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A Versatile Framework for Bulk, Single-Cell, and Spatial Transcriptomics
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central role in physiology, disease, and embryonic development.
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to capture this heterogeneity and are typically tied to a single data RNA-seq

modality. —S
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We applied it to three case studies: human embryo development _ 5
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Framework available on Galaxy with COBRAXY: Lapi, et al., Bioinformatics, Volume 42, Issue 2 (2026) MAGIC: van Dijk D, et al. Cell, 2018; 174, 716-729.e27
" Bulk: human embryo

Metabolic remodeling in human embryo peri-to-post implantation Single-cell validation in human embryo peri-to-post implantation

Bulk RNA-seq + paired exo-metabolomics from 3D embryo-like structures (hPSC), peri (D4) vs post (D6). We validated the framework on a published single-cell RNA-seq
dataset of HES3-MIXL1-GFP reporter human gastruloids, spanning
a developmental trajectory from PSCs through Post Epi-like to

Primitive Streak-like stages.

Three layers converge on a coordinated shift Pathway Enrichment (ORA, MixedLM)
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recycling at the RAS and flux level, supported by cysteine/ Y AT S 5 S
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Bulk findings are recovered at single-cell resolution

After MAGIC, we applied spFBA with the same setup used on the
embryo bulk data.
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— Reinforced redox/antioxidant capacity in Post
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Single-cell data: Zorzan, |., et al. Nat Cell Biol 28, 49-65 (2026)

To evaluate the method with spatial transcriptomics, we analyzed a public ccRCC mm Hemorrhage Tumor mmm Stroma Interface VisiumHD

dataset containing five tumor-normal boundary samples. - -
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Three metabolic hallmarks emerge consistently across all five samples, and High-resolution spatial data from
predicted fluxes align with independent tissue markers: CRC tumors

. . . . . We generated Stereo-seq datasets
Tissue annotation Bloma§s FES Blood vessel score Proliferation sc_pzr.g resolvina tumor—=stroma interactions in

80,50% 2. g || vivo, with paired primary tumors and
| £ 114 liver metastases to test' how the tissue
llos of origin shapes metastatic metabolism.
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Lactate uptake in CRC tumors
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— Increased biomass FES in tumor regions — Co-localizes with the Production
proliferation score — validates FES as a growth-rate readout e+ Samplep+ 95% C| 1 Meta-analytic mean p More B Less More B Less

Vascular-oxidative coupling: 1 2) : C . . . :
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1) Biomass FES correlates with the Proliferation score across samples (Spearman p)
2) O, exchange correlates with the Blood vessel score across samples (Spearman p)
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Warburg effect:
— Higher glucose uptake in tumor — Increased lactate secretion

spFBA: Maspero, D., Marteletto, G., Lapi, F. et al. npj Syst Biol Appl 12, 32 (2026)




