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Breast cancer brain metastases (BCBM) are enriched in HER2+ and HR- sub-
type-specific tumors which are associated with distinct genomic programs and
metastatic risk. We hypothesized that BCBM arise through layered evolutionary
selection, in which oncogenic pathways establish malignant growth capacity
while neural-adaptive programs facilitate colonization of the central nervous
system (CNS). To test this model, we performed whole-exome sequencing on 311
BCBM from 257 patients, including patient-matched primary tumors, extracra-
nial metastases. Tumors were further compared with 920 primary breast cancers
from TCGA using propensity matching for age, genetic ancestry, HR and HER2
status.

BCBM demonstrated increased genomic instability and enrichment of pathways
associated with metastatic fitness, including cell-cycle dysregulation, RTK-RAS
and Hippo signaling. Somatic alterations converged on two classes of neural-
adaptive processes: neuronal migration and cytoskeletal remodeling, as well as
synaptic and calcium signaling. These findings suggest that BCBM are defined
by coordinated selection of programs that may alter tumor-cell morphology,
motility, signaling, and interactions within the CNS microenvironment.

To define when these alterations emerged during metastatic evolution, we
reconstructed tumor phylogenies across matched primary tumors, brain metas-
tases, and extracranial metastases. Canonical proliferation drivers typically
represented early events shared across tumor sites, whereas neuronal- and
synaptic program alterations emerged later. Yet, those alterations frequently
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preexisted within the tumor, suggesting that neural-adaptive features arise
during metastatic lineage evolution, before or during CNS colonization.

These findings support a model in which BCBM emerge from tumor lineages
that co-select canonical oncogenic pathways and neural-adaptive programs that
enable growth and persistence within the CNS.
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