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Abstract Functional enrichment analysis is central to interpreting transcriptomic 
data, yet its coverage and conclusions depend on gene selection and ranking, 
enrichment strategy, database choice, and prioritization of redundant functional 
and disease-associated terms. These decisions are made independently, with 
no unified framework for determining which functional profile best represents 
cellular biology. We developed CellFun, a multi-agent framework integrating 
gene prioritization, multidimensional pathway evaluation, adaptive optimiza
tion, and evidence-grounded interpretation. We used SCIG, a machine-learning 
framework for identifying and prioritizing cell identity genes (CIG), to derive 
CIG scores, previously shown to be useful in network analysis and single-cell 
clustering1. Here, we tested whether CIG-based gene prioritization improves 
functional interpretation beyond conventional expression-based selection. 
Across 462 cell types from human and mouse tissues, CIG-based gene sets1,2 
recovered more significant functional and disease-associated terms than highly 
expressed or cell-type-specific gene sets, while showing greater specificity than 
high-expression gene sets and comparable specificity to cell-type-specific gene 
sets across multiple databases. We then developed a Q-score evaluating enrich
ment profiles across six dimensions: statistical significance, functional breadth, 
theme-to-term ratio, specificity, semantic coherence, and gene-support diversity 
after redundancy reduction. Cell type–database pair evaluations showed that 
CIG-based and cell-type-specific gene sets achieved the strongest Q-score 
performance, substantially exceeding expression-based strategies. CellFun-de
rived pathway profiles and functional summaries preserved transcriptome-level 
relationships, recovered cell functions, and supported marker-independent cell-
identity retrieval. Together, CellFun enables functional annotation of single-cell 
transcriptomes, with extension to spatially resolved data, to map cellular func
tions across tissues, compare functional states in health and disease, and identify 
disease-associated pathways and candidate regulators.
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Abstract 

Functional enrichment analysis is central to interpreting transcriptomic data, yet its coverage and conclusions 
depend on gene selection and ranking, enrichment strategy, database choice, and prioritization of redundant 
functional and disease-associated terms. These decisions are made independently, with no unified framework for 
determining which functional profile best represents cellular biology. We developed CellFun, a multi-agent 
framework integrating gene prioritization, multidimensional pathway evaluation, adaptive optimization, and 
evidence-grounded interpretation. 

We used SCIG, a machine-learning framework for identifying and prioritizing cell identity genes (CIG), to derive 
CIG scores, previously shown to be useful in network analysis and single-cell clustering1. Here, we tested whether 
CIG-based gene prioritization improves functional interpretation beyond conventional expression-based selection. 
Across 462 cell types from human and mouse tissues, CIG-based gene sets1,2 recovered more significant 
functional and disease-associated terms than highly expressed or cell-type-specific gene sets, while showing 
greater specificity than high-expression gene sets and comparable specificity to cell-type-specific gene sets across 
multiple databases. We then developed a Q-score evaluating enrichment profiles across six dimensions: statistical 
significance, functional breadth, theme-to-term ratio, specificity, semantic coherence, and gene-support diversity 
after redundancy reduction. Cell type–database pair evaluations showed that CIG-based and cell-type-specific 
gene sets achieved the strongest Q-score performance, substantially exceeding expression-based strategies. 

CellFun-derived pathway profiles and functional summaries preserved transcriptome-level relationships, 
recovered cell functions, and supported marker-independent cell-identity retrieval. Together, CellFun enables 
functional annotation of single-cell transcriptomes, with extension to spatially resolved data, to map cellular 
functions across tissues, compare functional states in health and disease, and identify disease-associated pathways 
and candidate regulators. 
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