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Abstract

The human brain exhibits marked regional specialization in cellular composition, gene expression, and tissue architecture. Grow-
ing evidence suggests that these spatial differences influence both the anatomical distribution of brain tumors and their subsequent
progression. Across tumor types such as gliomas, meningiomas, and brain metastases, specific molecular subtypes frequently show
characteristic anatomical distributions, suggesting a functional coupling between tumor genetics and regional brain microenviron-
ments. In this mini review, we summarize recent advances in understanding how regional brain biology shapes the molecular,
cellular, and microenvironmental landscapes of brain tumors. This study examines evidence linking anatomical location to tumor
genotype, cellular states, and microenvironmental interactions. The study also highlights the emerging concept of “region-aware on-
cology”, in which tumor behavior is interpreted within the anatomical, cellular, and molecular context of the surrounding brain tissue.
A deeper understanding of this spatial coupling may improve tumor classification and support the development of region-informed

diagnostic and therapeutic strategies.
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I. Introduction

The human brain is a highly heterogeneous organ com-
posed of numerous anatomically and functionally distinct
regions that differ in developmental origin, cellular com-
position, and regulatory architecture. This regional hetero-
geneity forms the molecular and cellular basis of diverse
neural functions. Recent advances in multi-omics and spa-
tial transcriptomics have begun to define the region-specific
molecular architecture of the normal brain, revealing that
each brain region has distinct gene-expression profiles, co-
expression networks, and signaling environments [1-3].
Mounting evidence suggests that this intrinsic re-
gional diversity may influence brain tumor initiation, evo-
lution, and therapeutic response. Gliomas, meningiomas,
and brain metastases exhibit clear spatial preferences: spe-
cific mutations and transcriptional programs are enriched
in particular anatomical locations. For example, IDH-
mutant gliomas frequently arise in the frontal and tempo-

ral lobes [4], whereas H3K27M-mutant diffuse midline
gliomas commonly arise in midline structures such as the
thalamus and brainstem [5]. Similarly, NF2-driven menin-
giomas predominate in the convexity, while TRAF7-,
KLF4—, AKTI—, and SMO-altered variants localize mainly
to the skull base [6-8]. These spatial-genetic patterns
suggest that tumor genotypes and anatomical environ-
ments may be functionally coupled, reflecting possible
co-evolution between oncogenic programs and regional
brain ecology [9,10].

However, despite increasing recognition of these re-
lationships, a systematic understanding of region-specific
tumor biology remains limited. Most studies have fo-
cused on individual tumor types or specific brain regions,
whereas integrative analyses incorporating developmental
lineage, epigenetic regulation, and microenvironmental
context remain scarce. Understanding how the regional
molecular baseline of the human brain constrains or per-
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mits specific oncogenic pathways could provide new in-
sights into tumor heterogeneity, regional vulnerability,
and therapeutic vulnerabilities.

This review summarizes current progress in under-
standing regional molecular heterogeneity in the normal
brain and discusses how these intrinsic differences may
shape the genetic, transcriptomic, and microenvironmen-
tal landscapes of gliomas, meningiomas, and brain metas-
tases. This study further proposes a “region-aware” frame-
work for oncology, defined by the integration of genetic,
spatial, and anatomical information to improve under-
standing of tumor biology and guide the development
of more precise therapeutic strategies. Together, these
observations support the concept that brain tumors arise
within regionally defined molecular ecosystems, in which
anatomical context and oncogenic mutations interact to
shape tumor behavior.

2. Literature Search Strategy

Relevant English-language studies were identified through
searches of PubMed and Web of Science. Search terms
included “brain tumor,” “glioma,” “meningioma,” “brain
metastasis,” “spatial heterogeneity,” and “brain region.”
Priority was given to recent studies investigating regional
molecular characteristics and interactions between brain
tumors and their microenvironment.

EEINT3

3. The Molecular Landscape of
Normal Brain Regions

3.1. Regional Cellular Composition and
Molecular Heterogeneity in the Normal
Brain

Understanding the intrinsic molecular organization of the
normal brain is essential for interpreting the regional het-
erogeneity observed in brain tumors. The adult human
brain exhibits a high degree of regional specialization at
both the molecular and cellular levels. This diversity is
reflected not only in cell-type composition and relative
abundance but also in region-specific gene-expression pat-
terns, co-expression networks and regulatory programs. In
a landmark study, Siletti et al. generated a single-nucleus
atlas comprising approximately three million cells from
nearly 100 anatomically defined regions across the fore-
brain, midbrain, and hindbrain, revealing systematic vari-
ation in both neuronal and glial populations. The cere-
bral cortex exhibits a characteristic laminar architecture
composed of upper- and deep-layer excitatory neuronal
populations, including intratelencephalic, near-projecting,
and corticothalamic subtypes, as well as inhibitory neu-

rons derived from distinct developmental lineages. By con-
trast, the midbrain, brainstem, and hypothalamus contain
highly heterogeneous neuronal populations that frequently
co-express multiple neurotransmitters and neuropeptides,
suggesting more complex and multimodal functional or-
ganization than that observed in the cerebral cortex. Re-
gional specialization is also evident among glial cells. As-
trocytes and oligodendrocyte progenitor cells (OPCs) in te-
lencephalic regions differ markedly from their counterparts
in non-telencephalic areas in both molecular signatures and
relative abundance. These differences suggest that even
cells derived from shared lineages may follow distinct dif-
ferentiation trajectories and perform region-specific func-
tions depending on their anatomical milieu [1].

3.2. Cross-Regional Single-Cell Atlases
Reveal Region-Specific Cellular
Ecosystems

Extending these efforts, Chen et al. integrated 70 single-cell
and single-nucleus transcriptomic datasets comprising ap-
proximately 11.3 million cells to construct a Brain Cell At-
las encompassing 14 major brain regions and 30 subregions.
This integrative analysis characterized region-specific cellu-
lar landscapes and identified the gene-regulatory networks
associated with each region. Within this atlas, the cerebral
cortex is predominantly composed of upper- and deep-layer
intratelencephalic neuronal populations, whereas the hip-
pocampus contains distinct neuronal populations associated
with the CA1-CA4 subfields and dentate gyrus. By con-
trast, the thalamus and amygdala are distinguished by exci-
tatory nuclear neurons and specialized regulatory glial sub-
sets. Regional specialization is also apparent at the levels of
cell-cell communication and transcriptional control, rather
than only in cell-type composition. Microglia, for example,
exhibit distinct transcriptional states and ligand—receptor
interaction profiles between the prefrontal cortex and hip-
pocampus, consistent with region-specific mechanisms of
immune surveillance and metabolic support. Collectively,
these integrative atlases indicate that brain regional special-
ization is shaped not only by the distribution of developmen-
tal lineages but also by continuous functional adaptation to
local microenvironmental cues [2].

3.3. Gene Co-Expression Networks and
Functional Modularization Across Brain
Regions

From a systems-level perspective, analysis of GTEx RNA-
seq data from 13 normal brain regions enabled construc-
tion of a genome-wide gene co-expression network (GCN),
revealing distinct co-expression modules and associated
functional enrichment patterns. Genes characteristic of the
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cerebral cortex is primarily enriched in pathways related
to synaptic transmission and neuronal signaling, whereas
genes characteristic of the basal ganglia is associated with
motor control and neurotransmitter metabolism. Cerebel-
lar modules are enriched in genes involved in ion home-
ostasis and neurodevelopment, whereas the spinal cord ex-
hibits a distinct co-expression pattern, forming a separate
cluster in dimensionality-reduction analyses. The num-
ber of eQTLs and the degree of gene connectivity differ
substantially across regions, suggesting hierarchical vari-
ation in the complexity and robustness of regional gene-
regulatory networks. These differences align closely with
functional compartmentalization. The prefrontal and pari-
etal cortices, which are involved in cognition and percep-
tion, are enriched in genes related to synaptic signaling and
plasticity, whereas the basal ganglia, hypothalamus, and
brainstem—regions associated with motor and autonomic
regulation—predominantly express genes involved in en-
ergy metabolism and neurotransmitter pathways [3].

Taken together, molecular distinctions among brain re-
gions appear to be shaped by developmental origins and or-
ganizational hierarchies.  According to Siletti et al.,
telencephalon-derived structures such as the cortex, hip-
pocampus, and striatum exhibit lineage-specific repertoires
of excitatory neuron, whereas the midbrain and hindbrain
contain a higher proportion of mixed-neurotransmitter cell
types. This pattern may contribute to the pronounced cellu-
lar heterogeneity observed in non-cortical brain regions [1].
Chen et al. further highlighted locally driven variations in
cell—cell communication—such as divergent microglial sig-
naling networks between the hippocampus and prefrontal
cortex [2]. Moreover, key genes within region-specific co-
expression modules show higher mutation frequencies in
various neurological disorders and brain tumors, suggest-
ing that these baseline regional molecular differences might
represent a foundational layer predisposing certain areas to
disease vulnerability [3]. Overall, these studies demonstrate
that the human brain is organized into region-specific molec-
ular ecosystems characterized by distinct cellular composi-
tions, regulatory networks, and intercellular signaling pat-
terns. These intrinsic differences may establish regionally
permissive microenvironments that favor the emergence and
progression of specific brain tumor types.

4. Regional Differences and
Molecular Mechanisms in Brain
Tumors

4.1. Regional Features of Gliomas

Among primary brain tumors, gliomas represent one of the
clearest examples of spatially structured molecular hetero-

geneity. Extensive evidence indicates that glioma anatom-
ical location is closely associated with molecular profiles,
cellular states, and clinical outcomes. Distinct neurode-
velopmental backgrounds, lineage compositions, and epi-
genetic landscapes across brain regions shape tumor muta-
tional spectra and biological behavior. Clear spatial pref-
erences have been observed across brain regions, ranging
from the frontal and temporal lobes to the thalamus, brain-
stem, spinal cord, and cerebellum.

For instance, Qi et al. reported in 2014 that IDH-
mutant gliomas predominantly occur in the frontal or
temporal lobes [4], while Vuong et al. demonstrated
that H3K27M-mutant diffuse midline gliomas (DMG)
are concentrated in the brainstem, thalamus, and spinal
cord [5]. In contrast, Dandapath et al. found that low-
grade BRAF-fusion tumors are mainly located in the cere-
bellum and posterior fossa. Collectively, these findings
support the paradigm that “anatomical location influences
tumor biology”—a central principle underlying the spatial
heterogeneity of gliomas [9] (Table 1).

4.1.1. Supratentorial Regions: Molecular
Distribution Across Frontal, Temporal, Parietal,
and Occipital Lobes

Within the supratentorial compartment, gliomas arising in
different cortical lobes exhibit distinct molecular charac-
teristics and clinical behaviors.

Frontal lobe: The frontal lobe represents the most
frequent site of adult gliomas. Qi et al. reported that
IDH1/2-mutant tumors are significantly enriched in this
region and typically exhibit well-demarcated margins, ho-
mogeneous MRI signal characteristics, and minimal con-
trast enhancement, features consistent with lower inva-
siveness and a more favorable prognosis [4]. Integrated ra-
diomic analyses further indicate that frontal tumors often
display MGMT promoter methylation and /p/19q codele-
tion, predicting better chemotherapy response [11]. Func-
tionally, Qi et al. reported that patients with left frontal
IDH-mutant tumors exhibit enhanced contralesional fron-
toparietal network activity, suggesting an interaction be-
tween molecular subtype and neural plasticity [12].

Temporal lobe: Temporal gliomas frequently ex-
hibit EGFR amplification and enrichment of RTK II sub-
types, which are associated with increased invasiveness
and angiogenic activity [13]. Spatial transcriptomics has
revealed that in temporal-lobe GBM, perivascular and
neuron-interaction layers are especially prominent, sug-
gesting that the local microenvironment might play a key
role in shaping tumor multilayered architecture [14].

Parietal lobe: Glioblastomas in the parietal region
tend to have the poorest survival. Multimodal analyses in-
dicate enrichment of PTEN mutations and FGFR3-TACC3
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fusions, along with pronounced radiographic texture het-
erogeneity and aggressive imaging features, reflecting
greater spatial heterogeneity and more unfavorable biolog-
ical behavior [11].

Occipital lobe: Occipital gliomas are relatively rare.
Cini et al. noted that their mutational spectra are not dis-
tinctive and that many lesions likely represent secondary
infiltration or dissemination from parietal or temporal tu-
mors, implying a lower intrinsic tendency for primary tu-
morigenesis in this area [15].

4.1.2. Insular and Lateralization Effects:
Structural Connectivity and Hemispheric
Differences

Yang et al. demonstrated pronounced hemispheric asym-
metry in insular gliomas [16]. In the left hemisphere,
MGMT methylation levels positively correlated with dam-
age to the IFOF tract, whereas the opposite pattern was
observed on the right. This finding suggests that gliomas
may remodel white matter connectivity in a hemisphere-
specific manner. Systematic reviews further noted higher
frequencies of 7P53 mutations and MGMT methylation
in left-sided gliomas, often associated with poorer progno-
sis, implying that molecular features could be intricately
linked to functional hemispheric lateralization [15].

4.1.3. Midline Regions: Spatial Stratification of
the Thalamus, Brainstem, and Spinal Cord

Thalamus and Pulvinar subregion: Pediatric thalamic
gliomas account for approximately 5% of CNS tumors.
Chiba et al. found that lesions in the Pulvinar (posterior
thalamic nucleus) display higher malignancy, enrichment
of H3K27M mutations, and early ventricular dissemina-
tion [17]. The aggressiveness of Pulvinar tumors suggests
that biological stratification might exist even within thala-
mic subregions.

Diffuse midline glioma (DMQG): An integrated anal-
ysis of 804 cases revealed region-specific distinctions:
brainstem DMGs occur at younger ages, show the high-
est Ki-67 index, and have the poorest prognosis; thalamic
DMGs fare somewhat better; spinal DMGs occur mainly
in adults and often harbor TERT-promoter mutations;
whereas brainstem DMGs are enriched for HISTIH3B/C
and ACVRI mutations. Thus, despite a shared H3K27M
background, the anatomical location and accompanying
mutational landscape may determine tumor evolution and
survival outcomes [5]. These findings suggest that even
within the midline compartment, anatomical subregions
correspond to biologically distinct tumor states.

Single-cell multi-omics analyses further revealed
that H3K27M DMGs share an OPC-like stem-cell state,

but differentiation trajectories and immune microenviron-
ments vary by site: pontine lesions contain more hypoxic,
stem-like populations; thalamic lesions exhibit more ma-
ture glial lineages; and adult-type DMGs show enrichment
of MES-like states, suggesting that location, age, and im-
mune milieu jointly shape the tumor’s spatial and cellular
architecture [18].

4.1.4. Infratentorial Regions: Distinct Subtype
Signatures of the Cerebellum and Posterior
Fossa

Dandapath et al. reported that 91% of pilocytic astrocy-
tomas (PAs) carry BRAF fusions and almost all are located
in the cerebellum or posterior fossa. These pediatric, de-
velopmentally driven tumors are associated with an excel-
lent prognosis and represent a MAPK -activated benign lin-
eage [9].

In contrast, Oki et al. described that cerebellar
GBMs, though rare, constitute a biologically distinct
subgroup—Ilacking IDH, H3F3A, and TERT mutations
but showing a strong tendency for distant dissemination
and ventricular invasion. This suggests that the infratento-
rial region might constitute an independent tumor ecosys-
tem [19].

Overall, these findings indicate that glioma molecu-
lar subtypes are not randomly distributed across the brain
but instead show clear anatomical predilections. Recog-
nition of these spatial patterns may help refine diagnostic
stratification and guide region-adapted therapeutic strate-
gies.

4.2. Coupling Between Anatomical
Location and Molecular Subtypes in
Meningiomas

Meningiomas provide another clear example of tight cou-
pling between tumor genotype and anatomical location.
As the most common primary intracranial tumor type in
adults, meningiomas exhibit clear location-specific molec-
ular and clinical differences, with biological behavior
closely correlated with their anatomical origin. Tumors
driven by NF2 mutations and 22¢ loss predominantly arise
on the cerebral convexity or supratentorial compartments
and tend to recur more frequently, whereas non-NF2 vari-
ants, including TRAF7, KLF4, AKT1, SMO, and POLR2A)
are enriched at the skull base and posterior fossa, typically
presenting as benign, stable WHO grade I tumors [6]. This
position-genotype coupling suggests that the cell of origin,
developmental lineage, and the local microenvironment
collectively shape meningioma biology (Table 2).
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Table I: Molecular landscape of gliomas across main brain regions.

Brain Region Representative Molecular/Genetic Microenvironmental Clinical/Prognostic
g Subtype/Mutation Features & Functional Traits Implications
Lower invasiveness .
and weak contrast Favorable prognosis,
IDH1/2-mutant MGMT methylation, good
Frontal lobe . . enhancement, .
glioma 1p/19q codeletion chemotherapeutic
preserved network
. response
plasticity
Perivascular & Hichly invasive
Temporal lobe RTK II subtype GBM EGFR amplification neuron-interaction gLy .
. angiogenic
layers enriched
GBM with PTEN
. mutation, High texture . .
Parietal lobe FGFR3-TACC3 heterogeneity Aggressive phenotype Poor survival
fusion
Occipital lobe Secondary infiltration No distinctive Low intrinsic

from parietal/temporal

mutations

tumorigenesis

Rare primary lesions

Insula/Left vs. Right

IDH-mutant glioma

Left: 1TP53 mutation,

White-matter

Left-sided — poorer

Hemisphere (lateralized) T™MGMT methylation remodeling (IFOF outcome
asymmetry)
Pediatric . . . .
Thalamus/Pulvinar H3K27M-mutant H3 K2.7M mutation, ngh.mahgnancy n Poor prognosis
. ventricular spread Pulvinar subregion
glioma
. H3 K27M-mutant HIST1H3B/C, Hypoxic, OPC-like .
Brainstem (DMG) DMG ACVRI stem states Worst prognosis
Spinal cord (DMG) Adult DMG TERT-promoter MES-like enrichment Intermediate
mutation prognosis
BRAF fusion (MAPK Developmental benien PA: excellent
Cerebellum/Posterior BRAF-fusion PA; rare activation); linea ep (PA): invasi\g/e prognosis; cerebellar
fossa cerebellar GBM IDH/H3F3A-negative g . GBM: high
GBM niche ) L
GBM dissemination
Table 2: Regional-molecular coupling in meningiomas.
Anatomical Region Dominant Molecular Key Genetic Biological/Pathway Clinical/Prognostic
g Subtype(s) Alterations Features Traits
Cerebral Convex- NF2-driven NF2 mutation, 22q NF2-YAP signaling ;0 _ovade (11-11m),
. . .. activation; genomic .
ity/Supratentorial meningioma loss . 2. aggressive, recurrent
instability
Skull Base (Sphenoid Non-NF2 lineage: gliﬁ)l;é)i [Ifllg,llfil PI3K-AKT-mTOR WHO grade I, benign,
ridge, Olfactory TRAF7, KLF4, AKT1, (E17K) ? SMO and Hedgehog chromosomally stable,
groove, Sellar region) SMO . pathway activation low recurrence
mutation
Posterior Fossa NF2-intact (A), Gradual increase in Group C (midline):
(Tentorial notch, Group A-C NF2/22q loss (B), genomic instability P . .
. . . worst prognosis, rapid
Clivus, Foramen stratification 1p/14q loss, 9p loss, from lateral — recUITence
magnum) TERT/CDKN2A (C) midline
Altered transcriptional
Cerebellopontine POLR2A-mutant POLR2A mutation regulation, Grade I but higher
Angle (CPA) subtype (female-predominant) meningothelial recurrence risk
histology
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Table 2: Cont.
. . Dominant Molecular Key Genetic Biological/Pathway Clinical/Prognostic
Anatomical Region . .
Subtype(s) Alterations Features Traits

Posterior Skull Base
(Petrous apex,
Petroclival junction)

TRAF7-KLF4-AKT1
lineage overlap

TRAF7, AKTI1 E17K

PI3K-AKT signaling Benign, stable

NF2-YAP vs. . “Position—Genotype
Overall Pattern NF2 s non-NF2 PI3K-AKT-mTOR Location-dep er.ldent Coupling” defines
dichotomy developmental lineage .
pathways biology

4.2.1. Supratentorial Meningiomas: NF2-Driven,
Convexity-Dominant, and Aggressive

Whole-exome sequencing of 300 cases revealed NF2
mutations in about 36% of patients, primarily located
on the cerebral convexity and supratentorial tentorium.
These tumors frequently exhibit 22¢ deletion, genomic
instability, and higher histologic grade, indicative of in-
creased invasiveness and recurrence potential. In con-
trast, TRAF7/KLF4/AKT1/SMO mutations are largely re-
stricted to skull-base tumors, showing mutual exclusivity
with NF2-driven lesions [7]. The biology of supratentorial
meningiomas thus appears to depend on the NF2—YAP sig-
naling axis, which could represent a key driver pathway
for high-risk subtypes [6].

4.2.2. Skull-Base Meningiomas: The
TRAF7-KLF4-AKTI-SMO Benign Lineage

Arising from the sphenoid ridge, olfactory groove, petrous
apex, and sellar region, skull-base meningiomas represent
approximately one-quarter of all cases. These “non-NF2”
tumors are typically driven by TRAF7 mutations (~24%),
which often co-occur with KLF4 K409Q or AKTI E17K
alterations. Nearly all are located in the medial skull base
or sphenoid region, characterized by chromosomal stabil-
ity and benign histology. SMO-mutant meningiomas clus-
ter in the olfactory groove and anterior cranial fossa, sug-
gesting activation of the Hedgehog pathway [6]. Collec-
tively, this group appears to represent a developmentally
stable, low-invasive, and anatomically confined lineage,
primarily driven by PI3K-AKT-mTOR signaling rather
than NF2—YAP pathway activation [8].

4.2.3. Posterior-Fossa Meningiomas: Anatomical
Sub-Regions and Chromosomal Instability

Comprehensive genomic profiling of 132 posterior-fossa
meningiomas identified three molecular subtypes: Group
A: NF2-intact tumors without Merlin-pathway abnormal-
ities, typically located in lateral infratentorial or petrous
areas. Group B: NF2-mutant or 22¢-deleted tumors with-
out high-risk CNAs, showing broad distribution. Group

C: Genomically unstable tumors with multiple high-risk
CNAs (1p/144q co-deletion, 9p loss, TERT/CDKN2A4 muta-
tions), 81% of which occur in midline structures (tentorial
notch, clivus, foramen magnum). Group C meningiomas
are associated with the poorest prognosis, demonstrating
significantly shorter progression-free survival even fol-
lowing gross-total resection [10]. These results suggest
that proximity to midline structures might correlate with
greater genomic instability and malignant potential, re-
flecting a developmental lineage-linked risk gradient.

4.2.4. Cerebellopontine-Angle (CPA)
Meningiomas: Prognostic Implications of
POLR2A Mutation

In a cohort of 70 WHO grade I cerebellopontine angle
(CPA)meningiomas, POLR2A mutations were found in
17% of cases—all in women and predominantly of the
meningothelial subtype. The mutation significantly in-
creased recurrence risk, particularly in patients under-
going subtotal resection. These tumors were most fre-
quently located at the petroclival junction and posterior
petrous ridge [20]. Thus, POLR2A might serve as a skull-
base—specific molecular biomarker, potentially influenc-
ing transcriptional regulation and cellular differentiation
in region-defined contexts.

Collectively, these studies highlight a strong
position—genotype coupling in meningiomas, suggesting
that developmental lineage and local microenvironment
jointly shape tumor biology.

4.3. Regional Adaptation of Brain
Metastases

Brain metastasis (BrM) are the most common intracranial
malignancies in adults and show a cortical predilection,
frequently involving the frontal and parietal lobes as well
as the cerebellar hemispheres, whereas deep structures
such as the thalamus, basal ganglia, and brainstem are less
commonly affected. At the systems level, BrM formation
is not merely determined by vascular perfusion patterns
but may reflect a coevolution between metastatic cells and
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regional brain microenvironments. Differences in vascu-
lar architecture, glial composition, and immune—stromal
context across brain regions likely influence metastatic
susceptibility.

In the study by Gonzalez et al., 15 parenchymal
brain metastases from diverse primaries (breast, lung,
melanoma, ovarian, colorectal, renal, etc.) were ana-
lyzed, and nearly all were located in the cerebral cor-
tex, indicating a preference for vascular-rich cortical ter-
ritories [21]. Single-cell transcriptomics and mass cy-
tometry revealed that cortical metastases are character-
ized by complex vascular networks enriched for arterio-
venous-transition endothelial clusters (APLNR*, EFNB2*,
NR2F2"), abundant pericytes and MSC-like cells ex-
pressing ECM-remodeling genes (COLIAI, TINAGLI,
TGFB3), and scarcity of astrocytes, implying local break-
down of the glial barrier during cortical invasion.

Cross-tissue transcriptome-wide association analy-
sis (TWAS) further identified CASPS as a key driver gene
in breast cancer brain metastasis, with specific overexpres-
sion in the cerebellar hemispheres and frontal cortex [22].
This finding suggests that breast-cancer cells may pref-
erentially colonize the cerebellar—frontal axis, where dis-
tinct metabolic and immune properties, together with vas-
cular permeability and glial fiber density, may create a fa-
vorable niche for metastatic colonization.

Together, these observations indicate that metastatic
tumor cells adapt to region-specific vascular and glial

Parietal

Occipital

No distinctive mutations

N

niches, supporting the idea that the brain microenviron-
ment plays a decisive role in shaping metastatic coloniza-
tion patterns.

5. Discussion

Growing evidence from these studies indicates that region-
specific molecular baselines exert a profound influence on
brain tumor biology. Across gliomas (Figure 1), menin-
giomas, and brain metastases, each tumor type shows char-
acteristic anatomical predilections and molecular features
that track with its site of origin, underscoring the impor-
tance of the local host microenvironment in tumor ini-
tiation and subsequent evolution. From a translational
standpoint, the spatial molecular ecology of brain tumors
is likely to be a major determinant of clinical course
and treatment sensitivity. Integrating anatomical localiza-
tion with single-cell, spatial transcriptomic, and imaging-
based omics data could enable a more nuanced, region-
oriented classification framework that better supports pre-
cision neurosurgery and region-adapted adjuvant thera-
pies. Looking ahead, it will be important to elucidate how
developmental patterning cues, intercellular signaling cir-
cuits, and metabolic microenvironments jointly confer re-
gional vulnerability or resistance to oncogenesis, thereby
clarifying the intrinsic links between brain regionality and
tumor behavior.

PTEN mutation
FGFR3-TACC3 fusion

IDH1/2-mutant
Frontal MGMT methylation
1p/19q codeletion

Temporal
EGFR amplification

Thalamus
H3K27M mutation

Figure |: Molecular landscape of gliomas across main brain regions.

Despite these advances, our understanding of region-
specific mechanisms in brain tumors remains limited. Al-
though the regional molecular features of gliomas have
been partially characterized, integrative studies combin-
ing developmental lineage, epigenetic regulation, and mi-

croenvironmental signaling remain limited. In menin-
giomas, the coupling between location and genotype has
been well established, yet the developmental and biome-
chanical underpinnings of this relationship remain poorly
characterized. In contrast, research on regional hetero-
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geneity in brain metastases remains relatively underdevel-
oped.

Future studies should focus on integrating spatial
omics with neuroimaging and radiomic analyses to better
characterize region-specific tumor ecosystems. In addi-
tion, integrating anatomical location with molecular fea-
tures may facilitate the development of region-informed
risk stratification models, while clinical studies stratified
by both tumor genotype and anatomical site may fur-
ther clarify therapeutic responses across distinct brain re-
gions. Such efforts may advance the emerging concept of
“region-aware oncology” and support more precise diag-
nostic and therapeutic strategies for brain tumors.

6. Conclusions

In summary, growing evidence indicates that brain tumors
are shaped not only by intrinsic genetic alterations but also
by the region-specific molecular and cellular context of
the host brain. Across gliomas, meningiomas, and brain
metastases, distinct anatomical locations are associated
with characteristic molecular features, tumor behaviors,
and microenvironmental interactions, supporting the con-
cept of region-aware oncology. A deeper understanding
of this spatial coupling may improve brain tumor classifi-
cation and provide a foundation for more precise diagnos-
tic and therapeutic strategies.
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