- and peak-based feature spaces. Pseudotime was constructed separately using different state pairs as terminal anchors (s00 versus s11, s00 versus s01, and s00 versus s10). The s00–s11 terminal-state setting provided the most interpretable progression structure, with clearer separation along the trajectory. In contrast, using s01 or s10 as the terminal state resulted in reduced separation among the four states and failed to distinguish them along the trajectory. *p < 0.05, **p < 0.01, and ***p < 0.001.

Supplementary Figure 6. Model development details and performance comparison for detection and staging frameworks.
(A) Schematic of first-level model construction. The workflow includes supervised feature selection, feature reduction, and task-specific modeling: FLAML for classification tasks and FCN for multitask regression/classification settings.
(B) Composition of repeatedly flagged non-PDAC “abnormal” samples by clinical subgroup. The y-axis shows the proportion (%). The abnormal samples were enriched in inflammatory/other nonmalignant conditions rather than benign tumors, supporting PDAC-versus-benign redesign.
(C) Mean test accuracy of the first-level and second-level stacked detection models under the two-label design. The colored points represent the PDAC-versus-non-PDAC and PDAC-versus-benign settings. Most models performed better under the PDAC-versus-benign design.
(D) Distribution of selected best estimators across outer-CV folds for each feature type. Stacked colors denote estimator types chosen by FLAML. The estimator composition was broadly stable across designs, suggesting model-selection robustness.
(E) Detection performance, measured by the mean ROC-AUC, by feature type and stacked model. The stacked model provided the best overall discrimination.
(F) Permutation importance in the final stacked detection model. Although Artemis and motif features were retained in the selected combination, permutation testing indicated that their contributions were very limited, with both values near zero.
(G-H) Comparison of stage-prediction performance across first-level and stacked models using mean test log loss (G) and mean macro-AUC (H). Although the mean log loss of the stacked model was slightly less favorable than that of the first-level OCR model, it achieved the highest macro-AUC among all the models, indicating superior overall multiclass discrimination.
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