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RESULTS

The DNA repair pathway in ALL exhibits about a 52% reduction in H! obstruction
energy relative to the normal state, indicating a loss of cyclic, nongradient correlation
structure. Because this energy quantifies the residual harmonic 1-form component, its
decline suggests the DNA repair pathway in ALL is less topologically frustrated and
behaves more like a pure gradient flow. Biologically, this may indicate that the DNA
repair pathway in ALL has lost complex, stabilizing regulatory loops, collapsing into a
simpler hierarchical architecture. A permutation test shows that ALL exhibits a
significantly lower H! energy than control (observed A=-0.0525, empirical P<0.0001).
Also, spectral analysis of the Sheaf Laplacian corroborates this finding. Here, the ALL
network has a reduced trace (0.152 vs 0.331) and a smaller spectral gap, both
hallmarks of a system with fewer independent constraints. Edge-wise harmonic
residuals further pinpoint RNMT, TP53, AAAS, and SUPT5H as the top carriers of
residual inconsistency in ALL.

CONCLUSIONS

The DNA repair pathway in ALL exhibits topological
simplification marked by reduced H! harmonic energy
and a loss of cyclic regulatory structures.

METHOD

Gene expression profiles for ALL were obtained from the
GDC MP2PRT-ALL cohort, and control samples were sourced
from the GTEx whole blood data. A curated gene set (>140
genes) defining the DNA repair pathway was retrieved from
the Molecular Signatures Database (MSigDB). Functional
coexpression networks were constructed, and a Hodge-
Helmholtz decomposition was applied alongside Sheaf
Laplacian spectral analysis to investigate the loss of
complexity. Systemic network inconsistency was quantified
via the H! harmonic residual energy, representing the
residual harmonic 1-form component that cannot be
reduced to a global gradient. The significance of the result
was tested using a nonparametric permutation test.

INTRODUCTION

The DNA repair pathway is a highly coordinated,
multilayered system of interacting genes, in which
robust regulatory loops ensure genomic stability and
precise response to DNA damage signals. Using Sheaf-
theoretic spectral analysis and Hodge-Helmholtz
decomposition, this study aim to investigate the
disruption of DNA repair pathway complexity in acute
lymphoblastic leukemia (ALL).
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Figure 3: Sheaf Laplacian network analysis and permutation testing for Normal vs. ALL states. (A) Sheaf Laplacian Spectrum:
Ordered eigenvalues for the Normal (solid blue) and ALL (dashed red) networks. (B) Eigen Ratio Comparison;: Comparison of the
maximum to second-smallest eigenvalue ratio, which serves as an indicator of synchronization capability. The ALL state exhibits a
higher ratio than the Normal state, which reflects reduced capacity for global synchronization in ALL network compared to Normal.
(C) Sheaf Diffusion Dynamics: Heat kernel trace showing the dissipation of system energy over a continuous time horizon (t). The
faster decay in the Normal network indicates a faster diffusion rate relative to the ALL network. (D) Permutation Test for Topological
Frustration: Empirical validation of the difference in Hodge residuals. The blue histogram displays the null distribution of frustration
differences over 500 permutations, while the red dashed line marks the observed difference (p = 0.0000), indicating that the
measured increase in topological frustration for the ALL network is statistically significant.
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Figure 2: Heatmap of DNA Repair Pathway Genes in ALL vs Normal

Figure 1: Methodology Flow Diagram




