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Introduction

Learning directed causal relationships
between genes and proteins from purely
observational single-cell data remains a
fundamental challenge. We introduce

CrossModal-CausalVAE (CMC-VAE), a
latent-based causal VAE that learns
directed graphs within and across
modalities via linear decoders and a
DAGMA-constrained  structural causal
model. Trained on 809K CITE-seq cells,
the model recovers central dogma

directionality: RNA—Protein edges are
significantly stronger than reverse for
matched pairs alongside prior-consistent
(i.e. CollecTRI) transcription factor—target
asymmetry. Zero-shot validation against
held-out Perturb-CITE-seq data achieves
RNA—Protein perturbation AUROC of
0.739 and 69% gene-level direction
accuracy.
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CrossModal-Causal VAE
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Figure 1. CMC-VAE Model Architecture
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Figure 2: Zero-shot Perturb Cite-Seq Validation 37 Perturbations
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Figure 3: Regulatory Asymmetry
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Figure 4: Central Dogma Asymmetry

Conclusion

CMC-VAE learns meaningful causal structure from
purely observational multi-modal single-cell data. By
embedding a structural causal model in the VAE latent
space with

biologically grounded, directed relationshi

linear decoders, the model recovers

s, validated

against known priors and held-out perturbation data.



