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Artificial intelligence-driven identification of bifunctional small-molecule therapeutics for triple-negative breast
cancer and bone metastasis
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[ Abstract | Objective To identify candidate bifunctional drugs that simultaneously modulate molecular features
associated with primary triple-negative breast cancer (TNBC) and bone metastasis based on an artificial intelligence
(AI)-driven strategy integrating driver gene identification and transcriptomic differentially expressed gene analysis.
Methods Based on the Fudan University Shanghai Cancer Center (FUSCC) TNBC cohort and Cancer Cell Line
Encyclopedia (CCLE) data, after eliminating the aberrant samples through expression correlation analysis, 2 comparison
groups were established according to the research objectives: bone metastasis tissue group (BMTG), including tumor tissue
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from patients with bone metastasis (#=17) and the adjacent normal tissue (#=06); primary tumor group (PTG), including
patients with bone metastasis (#=17) and those without bone metastasis (#=271) among primary tumor samples. In the
FUSCC TNBC cohort, potential driver genes were identified using PhenoDriver in the BMTG and differentially expressed
genes were obtained using differential gene analysis in the PTG, and the intersection of both was taken with Landmark genes
from the Library of Integrated Network-Based Cellular Signatures (LINCS) 2020 to establish disease-specific gene sets. BMTG
was iteratively screened and evaluated by receiver operating characteristic (ROC) curve analysis using the FUSCC TNBC
cohort, The Cancer Genome Atlas (TCGA)-TNBC and 3 Gene Expression Omnibus (GEO) datasets; while PTG was validated
by ROC curve analysis using FUSCC TNBC cohort. Robust core disease gene sets were obtained for drug reversal prediction.
Subsequently, connectivity scores were calculated based on the Connectivity Map (CMap), and candidate bifunctional drugs
were screened using a comprehensive ranking metric. Combined with previous literatures and commercial availability of
compounds, SB-590885 and PF-431396 were prioritized for cell experimental validation. TNBC cell line MDA-MB-231 and
TNBC bone metastatic cell line MDA-BoM-1833 were used to verify the inhibitory activities of the 2 candidate drugs by
cell counting kit 8 assay and cell wound-healing assay. Results A total of 72 aberrant samples were excluded. Ultimately,
26 BMTG driver genes and 62 PTG differentially expressed genes were identified as the core disease gene sets. Based on
drug repositioning of LINCS perturbation profiles, 46 potential bifunctional drugs were screened. SB-590885 and PF-431396
demonstrated significant dose-dependent inhibitory effects on the proliferation and migration of TNBC cell lines and TNBC
bone metastatic cell lines in vitro. Conclusion This study has identified SB-590885 and PF-431396 as potential bifunctional
therapeutic candidates, providing new research directions and potential treatment options for TNBC with bone metastasis.
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Fig1 Overall analysis process of potential driver genes

A: DEA was performed by combining gene expression data with patient clinical information to identify differentially expressed
genes (DEGs; the red represents upregulated gene, and the blue represents downregulated gene); B: Reactome pathways significantly
enriched in individualized DEGs were defined as individualized aberrant pathways; C: Assuming that driver genes associated with
aberrant pathways were located upstream of DEGs, their regulatory causal relationship with DEGs was assessed using enrichment
P values and causality Z scores, and subnetworks were extracted from the signaling transmission network (STN), with the driving
force of each gene being calculated based on network propagation; D: Individualized driver genes were screened based on the driving
force matrix. S, S,, -+, S,.;, S, represent the grouping IDs for samples; G1, G2, -+, G8 represent the grouping IDs for genes in the
analysis pipeline; P1, P2, ---, P5 denote the IDs of enriched signaling pathways. FC: Fold change; GSEA: Gene Set Enrichment
Analysis; TP53: Tumor protein 53; PIK3CA: Phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha; LAMA3:
Laminin subunit alpha 3; ATR: ATM and Rad 3-related kinase.
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Fig2 Principle of enrichment analysis in CMap
CMap calculated a connectivity score by comparing disease-specific genes with drug-induced expression profiles to identify potential
therapeutic agents that could reverse disease states. In the formulas, ES,, stands for enrichment score for the upregulated gene set,
ES,... stands for enrichment score for the downregulated gene set; N denotes the total number of genes and g; represents the i-th gene
ranked by the expression changes induced by the drugs; U and D stand for the upregulated and downregulated gene sets characterized
in the disease, respectively, with |U] and |D] indicating the number of genes in the corresponding gene sets; /(j<i) is an indicator
function that takes the value of 1 if the j-th gene is among the top i ranked genes, and 0 otherwise. CMap: Connectivity Map; GSEA:
Gene Set Enrichment Analysis; DEG: Differentially expressed gene.
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Fig3 Flowchart of subsequent analysis of BMTG and PTG
A systematic screening, validation, and functional evaluation process based on BMTG and PTG was used to identify key genes and
potential therapeutics closely related to TNBC bone metastasis. BMTG: Bone metastasis tissue group; PTG: Primary tumor group;
TNBC: Triple-negative breast cancer; FUSCC: Fudan University Shanghai Cancer Center; DEG: Differentially expressed gene; Al:
Artificial intelligence; CMap: Connectivity Map; ROC: Receiver operating characteristic; LINCS: Library of Integrated Network-

Based Cellular Signatures.
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number of upregulated genes. FUSCC: Fudan University Shanghai Cancer Center; TNBC: Triple-negative breast cancer; ROC:
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A: CMap comprehensive ranking of candidate drugs. Drugs in the BMTG and PTG were ranked separately, and the intersection was

taken to re-rank them based on new_rank value. The smaller the new_rank value, the greater the drug’s reversal potential. B: Heatmap

of candidate drugs’ reversal potential against the TNBC-BM disease characteristics. The darker the color, the more significant the reversal

effect. Drugs were arranged from left to right according to new_rank value. D1, D2,---, D560 represent the grouping IDs for candidate

drugs. DEG: Differentially expressed gene; BMTG: Bone metastasis tissue group; PTG: Primary tumor group; CMap: Connectivity

Map; TNBC: Triple-negative breast cancer; BM: Bone metastasis; LINCS: Library of Integrated Network-Based Cellular Signatures.
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