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(i) Sparse modality signals.

The expression vectors of RNA and ATAC are sparse; thus, modeling them with dense vectors will introduce noise from 

unexpressed signals.

(ii) Underutilization of biological features.

Each RNA and ATAC signal carries rich biological attributes (e.g., statistical summaries, genomic annotations, and DNA 

sequences), which are not effectively incorporated by existing methods.

(iii) Insufficient modeling of crossmodal interaction.

Most current methods do not directly model the interaction between expressed ATAC and RNA signals, with limitations 

in understanding the underlying regulation.

II. Graph Construction: From Modality Expression to Attributed Bipartite Graphs

We introduce a graph-based perspective built upon the concept of Attributed Bipartite Graphs (ABGs). 

① Nodalizing Expressed Multimodal Signals into Bipartite Node Set.

③ Edge Design with Biological Prior Knowledge. 

We introduce a chromosomal mask as adjacency matrix to constrain attention computation within chromosomally plausible 

regions. These prior-informed connections improve inductive bias and reduce noise from fully associations.

② Embedding Biological Attributes into Node Features.
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Right: Case study of RNA–ATAC attention 

matrices for a representative single cell 

under different threshold values τ.

Left: Comparison between TF binding 

scores and cumulative attention scores 

within the same cell type (CD4).
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With a top-k pruning, aligns with the biological truth that 

each gene is typically regulated by a limited number of ATAC. 


