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. Spatial multi-omics identifies candidate metabolic niches in brain metastases.

. Spatial studies associate inferred metabolic programs with regionally immunosuppressed
niches.

. Spatial maps can prioritize candidate vulnerabilities for functional and clinical validation.

Abstract

Brain metastases (BrMs) develop within a metabolically specialized environment, where nutrient
availability and interactions with neural, vascular and immune cells can influence tumor growth. Bulk
and single-cell studies have identified metabolic alterations, while spatial approaches provide
additional information on their regional and cellular context. This review article examines spatial
transcriptomics, proteomics and mass spectrometry imaging alongside biochemical measurements

and functional studies, focusing on central carbon metabolism, glutamate-glutamine metabolism, lipid
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handling and oxidative phosphorylation. Available spatial studies describe regional differences in
metabolism-associated molecular programs, lipid abundance and isotope labeling. Complementary
experiments implicate tumor-cell synthesis, host-derived substrate supply and mitochondrial activity
in supporting growth in the BrM models. These findings suggest recurring metabolic functions across
tumor origins, although whether these functions depend on the same molecular pathways remains
uncertain. Some BrM-associated features are also detectable in primary tumors, suggesting that these
states may precede brain colonization. We therefore discuss how matched-site comparisons, tracing
and cell-specific perturbation could help distinguish pre-existing features from local adaptations and
clarify metabolic sources and requirements. Linking tissue findings to longitudinal imaging and liquid-
biopsy measurements could support the evaluation of candidate targets and biomarkers while

addressing limited opportunities for repeated tissue sampling.
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1. Introduction

Brain metastases (BrMs) are a major clinical challenge and a frequent complication of advanced
solid tumors, particularly lung cancer, breast cancer, and melanoma’. Despite advances in surgery,
radiotherapy, targeted therapy, and immunotherapy, outcomes remain poor?. Disseminated tumor cells
adapt to a specialized brain microenvironment shaped by the blood-brain barrier (BBB), restricted
nutrient accessibility, and distinct neurovascular and neuroimmune interactions?. Colonization
therefore requires metabolic adaptation that sustains energy production, redox balance, and
biosynthesis under conditions unlike those at the primary site®. These adaptations remain incompletely
understood because conventional molecular approaches do not fully resolve the spatial and functional
organization of the metastatic niche.

Bulk and single-cell omics have substantially advanced our understanding of cancer progression

and metastatic adaptation, but each provides only a partial view of BrM biology. Bulk analyses average



signals across heterogeneous cell populations and anatomical regions, thereby obscuring localized
metabolic programs and phenotypic gradients within the tumor microenvironment (TME)*. Single-cell
and single-nucleus ribonucleic acid (RNA) sequencing improve cellular resolution, but the tissue
dissociation required for these approaches disrupts the spatial relationships needed to interpret cell-
cell and cell-niche interactions®. This limitation is particularly relevant for metabolism, which is strongly
shaped by local oxygen tension, nutrient access, vascular proximity, and stromal crosstalk®. As a resullt,
understanding metabolic adaptation in BrMs requires approaches that preserve tissue architecture
while capturing molecular heterogeneity.

Spatially resolved technologies allow BrMs to be studied as anatomically organized ecosystems
rather than uniform lesions. By preserving tissue context, they can localize metabolic programs relative
to vascular or glial niches and investigate whether those programs coincide with hypoxic stress,
immune suppression, or therapeutic vulnerability”®. Emerging studies implicate interactions with
astrocytes, microglia, macrophages, endothelial cells, and other stromal elements®'® and report
regional heterogeneity associated with vascular, immune, and glial context'-13. Most studies, however,
infer metabolism from RNA or protein, include modest cohorts, and lack direct measurements of
metabolite abundance or flux. Building on these spatial observations, further integration with direct
metabolic measurements and functional perturbation would help clarify pathway activity and assess
potential therapeutic vulnerabilities.

In this review, we summarize current knowledge of metabolic reprogramming in BrMs and
examine how spatially resolved approaches refine its interpretation. We first outline the spatial
technologies used to interrogate the BrM microenvironment and then assess evidence for central
carbon metabolism, glutamate-glutamine utilization, lipid remodeling, and oxidative phosphorylation
(OXPHOS). We conclude by considering translational implications, current limitations, and priorities
for spatially informed metabolic research in BrMs.

1.1 Literature search and study selection

We conducted a focused narrative search of PubMed and Google Scholar, combining brain

metastasis terms with spatial transcriptomics, spatial proteomics, mass spectrometry imaging, spatial



metabolomics, and metabolic terms including glycolysis, glutamine, lipid metabolism, oxidative
phosphorylation and isotope tracing. Reference lists and citing articles of key reports were also
screened. We prioritized human BrM spatial studies, matched-site comparisons and direct metabolic
measurements, followed by BrM-specific functional studies. Evidence from other tumors was included
for methodological or translational context and identified as indirect. Targeted reference and
ClinicalTrials.gov checks were updated through 13 September 2026. This narrative review was not
protocol-registered and does not claim systematic or exhaustive coverage.

2. The Spatial Toolkit: Decoding the Metabolic Microenvironment In Situ

A growing range of spatial technologies is being used to characterize metabolism-associated
features in BrMs while preserving tissue architecture. These platforms differ in molecular coverage,
spatial resolution, and the metabolic inferences they support, providing complementary views of the
BrM microenvironment.

Spatial transcriptomics including array-based platforms such as 10x Visium and imaging-based
approaches, e.g. multiplexed error-robust fluorescence in situ hybridization (MERFISH) and Xenium,
maps gene-expression programs across tissue sections'#'6. For example, in a melanoma BrM study,
spatial profiling (Slide-seqV2) identified opposing glycolysis- and OXPHOS-associated RNA programs
within one lesion, illustrating metabolic heterogeneity at the level of gene expression’?. These maps
localize candidate metabolic programs, while post-transcriptional and post-translational regulation
limits the inference of enzyme activity from RNA abundance’.

Multiplexed spatial proteomic technologies quantify proteins in defined tissue regions or cells.
These include imaging mass cytometry (IMC)°, CO-Detection by indEXing (CODEX), and digital
spatial profiing (DSP). Mapping metabolic enzymes and signaling mediators alongside cell-type
markers connects candidate pathways to tumor, glial, vascular, and immune compartments. However,
protein abundance does not necessarily reflect enzyme activity or metabolic flux. Integrating these
maps with direct metabolic measurements would help clarify the functional significance of the

observed spatial patterns.



Mass spectrometry imaging (MSI), particularly matrix-assisted laser desorption/ionization mass
spectrometry imaging (MALDI-MSI), measures metabolite- and lipid-associated ion signals at defined
locations across tissue sections, revealing spatial distributions that complement RNA and protein
expression profiles'®'9. However, regional differences in signal intensity can reflect both metabolite
abundance and local ionization effects, complicating quantitative comparisons?. A recent workflow
using isotope-labeled internal standards improved pixelwise normalization and relative quantification
in brain and kidney tissue, illustrating how these effects can be reduced to support more reliable
regional comparisons?'. Whereas isotope-labeled internal standards improve abundance
measurements, administering labeled nutrients before tissue collection allows MSI to trace their
metabolic fate across tissue regions??. Samarah et al. combined stable-isotope tracing with MSI in
mouse liver and intestine to visualize labeled-nutrient incorporation into downstream metabolites and
identify regional differences in substrate utilization??. Initial isotope-imaging studies have already
examined substrate labeling in BrM tissue, as discussed in Section 4.1. Extending these
measurements across patients could clarify regional differences in substrate use.

Combining different spatial measurements allows gene and protein expression to be examined
alongside metabolite distributions within a shared tissue context. Computational frameworks can align
spatial transcriptomic, proteomic, and MSI data across adjacent or co-registered tissue sections?*-?5,
while same-section workflows reduce uncertainty arising from anatomical differences between
adjacent sections?3242627 Recent optical platforms extend this integration to cell-resolved chemical
measurements. For example, Raman Enhanced Delineation of Cell Atlases in Tissues (REDCAT)
combines Raman-based chemical imaging, optical redox readouts, and multiplexed
immunofluorescence on the same section to associate lipid and redox-related features with specific
cell types?®. Applying REDCAT in human lymphoid and liver tissues illustrates how this approach
characterizes metabolic heterogeneity within defined cellular populations?®. Adapting such workflows
to BrMs could help distinguish the metabolic features of tumor cells from those of neighboring glial,

vascular, and immune cells.



Together, spatial RNA, protein, and chemical measurements connect lesion-level metabolic
observations to local cellular neighborhoods. Integration with appropriately designed tracing and
functional perturbation would help establish which localized programs are active and assess their

potential as therapeutic vulnerabilities.

3. Spatial organization in BrMs

In BrMs, tumor cells interact with vascular, glial, and immune cells in spatially heterogeneous local
environments®. Brain-specific vascular structures, including the neurovascular unit and the BBB or
blood-tumor barrier (BTB), regulate access to the tissue, while astrocytes, microglia, and neurons
contribute specialized metabolic functions?. Their spatial arrangement creates cellular neighborhoods
in which tumor-host interactions may influence colonization and treatment response®. Here, we focus
on the microanatomical organization within and around parenchymal BrMs, considering perivascular
regions, the lesion interior, and the brain-tumor interface with adjacent brain tissue before examining
finer-scale neuronal contacts.

One major niche is the perivascular region, where metastatic cells interact with endothelial cells,
pericytes, and astrocytic endfeet?®. Endothelial barrier properties, supported and regulated by
pericytes and astrocytes, help control exchange between the circulation and surrounding tissue®. In
BrMs, BTB permeability varies within and between lesions, as demonstrated by permeability
measurements and heterogeneous drug accumulation in mouse models of breast-cancer Bri®.
These observations raise a related metabolic question: whether this vascular heterogeneity is
accompanied by differences in local nutrient availability and substrate utilization by tumor and
neighboring cells.

The distinction between perivascular and perinecrotic regions is also reflected in lipid
accumulation. Specifically, fluorescence imaging of human central nervous system (CNS) metastases
originating from kidney cancer, melanoma, and lung cancer showed lipid-droplet-rich, carbonic

anhydrase IX (CA-IX)-positive perinecrotic regions, contrasting with lipid-droplet-poor perivascular



regions 3'. This regional contrast illustrates how tissue architecture can coincide with differences in
lipid storage within metastatic tissue.

At the boundary with adjacent brain tissue, the brain-tumor interface ranges from a well-
demarcated border to an infiltrative margin. Histopathological analysis of human BrM autopsy
specimens identified well-demarcated borders, perivascular extensions of tumor-cell clusters, and
diffuse infiltration of individual tumor cells into adjacent brain tissue®?. Along these margins, metastatic
cells contact reactive astrocytes, microglia, and neurons'%3334, The contrast between circumscribed
and infiltrative growth also extends to immune organization. For example, spatial profiling of human
BrMs revealed a lymphocyte-rich band separating tumor from surrounding brain in minimally invasive
lesions, while this organization was largely absent from highly invasive lesions®®. Thus, the interface
differs across lesions in both the extent of tumor infiltration and the arrangement of neighboring host
cells.

At a finer spatial scale, tumor cells can establish close contacts with neuronal structures. In breast-
cancer BrM mouse models, tumor-cell protrusions were observed adjacent to excitatory synapses in
pseudo-tripartite arrangements®¢. Such observations extend the description of BrM organization from
tissue compartments and cellular neighborhoods to subcellular contacts.

Together, the spatial complexity of BrMs and their interfaces with surrounding brain tissue raises
the possibility that metabolic states and tumor-host interactions differ across local environments. This
organization complicates the interpretation of lesion-level metabolic profiles, but also motivates
spatially resolved studies that relate metabolic features to specific tissue regions and cellular
neighborhoods. Against this spatial background, the following section examines metabolic adaptations

in BrMs and considers how their interpretation depends on local context.
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Figure 1. Spatial observations and complementary mechanisms of metabolic reprogramming in BrM.

Each panel separates regional observations from mechanistic and functional findings obtained in the

indicated tumor origins and experimental settings.
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mitochondrial dynamics. Findings from different studies are juxtaposed for comparison rather than
combined into a single validated pathway. Arrows indicate the relationships or directions reported in
the specified settings; dotted donor-recipient links denote a proposed supply route. Metabolite
abundance, transcript enrichment and isotope labeling are distinct readouts and do not, by themselves,
establish quantitative flux or a shared therapeutic dependency.

4. Metabolic reprogramming in BrMs: single-cell and spatial insights

Studies of metabolic reprogramming in BrMs implicate central carbon metabolism, glutamate-
glutamine metabolism, lipid remodeling, and OXPHOS in tumor growth and tumor-host interactions.
Direct spatial measurements of these processes remain limited, and current understanding draws
largely on bulk and single-cell profiling, metabolic tracing, and functional studies. Here, we discuss
these findings alongside spatial observations, examining the cellular and anatomical context of
metabolic programs and their similarities and differences across primary-tumor origins. Figure 1
summarizes the major metabolic programs and their reported spatial context in BrMs.

4.1 Central carbon metabolism and associated biosynthetic pathways

Central carbon metabolism connects glucose breakdown and tricarboxylic acid (TCA) cycle
oxidation with pathways that supply biosynthetic precursors. BrM studies implicate glycolysis, acetate
utilization, and connected biosynthetic pathways, but whether glycolytic or TCA-cycle activity is
consistently increased across primary-tumor origins remains unclear®. Spatial profiling and isotope
imaging provide complementary information on regional metabolic programs and substrate use, while
functional studies examine how these processes support BrM growth.

Spatial transcriptomics provides a starting point for examining how central carbon metabolism
varies within a lesion. In the treatment-naive melanoma cohort of Biermann et al., Slide-seqV2
analyzed 16 sections, including 11 from BrMs and five from extracranial metastases. In one malignant-
cell-rich BrM, glycolysis- and OXPHOS-associated transcriptional signatures showed contrasting
regional distributions2. Alongside regional variation within BrMs, spatial profiling can reveal metabolic
programs shared with the primary tumor. In three patients with triple-negative breast cancer (TNBC),

Visium profiling of matched residual primary tumors and BrMs identified a glycolysis-related gene



module common to both sites®”. Thus, a metabolic program detected in BrMs may be retained from
the primary tumor rather than acquired in the brain. Together, these studies describe regional variation
within BrMs and metabolic gene-expression programs shared with primary tumors, while direct
metabolic measurements are needed to clarify local pathway activity.

Isotope imaging adds a spatial readout of glucose-derived carbon incorporation to the
transcriptional patterns described above. In a study of two patients with glioblastoma and one with an
adenocarcinoma BrM, intraoperative [U-"*C]glucose infusion was followed by desorption electrospray
ionization mass spectrometry imaging (DESI-MSI) of resected tissue. Analysis of seven regions from
the BrM at a pixel size of 65 ym identified differences in labeled glycolytic and TCA-associated
metabolites between metastatic tissue, gliotic tissue, and normal-appearing brain3é. This single-patient
observation provides an initial view of regional glucose metabolism in human BrM, while the
quantitative relationship between these labeling patterns and local pathway flux remains unclear.

The spatial observations above reveal regional metabolic differences, but leave open which
enzymes contribute to tumor growth. Cell and animal experiments address this question through
perturbation of glycolytic enzymes and their regulators in BrM models. Hexokinase 2 (HK2) catalyzes
glucose phosphorylation at the entry to glycolysis. In 123 surgically resected human breast-cancer
BrMs, high HK2 immunoreactivity was associated with shorter post-craniotomy survival, while HK2
knockdown reduced proliferation of 231-BR cells under glucose limitation3°. Another glycolytic enzyme,
phosphoglycerate mutase 1 (PGAM1), has been implicated in non-small cell lung cancer (NSCLC)
BrM growth through its stabilization by SEC61 translocon subunit gamma (SEC61G), an endoplasmic-
reticulum translocon component*®. Experiments in brain-selected lung-cancer sublines and
intracardiac mouse models linked SEC61G-mediated PGAM1 stabilization to increased glycolysis and
brain metastatic growth. Single-cell profiling and patient-tissue immunohistochemistry provided
complementary information on SEC61G expression“. These findings suggest that glycolytic enzymes
and their regulators can support growth in the breast- and lung-cancer BrM models examined, while

their contribution within the spatially mapped regions remains to be tested.
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Studies of lactate production and protein lactylation further link glycolysis to tumor-cell behavior
and immune regulation. Lactate dehydrogenase A (LDHA) converts pyruvate, the end product of
glycolysis, to lactate. In breast cancer, LDHA staining in primary TNBC specimens and serum lactate
dehydrogenase (LDH) measurements were associated with subsequent brain relapse*'. Mechanistic
studies in breast-cancer models linked LDHA-mediated cyclic adenosine monophosphate response
element-binding protein 1 (CREB1) lactylation to cytoskeletal remodeling, while LDHA knockdown
reduced brain tumor burden in mice*?. Lung-cancer studies examined myeloid-cell responses: an
intracranial Lewis lung carcinoma (LLC) model showed lactate accumulation, and murine macrophage
experiments associated Rac family small GTPase 2 (RAC2) lactylation with altered polarization.
Human observations were limited to histone H3 lysine 18 lactylation (H3K18la) staining in two primary-
BrM pairs and two non-BrM primary tumors*3. These findings motivate spatial studies asking whether
lactate-rich regions coincide with tumor-cell lactylation or distinct macrophage states, and whether
these relationships vary across primary-tumor origins.

Glucose metabolism also branches into the pentose phosphate pathway (PPP), which supplies
reduced nicotinamide adenine dinucleotide phosphate (NADPH) and nucleotide precursors*. In a
tissue-microarray study of 126 breast-cancer metastases, including 36 brain lesions, positivity for the
pathway enzyme glucose-6-phosphate dehydrogenase (G6PD) was most frequent in BrMs, although
molecular subtype composition differed across metastatic sites*4.

Beyond glucose, acetate can supply TCA-cycle metabolism in human BrMs. Proteomic
comparisons of breast-cancer brain- and bone-metastatic variants identified differences in central
carbon enzymes*. Intraoperative [1,2-'*CJacetate infusion in four brain-tumor patients, including one
breast-cancer BrM and one NSCLC BrM, yielded labeling, detected by nuclear magnetic resonance
(NMR), consistent with acetate oxidation*®. The regional distribution of this substrate use within BrMs
remains unclear.

Acetyl-CoA synthetase 2 (ACSS2) supplies acetyl-coenzyme A (acetyl-CoA) from acetate, linking
alternative carbon use to biosynthesis. Brain-penetrant ACSS2 inhibitors reduced breast-cancer BrM

growth in cell, brain-slice, and mouse systems*’. Further perturbation studies linked ACSS2 to
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ferroptosis suppression and reduced brain metastatic growth after inhibition; human observations
comprised phosphorylated ACSS2 staining in 43 BrMs of mixed origin*®. These preclinical findings
motivate spatial investigation of acetate-related vulnerabilities, although ACSS2 requirements for
acetate oxidation in patient BrMs remain unclear.

Phosphoglycerate dehydrogenase (PHGDH) initiates serine biosynthesis from the glycolytic
intermediate 3-phosphoglycerate. Transcript profiling of patient tissue showed serine-pathway
enrichment in melanoma BrMs versus matched extracranial metastases, while immunohistochemistry
detected high PHGDH expression in 27 of 30 breast-cancer BrMs“*®. Glucose tracing and PHGDH
inhibition in BrM-derived or brain-selected systems linked serine synthesis to growth under
serine/glycine limitation. PH-755 reduced intracranial tumor burden after tumor formation in TNBC and
clear-cell renal cell carcinoma (ccRCC) models; melanoma inhibitor testing was limited to culture®.
Whether spatial differences in nutrient availability influence this sensitivity within patient BrMs remains
unclear.

Branched-chain amino-acid aminotransferase 1 (BCAT1) uses the TCA intermediate a-
ketoglutarate (a-KG) in branched-chain amino-acid transamination. Staining was higher in NSCLC
BrMs than in largely unpaired primary lung adenocarcinoma (LUAD) specimens®. A549/H1299 cell
and intracranial H1299 xenograft experiments linked BCAT 1-dependent a-KG depletion to altered AlkB
homolog 5 (ALKBH5) activity and N°-methyladenosine (m®A) regulation®°. Unlike the biosynthetic role
of serine synthesis, this mechanism links central carbon metabolism to RNA regulation.

Glucose-sensitive and pyruvate-based imaging add spatial information on central carbon
metabolism at the scale of lesions and brain regions. Dynamic glucose-enhanced chemical exchange
saturation transfer (DGE-CEST) signals were elevated relative to contralateral brain in two of four
BrMs, although barrier leakage complicates interpretation as glucose uptake®'. In 18 patients with 44
BrMs, pretreatment hyperpolarized [1-'*C]pyruvate magnetic resonance imaging (MRI) detected a
higher lactate-to-bicarbonate signal ratio in lesions that subsequently progressed after stereotactic
radiosurgery®?. The association links a regional metabolic readout to treatment outcome, but the cohort

was small and spatial resolution was 1.5 cm. By contrast, a separate study of 12 patients and 46
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controls found higher lactate-to-pyruvate and bicarbonate-to-pyruvate ratios in normal-appearing brain,
excluding tumor-containing regions and regions abnormal on T2-weighted fluid-attenuated inversion
recovery (T2-FLAIR) images®3. Thus, these studies provide spatially localized observations in different
compartments: lesion metabolism and changes in surrounding or remote brain should be distinguished
when interpreting regional metabolic variation.

Central carbon metabolism in BrMs encompasses glucose oxidation, lactate-related regulation,
acetate use, and biosynthetic pathways. Spatial transcriptomics and isotope imaging reveal regional
gene-expression and labeling patterns, whereas genetic and pharmacological perturbations identify
candidate functional requirements in specific cancer models. Whether these requirements are shared
across primary-tumor origins remains unclear. Integrating spatial information with functional testing
could clarify whether regions with distinct substrate use depend on the same enzymes or harbor
different metabolic vulnerabilities.

4.2 Glutamate-glutamine metabolism

Glutamate-related adaptations in BrMs involve receptor signaling as well as substrate use. In
breast-cancer BrM models, microscopy localized tumor-cell protrusions beside neuronal synapses,
while neuronal co-cultures and GRIN2B perturbation in intracardiac mouse models linked glutamate-
responsive N-methyl-D-aspartate receptor (NMDAR) signaling to metastatic growth3¢. Paired human
primary-tumor and BrM specimens provided complementary observations of phosphorylated GIuN2B
(pGIuN2B), the NMDAR subunit encoded by GRIN2B3¢. These anatomical observations raise the
question of whether glutamate availability and receptor activation are greatest in the same regions.

Regional measurements in breast-cancer BrMs suggest that receptor phosphorylation and
metabolite abundance need not be greatest in the same compartment. Biochemical analysis of
manually delineated human tissue regions found higher glutamate, glutamine, and their combined pool
(GIx) in peritumoral tissue, whereas immunohistochemistry localized stronger pGluN2B staining to the
tumor core®*. This regional contrast suggests that tissue metabolite abundance alone may not predict
the intensity of receptor signaling. At the lesion scale, glutamine positron emission tomography (PET)

in the same study detected higher tracer uptake in brain lesions than in paired mammary tumors in six

13



mice; clinical imaging was limited to one woman with a breast-cancer BrM>*. These tissue and imaging
measurements provide regional context, although metabolite abundance and tracer uptake are not
direct measures of cell-specific metabolic flux.

Functional studies help explain how glial signals can alter tumor-cell responses to local glutamate.
In human lung-cancer cells cultured with mouse-derived mixed glia and corresponding mouse BrM
models, astrocyte-derived Wnt5a induced metabotropic glutamate receptor 1 (mGIuR1) through
prickle planar cell polarity protein 1 (PRICKLE1) and RE1-silencing transcription factor (REST),
enabling glutamate-dependent epidermal growth factor receptor (EGFR) stabilization and extracellular
signal-regulated kinase (ERK) activation®. Glial regulation of receptor signaling may therefore
influence tumor-cell responses to local glutamate, alongside the mechanisms controlling substrate
supply and uptake discussed below.

Changes in host-cell metabolite handling and tumor-cell transport could contribute to regional
differences in substrate availability. In breast-cancer systems, cell-culture, mouse brain-slice, and
brain-interstitial analyses linked extracellular-vesicle-associated microRNA-199b-5p (miR-199b-5p) to
suppression of neuronal and astrocytic transporters and greater extracellular availability of glutamate,
glutamine, and lactate. Circulating miR-199b-5p was also associated with BrMs in 42 women with
stage-IV breast cancer®. Complementary experiments in brain-tropic breast-cancer cells linked
nuclear factor kB (NF-kB) signaling to increased glutamate uptake mediated by excitatory amino-acid
transporters 1 and 2 (EAAT1/EAAT2). Transporter inhibition reduced respiration and glycolytic
readouts in culture and brain-lesion formation in mice®’. Together, these experiments suggest that
altered substrate handling by host cells and increased uptake by tumor cells could both favor access
to extracellular metabolites. Whether these mechanisms account for the spatial distributions observed
in human BrMs remains to be tested.

Once substrates are available to tumor cells, their metabolic use may also depend on tumor-cell
state. In human epidermal growth factor receptor 2 (HER2)-positive breast-cancer models derived
from HCC1954 and SKBRS3 cells, phenotypic selection generated synchronous, latent, and

metachronous states. In vivo [U-"*Cs]glutamine tracing showed greater oxidative labeling in
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metachronous than synchronous lesions, whereas comparisons involving latent cells were performed
in vitro. Latent and metachronous cells also relied on cystine-glutamate exchange mediated by the
xCT antiporter for redox control, showing that glutamate handling contributes to antioxidant protection
alongside the oxidative use of glutamine®8. Immunohistochemistry assessed xCT expression in seven
matched HER2-positive primary and metachronous metastatic cases, although its contribution to
redox control in patient lesions remains unclear®®. Together, these findings suggest that glutamine use
and glutamate-linked redox regulation may vary with tumor-cell state, and how these experimentally
selected states relate to clinical latency or spatial niches warrants further investigation.

Glutamate metabolism also connects to y-aminobutyric acid (GABA) production through
glutamate decarboxylase 1 (GAD1). Comparative transcriptomic analysis found enrichment of a
GABA-related gene set in brain tumors across models of four primary-tumor origins, suggesting a
potentially shared transcriptional response to the brain environment. Functional experiments in breast-
cancer and melanoma systems linked glia-induced GAD1 expression to glutamine utilization and
redox regulation; GAD1 knockdown reduced brain metastases in mice®. The overlap across models
supports investigating a recurring GABA-related adaptation, while the breadth of the transcriptional
finding exceeds that of the functional testing.

Within this GABA-related response, accumulation and metabolic utilization may support growth
through different mechanisms. In NSCLC brain-tropic cells and mouse models, reduced forkhead box
A2 (FOXA2) and 4-aminobutyrate aminotransferase (ABAT) expression was linked to GABA
accumulation, NF-kB signaling, and astrocyte activation; patient analyses also found higher circulating
GABA in those with BrMs®°. A smoking-linked lung-cancer study instead connected nicotine-induced
microglial microRNA-32-3p (miR-32-3p) signaling to neuronal GABA release and tumor-cell GABA-
shunt use in ex vivo and in vivo models. Patient tissue associated smoking history with perineural
invasion, providing anatomical context, and GABA-uptake inhibitors reduced brain-metastatic
progression in mice®'. These findings distinguish GABA accumulation from substrate use rather than
implying uniformly increased GABA catabolism. Their local balance and therapeutic relevance in

patient BrMs remain open questions.
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Together, these studies connect glutamate-glutamine metabolism to neural signaling, extracellular
substrate handling, and state-dependent metabolic requirements. GABA-related findings recur across
several cancer origins, but their functional importance may differ by tumor state and microenvironment.
Spatial microscopy, regional biochemistry, and imaging provide complementary information on cellular
contacts and metabolite distribution. Integrating these observations with local substrate-use
measurements and perturbation could clarify where receptor signaling, oxidative metabolism, and
redox protection contribute to BrM growth.

4.3 Lipid metabolism and membrane remodeling

Although the brain is lipid-rich, the availability of these lipids to metastatic cells may vary across
local environments®2. Cancer cells can acquire fatty acids through de novo synthesis or uptake and
incorporate them into membrane lipids or store them in lipid droplets®364. The relative importance of
these routes may depend on both local lipid supply and tumor-cell regulation. This distinction matters
when interpreting spatial lipid maps, because enrichment within a lesion may reflect differences in lipid
production, uptake, or subsequent use. Spatial measurements can locate lipid enrichment and isotope
labeling, while complementary functional studies help assess which aspects of lipid metabolism
support growth.

In HER2-amplified breast cancer BrM models, spatial isotope imaging and functional experiments
suggest that tumor growth in the brain is particularly sensitive to disruption of fatty-acid synthesis.
Fatty acid synthase (FASN) uses acetyl-CoA and malonyl-CoA, together with NADPH, to produce
palmitate, a 16-carbon saturated fatty acid®. Tracing glucose-derived carbon into this product showed
greater palmitate labeling in brain tumors than in mammary-fat-pad tumors. MALDI-MSI added
regional context by localizing greater labeling of palmitate and other lipids to BT474 brain tumors than
to surrounding brain tissue 3. The labeling supports incorporation of glucose-derived carbon into
tumor lipids, although interpreting it as an absolute synthesis rate would require further kinetic
measurements. To test whether this synthetic activity supported growth, FASN was disrupted using
clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPR-associated protein

9 (Cas9). This reduced tumor growth in the brain, with little effect in the mammary fat pad or liver, and

16



pharmacological FASN inhibition also reduced intracranial growth, suggesting a site-dependent
contribution of fatty-acid synthesis in these models®3. Mechanistic experiments in NSCLC cells provide
a possible explanation for how tumor cells sustain FASN expression. Insulin-like growth factor 2
messenger RNA-binding protein 3 (IGF2BP3) stabilized FASN messenger RNA (mRNA) and
supported lipid accumulation, while intracranial implantation experiments linked this regulatory axis to
brain tumor growth®. These results suggest that maintaining FASN expression may support lipid-
dependent growth in the brain beyond the HER2-amplified breast cancer models, although the NSCLC
experiments did not map this mechanism spatially®®.

Retinoic acid receptor responder 2 (RARRES2) has also been linked to lipid regulation in breast
cancer cells and reduced tumor growth in experimental BrMs. In mouse models using 4T1 breast
cancer cells, RARRES2 overexpression reduced tumor growth after intracranial implantation and brain
metastatic burden after intracardiac injection®. Mechanistic experiments in MDA-MB-231 cells linked
RARRES2 overexpression to increased phosphatase and tensin homolog (PTEN) and reduced
signaling through mechanistic target of rapamycin (mMTOR) and sterol regulatory element-binding
protein 1 (SREBP1)%. SREBP1 is a transcription factor that regulates lipogenic enzyme expression,
providing a connection between this signaling pathway and lipid synthesis. Conversely, RARRES2
knockdown increased phosphatidylcholine and phosphatidylethanolamine, major membrane
phospholipids, while reducing triacylglycerols used for lipid storage®®. Together, these cell experiments
suggest that RARRES?2 influences both lipogenic signaling and lipid composition, but whether these
changes mediate its effects on BrM growth remains unresolved.

Spatial lipid measurements also reveal regional differences in lipid accumulation that may have
several metabolic explanations. In a spontaneous breast cancer BrM mouse model, MALDI-MSI
localized long-chain acylcarnitines and selected phospholipids to a macrometastatic lesion®’. Although
acylcarnitines are involved in fatty-acid handling, their accumulation does not necessarily indicate
increased oxidation. The study instead proposed an association with ischemia or hypoxia®’. A different
spatial pattern emerged from integrated spatial transcriptomics and air-flow-assisted desorption

electrospray ionization mass spectrometry imaging (AFADESI-MSI) of human primary NSCLC and
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BrM tissue, which associated palmitate-rich regions with lysyl oxidase (LOX)-positive malignant cells,
neutrophil-rich niches, and programs related to neutrophil extracellular traps (NETs) and epithelial-
mesenchymal transition (EMT)88. Palmitate exposure promoted EMT-associated changes in NSCLC
cells, providing a possible functional explanation for the spatial association®. However, these cell
experiments did not establish the source of palmitate or its contribution to EMT within the human tissue
regions. Lipid storage and oxidation offer another distinction when interpreting such maps. In HER2-
positive breast cancer BrM models, knockdown of the intracellular fatty-acid-binding protein 7 (FABP7)
reduced glycolytic readouts and lipid-droplet accumulation while increasing fatty-acid oxidation (FAQ)
and mitochondrial respiration in cell assays. In these cells, FABP7 knockdown also reduced
phosphorylation of focal adhesion kinase (FAK) and Src and attenuated hypoxia-induced accumulation
of hypoxia-inducible factor 1a (HIF-1a) and expression of vascular endothelial growth factor A (VEGFA)
mRNA. The same intervention also limited intracranial growth%4, suggesting that greater oxidative
activity need not accompany greater tumor growth. These findings help explain why regional lipid
enrichment should be interpreted alongside measurements of lipid use, rather than as evidence of a
particular metabolic dependency.

Relating tumor regions to neighboring cells can help identify potential sources of the fatty acids
used by BrM cells. In lung-cancer BrMs, human single-cell and spatial transcriptomics, together with
lipidomics and functional experiments, implicated oligodendrocytes as a potential source®. Spatial
data placed oligodendrocytes mainly at tumor margins and showed enrichment of transcripts encoding
the fatty-acid uptake protein cluster of differentiation 36 (CD36) in tumor regions®®. These observations
motivated functional tests of lipid synthesis in the proposed donor cells and uptake in recipient cells.
In co-culture, FASN knockdown in MO3.13 oligodendrocytes or CD36 knockdown in recipient tumor
or microglial cells attenuated tumor proliferation or the induction of immunosuppression-associated
markers. Co-injection of FASN-silenced MO3.13 cells with H2030-BM cells also reduced brain
metastatic burden®®. Taken together, the spatial localization and perturbation results support a model

in which oligodendrocyte lipid synthesis and recipient-cell uptake contribute to tumor-immune
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interactions. Direct tracing of lipid transfer in vivo would be needed to establish this donor-recipient
relationship more firmly.

Experiments using astrocyte-conditioned medium and genetic perturbations suggest that tumor
genotype can influence how BrM cells use host-derived fatty acids. In breast cancer BrM models, p53
inactivation increased stearoyl-CoA desaturase 1 (SCD1), which converts saturated fatty acyl-CoAs
into monounsaturated forms. SCD1 knockout counteracted the growth-promoting effects of p53 loss,
linking this genotype to a requirement for fatty-acid desaturation’®. Astrocyte-conditioned medium also
promoted the proliferation of p53-deficient breast cancer cells, and CD36-mediated fatty-acid uptake
contributed to this proliferative effect’®. These results suggest that the response to astrocyte-derived
lipids may involve both uptake and intracellular processing. In addition to serving as substrates,
astrocyte-derived fatty acids can influence tumor growth through signaling. In breast cancer and
melanoma BrM models, arachidonic and mead acids released by astrocytes activated the lipid-
responsive transcription factor peroxisome proliferator-activated receptor y (PPARy) and promoted
tumor-cell proliferation. PPARYy inhibition reduced brain metastatic burden, supporting a role for this
signaling pathway in those models”'. Thus, astrocyte-associated lipid metabolism may support growth
through distinct processes, although their spatial distribution and relative contributions within human
BrMs remain to be determined.

Together, these studies suggest that lipid metabolism supports BrM growth through several
processes rather than simply through lipid accumulation. FASN-dependent synthesis contributes to
brain tumor growth in HER2-amplified breast cancer and NSCLC models, while studies of astrocyte-
derived fatty acids implicate uptake and lipid-responsive signaling in additional growth-supporting
mechanisms. The contrasting effects of FABP7 knockdown on lipid storage, oxidation, and intracranial
growth further indicate that these metabolic responses should not be treated as interchangeable.
Spatial imaging reveals regional lipid enrichment and isotope incorporation, and integrated spatial and
functional analyses implicate oligodendrocytes as potential local lipid suppliers. What remains
unresolved is how tumor-cell synthesis, host-derived supply, and intracellular lipid use are coordinated

within individual human BrMs, and whether the resulting dependencies recur across tumor lineages.
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4.4 Mitochondrial adaptation and oxidative phosphorylation

Mitochondrial adaptation in BrMs involves respiratory metabolism, biosynthetic support, and
interactions with host cells’?>73. These functions vary across the models examined®. Spatial studies
help resolve where mitochondrial programs occur, while complementary functional experiments
examine how they contribute to growth.

The regional glycolytic-OXPHOS contrast described in Section 4.1 provides an initial example of
spatial variation in mitochondrial-associated programs within BrM'2. In a larger proteogenomic atlas,
spatial transcriptomics of 12 BrMs and four matched primary tumors identified OXPHOS and
nucleotide-biosynthesis enrichment in two malignant-cell-rich molecular niches, MN4 and MN974,
These findings associate oxidative transcriptional programs with regional cell composition. Spatial
proteomics from one patient with melanoma further showed higher mitochondrial and glycolytic protein
abundance in one primary-tumor region than another, with related features in lung and brain
metastases’®. Thus, some mitochondrial-associated states may already occur within the primary tumor,
although this retrospective comparison does not establish their clonal origin or respiratory activity.

Regional oxygen availability provides a physiological context for these molecular maps. In nude
rats with stereotactically implanted H2030-BrM3 lung-cancer lesions, cortical tumors were larger and
showed stronger hypoxia- and oxidative-stress-associated signals than striatal tumors, assessed by
proteomics, histology, and copper-64-labeled copper(ll) diacetyl-bis(N*-methylthiosemicarbazone)
([**Cu]Cu-ATSM) PET’6. Related work combined CA-IX staining in human NSCLC BrMs with rat
imaging and documented regional oxygen heterogeneity in the model’”. Oxygen supply could
therefore influence the expression and function of respiratory pathways, but the accompanying size
difference prevents attribution to brain region alone. These measurements provide oxygenation
context, not regional OXPHOS flux.

Cellular composition is also important when assigning mitochondrial programs to a tissue region.
GeoMx profiling of 44 NSCLC patients distinguished tumor, immune, and adjacent-brain
compartments with different immune and fibrotic programs’. Although this study did not measure

regional respiration, functional work shows why neighboring myeloid cells merit metabolic investigation.
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In experimental and human BrMs, tissue staining localized the macrophage migration inhibitory factor
(MIF) receptor cluster of differentiation 74 (CD74) to microglia/macrophages, and experiments
implicated tumor-derived MIF in their reprogramming. Bulk RNA sequencing of sorted mouse CD74-
positive cells showed OXPHOS enrichment, and conditional deletion of the mitochondrial quality-
control protease Oma1 in C-C chemokine receptor 2 (CCR2)-lineage cells reduced brain burden in a
melanoma BrM mouse model without reducing CD74-positive cell numbers’®. These results connect
myeloid mitochondrial regulation to tumor support, rather than simply to myeloid-cell accumulation.

Spatial and functional studies also connect mitochondrial remodeling in tumor cells to their
interactions with the brain microenvironment. In TNBC mouse tumors, DSP identified immune changes
associated with signal regulatory protein a (SIRPa)-regulated fibronectin. Complementary
experiments linked fibronectin to microglial tolerance and tumor-cell SIRPa signaling through SH2
domain-containing protein tyrosine phosphatase 2 (SHP2) and ERK to mitochondrial fission mediated
by dynamin-related protein 1 (DRP1), a regulator of mitochondrial division”®. In LUAD BrM models, a
separate study linked the neuropeptide VGF to mitochondrial fusion. VGF limited abhydrolase domain-
containing protein 12B (ABHD12B)-mediated degradation of cardiolipin, a phospholipid that supports
mitochondrial membrane organization, favoring fusion and oxidative metabolism. Deleting the VGF N-
terminal domain impaired these processes and reduced brain colonization in mice®. Together, these
studies suggest that both mitochondrial fission and fusion can support brain metastatic growth in the
respective TNBC and LUAD models. Whether the difference between these models reflects tumor
origin, genotype, or experimental conditions remains unclear.

Functional studies in TNBC BrM models suggest that nutrient availability shapes how
mitochondrial metabolism supports tumor growth. CRISPR screening, isotope tracing, and respiratory
assays identified the complex | subunit NADH:ubiquinone oxidoreductase subunit B9 (NDUFB9) as
important under low-asparagine conditions. NDUFB9 knockout reduced intracellular aspartate
production, while low asparagine increased asparagine synthetase expression, drawing on the
remaining aspartate pool to sustain asparagine synthesis. Together, these effects limited aspartate

availability for nucleotide biosynthesis and restricted brain tumor outgrowth8'. These findings link
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respiratory-chain function to the supply of biosynthetic precursors, rather than adenosine triphosphate
(ATP) production alone, and raise the question of whether regional differences in asparagine
availability influence sensitivity to NDUFB9 loss within BrMs.

Broader cohort comparisons place these local observations in context. Bulk multi-omics across
breast, lung, and renal cancers showed higher OXPHOS gene-set scores in BrMs than in matched
primary or extracranial specimens®. Earlier breast-cancer analyses found enrichment versus
unmatched primary tumors but not extracranial metastases; separate oligomycin experiments were
confined to conventional MDA-MB-231 cell assays®3. The comparison tissue therefore matters when
interpreting apparent brain-associated enrichment. An OXPHOS-enriched epithelial transcriptional
state projected onto primary-lung spatial sections® and a dissociated pan-cancer BrM atlas®® provide
complementary comparisons, but neither supplies regional measurements within BrM tissue.

In melanoma, dependence on glutamine can make oxidative tumor states susceptible to
metabolic inhibition. RNA sequencing of 88 resected BrMs identified a High-OXPHOS subgroup
associated with shorter post-craniotomy survival. The glutaminase inhibitor CB-839 reduced oxygen
consumption in High-OXPHOS cells and prolonged survival in mice bearing mitogen-activated protein
kinase (MAPK)-inhibitor-resistant intracranial xenografts, linking glutamine metabolism to respiratory
support®. In a separate B16-F10 intracranial model, metformin plus anti-programmed cell death
protein 1 (PD-1) therapy prolonged survival versus control and metformin alone, but not significantly
versus anti-PD-1 alone®. A 2025 bioRxiv preprint provided genetic support through peroxisome
proliferator-activated receptor y coactivator 1a (PGC1a), a coactivator of mitochondrial biogenesis,
and NADH:ubiquinone oxidoreductase subunit S4 (NDUFS4), a complex | subunit. PGC1a deletion
reduced lung and brain metastatic incidence in an autochthonous melanoma model, whereas
NDUFS4 deletion reduced metastatic burden in transplantation models®’. These preclinical results
implicate substrate use and mitochondrial machinery at different steps of metastatic growth.

In lung cancer, mitochondrial-associated states can also accompany changes in the immune
environment. Bulk and single-cell multi-omics associated BrMs with mitochondrial-pathway

enrichment and reduced immune programs. Gamitrinib, which targets mitochondrial heat shock
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protein 90 (Hsp90)-dependent protein homeostasis, showed activity in 20 BrM-derived organoid
models. Combined with anti-PD-1, it prolonged survival versus control in an LLC-Luc mouse BrM
model, but not significantly versus either monotherapy®. This supports further testing of mitochondrial
targeting without establishing an advantage over monotherapy. Nor are lung-cancer BrMs
metabolically uniform. Transcriptomic comparisons found relatively greater glycolytic programs in
hepatocyte growth factor receptor (MET)-amplified LUAD BrMs and oxidative programs in MET-wild-
type BrMs®, suggesting that molecular subtype may help interpret the mitochondrial states identified
by spatial profiling.

Together, these studies suggest that mitochondrial adaptation supports BrM growth through
context-dependent functions in both tumor and host cells. Spatial analyses locate oxidative
transcriptional programs and mitochondrial-associated protein patterns, while functional studies
implicate glutamine-supported respiration, aspartate-dependent biosynthesis, and mitochondrial
remodeling. Their convergence is on mitochondrial involvement, not on one shared respiratory
dependency. Linking these functions to defined cells and regions could clarify how nutrient supply,
tumor genotype, and immune composition influence mitochondrial vulnerabilities within individual
BrMs.

4.5 Shared, lineage-associated, and brain-site-associated programs

Across breast-cancer, lung-cancer, and melanoma BrMs, recurring features include altered
substrate use, lipid handling, and mitochondrial support for growth, but their regulation varies. For
example, fatty-acid synthesis can support growth in both breast-cancer and NSCLC BrM models83-65,
Pan-cancer profiling also identifies molecular states that extend across primary-tumor origins’,
suggesting that lineage alone does not explain BrM metabolic heterogeneity. These findings support
convergence on related metabolic functions, rather than identical dependencies. Conversely, a
mechanism studied in only one lineage cannot yet be considered specific to that lineage.

Brain-site adaptation is more convincingly supported when functional dependence differs across
anatomical sites. Greater sensitivity to FASN disruption in brain than mammary-fat-pad or liver tumors

provides such support in HER2-amplified breast-cancer models®. Yet a metabolic state detected in
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BrMs need not have arisen in the brain. In the melanoma case discussed in Section 4.4, related
glycolytic and mitochondrial protein features were already detectable in the primary tumor”®. Such pre-
existing variation, together with selection, local induction, and treatment, may shape the metastatic
state. Matched primary and extracranial comparisons help distinguish these possibilities, but functional
or temporal evidence is needed to determine how they arise. Therapeutic prioritization should
therefore consider tumor origin together with molecular state and local metabolic context.

Table 1. Candidate metabolism-directed interventions relevant to BrMs: evidence base, clinical

status, and limitations.

Inhibitor/Interventi Target/Mc?chanl Metabolic Axis  Evidence and limitations Development status
on sm of Action
Phase |
CB-839 reduced respiration in monotherapy
high-OXPHOS melanoma cells completed. The
Glutamine- and prolonged survival in nivolumab

Telaglenastat (CB- GLS1 inhibition supported established A375-R1 and combination trial
839) anaplerosis MEL624 intracranial stopped for

and respiration

xenografts®. Systemic trials
assessed GLS1 inhibition and
tolerability®0-°1,

insufficient efficacy
(NCT02771626); no
dedicated BrM
efficacy cohort.

Both agents suppressed brain

Tiagabine is
approved as

GABA uptake GABA GABA-shunt ~ metastatic progression in adjunctive therapy
inhibitors nicotine-associated lung-cancer . .
! L transporter substrate : for partial seizures,
Tiagabine; NO- N mouse models, supporting '
inhibition uptake not BrMs. NO-711 is
711 GABA uptake as an
; 61 a research
experimental target®?.
compound.
B199179 remains
BI99179 inhibited HER2-positive  preclinical.

FASN inhibitors

De novo fatty-

breast tumor growth in brain, but
not mammary fat pad®3. TVB-
2640 reduced TNBC BrM-related
cell outgrowth/invasion and

Denifanstat phase I
trials in astrocytoma
and HER2-positive
metastatic breast

BI199179; TVB- FASN inhibition acid synthesis synergized with free SN-38 in cancer are
2640 (denifanstat) Y vitro%2. The NSCLC spatial/NET  completed
study did not establish (NCT03032484;

intracranial TVB-2640 efficacy
because its A549 model lacked
clear BrMs®8,

NCT03179904), with
results reported but
no dedicated BrM
efficacy evaluation.

SCD1 inhibitor
SW-203668

SCD1
inhibition

Fatty-acid
desaturation

In human breast-BrM
organotypic cultures, SW203668
increased apoptosis (n = 3);
reduced Ki67 was a
nonsignificant trend (n = 5).
These are ex vivo responses,
not patient efficacy’®.

Experimental
compound; clinical
BrM efficacy and
tolerability
unestablished.
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Inhibitor/Interventi

Target/Mechani

; Metabolic Axis  Evidence and limitations Development status
on sm of Action
Both compounds showed mouse
brain exposure and activity in ex
A vivo breast-BrM slices. AD-8007  Preclinical leads;
ACSS2 |r.1h|b|tors ACSS2 Acetate-to- reduced intracranial burden and  human dosing and
AD-5584; AD- L acetyl-CoA - X Z
8007 inhibition conversion prolonged survival, AD-5584 efficacy remain
suppressed BrM growth through  unestablished.
a ferroptosis-associated
mechanism*748,
Serine/glycine restriction
sensitized TNBC, melanoma and
ccRCC BrM cells in culture. PH-
755 reduced established Preclinical BrM
PHGDH inhibitors PHGDH Serine/glycine  TNBC/ccRCC intracranial studies; no
PH-719; PH-755 inhibition synthesis tumors and prolonged survival in  established clinical
a separate preventive TNBC use.
experiment. Glucose tracing and
hyperpolarized pyruvate imaging
provided metabolic readouts*°.
Treatment prolonged survival in Phase |
intracranial melanoma development was
xenografts and reduced BrM limited by elevated
Complex | incidence in a spontaneous lactate and
IACS-010759 ~-OmMp OXPHOS model®. In the breast-cancer neurotoxicity; no
inhibition . .
experiment, dosing began before recommended
inoculation, supporting phase Il dose was
prevention rather than established®*
established-lesion treatment®2. (NCT03291938).
In intracranial B16-F10
. . melanoma tumors, metformin
Pleiotropic . . L
. S — increased immune-activation Approved for type 2
biguanide; Respiration . . . . )
. oo ; transcripts. Metformin plus anti- diabetes; BrM
Metformin indirect and immune : . .
. : PD-1 improved survival versus treatment remains
complex | signaling formi . L
inhibition control and metformin alone, but  investigational.

not significantly versus anti-PD-1
alone®.

DRP1 depletion /
mdivi-1

Genetic DRP1
depletion;
pharmaco-
logical tool

Mitochondrial
dynamics and
FAO

DRP1 depletion and mdivi-1
reduced intracranial burden in
HER2-positive breast-cancer
models%. Genetic evidence
supports DRP1 involvement, but
mdivi-1 also inhibits complex |
independently of DRP1°.

Preclinical BrM
evidence; mdivi-1
has limited target
specificity.

Mitochondrial

Mitochondrial

Induced apoptosis in lung-BrM
patient-derived organoids and
prolonged mouse survival as

Phase | in advanced
cancers, registry-
listed as recruiting

Gamitrinib Hsp90/TRAP1  protein : . (NCT04827810); no
inhibition homeostasis monother.ap)_/..Addmg antl PD 1 reported BrM-
was not significantly superior to P
: 58 specific clinical
either monotherapy®®. )
efficacy.
A 63-patient randomized BrM Investigational radio-
NO-linked study reported improved sensitization; the
; response and CNS control with small trial and
metabolic - L . . e
o Arginine/NO oral L-arginine plus twice-daily radiation schedule
. modulation; . . L o
L-arginine . o and lactate whole-brain radiotherapy and a limit generalization.
radiosensiti- : o7 .
B metabolism boost”. An intravenous study (n  Early phase | BrM
zation - . . .
. = 20) showed acute MRS trial registry-listed as
hypothesis . o
lactate/creatine changes, not recruiting
efficacy or an optimal dose®. (NCT06328686).
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Inhibitor/Interventi

Target/Mechani

; Metabolic Axis  Evidence and limitations Development status
on sm of Action
. Investigational.
The cited NSCLC-BrM case .
. began dietary treatment after NCT05428§52 IS
Carbohydrate Systemic chemoradiotherapy and later suspended;
Ketogenic diet restriction to glucose/ketone stooped because of NCT05564949 is
induce ketosis  availability dysFI)igidemia' benefit cannot be registry-listed as
attributed to diet alone®. recruiting. Neither
has posted results.
AZD3965, a different
AR-C117977 reduced compound,
MCT1 inhibitors glioblastoma stem-like cell completed phase | in
AR-C117977; il\rglt?i-tl)—ilion Iéat;:;t:/g);truvat viability in vitro; no BrM model or  advanced cancers
AZD3965 P tumor-stromal lactate-transfer (NCT01791595); no
experiment was included?°, dedicated BrM
efficacy analysis.
Oral JHU-083 produced Preclinical evidence
Prodrug of . measurable brain exposure to .
; Glutamine- . e from primary CNS
glutamine active DON in mice; antitumor -
JHU-083 . dependent - : and extracranial
antagonist biosynthesis activity was reported in tumors; no clinical
DON Y medulloblastoma and orthotopic BrM da,ta
glioma, not BrMs 0103, )
Glioma cultures and orthotopic
models showed growth
. . inhibition'941%5_ High Laboratory probe; no
Etomoxir gzrgc;(:r']re;t;g E)?it(?;-t?:r;d concentrations (including 100 established BrM
P pUM) and off-target effects limit application.
attribution to CPT1-dependent
FAQ'%,
. No BrM trial. Phase
. TCA-cycle perturbation was
Lipoate demonystratrc;d in non-BrM Il AVENGER 500
Devimistat (CPI- analogue TCA-cycle carcinoma cells and xenoarafts: did not improve
613) affecting PDH metabolism direct BrM efficacy and brgin ’ survival in pancreatic
and a-KGDH y cancer'®

exposure were not reported 7.

(NCT03504423).

Evidence is specific to the compound, tumor origin and experimental setting shown; the final four
entries provide indirect evidence from non-BrM models. Intracranial implantation tests brain tumor
growth but bypasses metastatic dissemination. Clinical status refers to the named compound and
indication, not proven BrM efficacy; registry status was checked on 13 September 2026 and may lag

actual recruitment.

5. Translational implications of spatially resolved metabolism

5.1 From spatial vulnerability to therapeutic prioritization

Spatially resolved metabolism can help prioritize therapeutic hypotheses by showing where
candidate vulnerabilities occur within BrMs. Vascular, fibrotic, glial, and immune regions contain
distinct malignant and microenvironmental programs'!, providing a tissue context for the metabolic

mechanisms discussed in Section 4. Relating these states to tumor origin and treatment history may
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inform target selection and the development of tissue or imaging assays®'%°. Candidate interventions

targeting glycolysis, glutamine metabolism, lipid synthesis, and OXPHOS are summarized in Table 1.

The path to translation depends on whether a spatial finding is being developed as a therapeutic

target or a biomarker. For a target, regional RNA or protein enrichment should be linked to metabolic

function and tested for selective dependence using genetic or pharmacological perturbation, with

attention to drug exposure in the brain and effects on normal cells (Figure 2). A biomarker need not

itself cause the phenotype it predicts. Instead, its validation should begin with a defined diagnostic,

monitoring, or treatment-selection use, followed by analytical reliability and independent clinical

validation in the intended population™©. If it is to guide treatment, evidence is also needed that acting

on the result improves decisions or outcomes beyond existing clinical assessment. Spatial discovery

can inform both routes, but it does not by itself establish clinical utility.

From spatial metabolic variation to translational questions in BrMs
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Figure 2. Spatial metabolic heterogeneity and translational development in BrMs. Spatial findings are

interpreted within their regional and cellular contexts, including the tumor core, margin and surrounding

brain. The upper pathway outlines therapeutic development through tests of local metabolic
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dependency, drug exposure and target engagement, followed by evaluation of regional treatment
responses and effects on surrounding brain tissue. The lower pathway outlines biomarker
development, emphasizing the intended clinical use, sampling coverage, measurement reproducibility
and added value over simpler markers and clinical predictors. Biomarkers require validation in
independent cohorts but need not be causal. Clinically annotated cohorts, standardized
measurements and longitudinal follow-up support both routes. The schematic presents questions for
investigation rather than established clinical applications. BrMs, brain metastases.

5.2 Niche-linked metabolic targeting and the bridge to imaging

Mitochondrial inhibition illustrates how recurrent metabolic features can nominate treatments
without yet defining a patient-selection biomarker. In lung-cancer BrMs, multi-omic analysis linked a
mitochondrial-high state to preclinical gamitrinib sensitivity®®, while melanoma and lung-cancer studies
connected OXPHOS-related programs to aggressive behavior or sensitivity to mitochondrial inhibition
in experimental models®86:88_ Together with the regional oxidative programs discussed in Section 4.4,
these results motivate testing whether the mapped states identify drug-sensitive tumor regions. They
do not yet show that an OXPHOS-high region in a patient is selectively dependent on that pathway.

Fatty-acid synthesis and host-derived lipid signaling provide a second set of therapeutic
hypotheses. Breast-cancer BrM models support both FASN-dependent synthesis and growth
responses to astrocyte-derived polyunsaturated fatty acids®®7". In TNBC brain-tropic and BrM-derived
cell lines, TVB-2640 reduced spheroid outgrowth, migration, and invasion and showed synergy with
SN-38 in three-dimensional assays, without an in vivo BrM efficacy test®. In human NSCLC BrM tissue,
integrated spatial analyses associated palmitate enrichment with neutrophil-rich regions and EMT-
related programs®. These observations, together with separate FASN-inhibition experiments,
motivate further investigation of this pathway, although the NSCLC animal model did not establish
intracranial efficacy. Across these studies, regional lipid enrichment has not been validated as a
predictor of response to FASN inhibition.

Serine biosynthesis and glutamate-centered neurometabolic coupling offer additional preclinical

targets*955%_ Because these dependencies were largely established through tracing, cell-based
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assays, or animal experiments, spatial analysis could help determine where they are relevantin human
lesions and whether their distribution varies with tumor origin or treatment. Such comparisons could
inform future studies of treatment stratification without assuming that a mechanism observed in one
model is shared by all BrMs.

Clinical evaluation of these strategies remains at an early stage. Gamitrinib has entered a phase
| trial in advanced cancers (NCT04827810), whereas TVB-2640 (denifanstat) was evaluated with
bevacizumab in recurrent high-grade astrocytoma, not specifically in BrMs (NCT03032484).
Registered ketogenic-diet studies include patients with BrMs (NCT05428852; NCT05564949), and
address feasibility or clinical outcomes rather than selection by a spatial metabolic signature. The next
translational step is to connect a defined intervention to a measurable patient state and an appropriate
intracranial endpoint.

Imaging offers a complementary route to translation by following lesion features that cannot be
sampled repeatedly. In lung-derived BrM models, oxygen-enhanced imaging localized hypoxia, and
hypoxia image-guided radiotherapy improved tumor control and animal survival’’. This provides a
preclinical example of a regional physiological measurement informing treatment. In patients, amino-
acid PET has a more developed framework for acquisition and response assessment through the joint
guideline from the European Association of Nuclear Medicine (EANM), European Association of
Neuro-Oncology (EANO), Response Assessment in Neuro-Oncology (RANO) working group, and
Society of Nuclear Medicine and Molecular Imaging (SNMMI) and PET RANO BM 1.0 criteria®".112,
Serial uptake measurements can complement MRI assessment'"", as illustrated by longitudinal O-(2-
['®F]fluoroethyl)-L-tyrosine ('®F-FET) PET studies in melanoma- and lung-cancer BrMs''3. The
PURSUE study further addressed the specific problem of distinguishing recurrence from treatment-
related change after radiotherapy. Among 23 patients with MRI-indeterminate lesions and
histopathological verification, an '8F-fluciclovine maximum standardized uptake value (SUVmax)
threshold derived in the study yielded 80% sensitivity and 85% specificity''*. The threshold requires
independent validation beyond this small, surgically selected cohort; the study did not establish that

PET-guided management improves outcomes.
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Delayed glucose-tracer imaging illustrates both the potential and the limitations of an additional
diagnostic readout. In a retrospective series of 34 irradiated BrM patients, a delayed 2-deoxy-2-
[*®F]fluoro-D-glucose ('®F-FDG) tumor-to-background SUVmax ratio threshold vyielded 94.1%
specificity but 58.8% sensitivity for recurrent disease'®. No individual PET metric outperformed MRI
overall, only ten patients had histopathological verification, and the threshold was derived within the
cohort. Delayed FDG-PET may therefore provide supplementary information in selected indeterminate
cases, rather than replace MRI or establish a tissue-level metabolic dependency.

Magnetic resonance spectroscopy (MRS) can address a different translational question by
measuring a localized metabolic response to an intervention. In a randomized 20-patient
pharmacodynamic study, serial single-voxel 'H-MRS showed a decrease in the lactate-to-creatine
peak-area ratio after intravenous L-arginine compared with saline. The largest descriptive median
reduction occurred in the 30-g group, but baseline imbalance limited dose comparisons, and five
patients per group with single-dose follow-up supported feasibility rather than therapeutic efficacy®.
Such measurements could provide pharmacodynamic readouts alongside tissue-derived hypotheses,
although a change in a metabolite ratio is not a direct measure of flux.

A longitudinal study could connect tissue discovery to these clinical readouts at the first clinically
indicated BrM resection. Co-registering a spatial map with MRI and, where available, amino-acid PET
would allow candidate tissue states to be related to imaging features and cerebrospinal fluid (CSF) or
plasma analytes. Serial imaging and liquid biopsy, with CSF obtained when clinically indicated, could
then follow treatment; repeat tissue would be collected only at clinically indicated re-resection or
autopsy. Existing liquid-biopsy studies show why the sampling compartment matters. In 92 patients
with newly diagnosed NSCLC BrMs, an early fall in CSF circulating tumor DNA (ctDNA) tracked
intracranial response more closely than plasma, whereas plasma ctDNA was undetectable in all 13
patients with intracranial-only melanoma in a separate cohort''®'7. These findings support CNS-
aware monitoring but have not yet connected serial ctDNA changes to specific spatial metabolic states.

That link, and the added value of CSF or plasma metabolomics, would need to be tested prospectively.
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5.3 Spatial niche states as candidate biomarkers

Spatial immune features and metabolism-associated tissue states offer different kinds of
biomarker candidates. Some are associated with treatment response or survival, whereas others
primarily identify regions in which a metabolic mechanism could be investigated. Distinguishing these
uses helps avoid treating an immune neighborhood, an enzyme-expression signal, and a validated
metabolic readout as equivalent.

Clinical studies provide emerging support for considering immune-cell arrangement alongside
phenotype. Human BrM imaging and tissue analyses linked highly invasive, immune-cold lesions to
chitinase-3-like protein 1 (CHI3L1), with complementary experiments supporting a role in the immune
phenotype®. In melanoma BrMs, clustered T-cell infiltration was associated with immune checkpoint
blockade response and survival''®. These findings suggest that the arrangement of immune cells and
the invasive interface may carry clinically relevant information, although neither is, by itself, a metabolic
biomarker.

Macrophage studies further show why cell identity and location should be considered together.
IMC in treatment-naive breast-cancer BrMs identified a cluster of differentiation 163 (CD163)-positive
macrophage-exhausted T-cell neighborhood associated with immune escape'®. By contrast, spatial
and single-nucleus profiling across lung-, breast-, and melanoma-derived BrMs associated tumor-
contacting human leukocyte antigen DR (HLA-DR)-positive inflammatory macrophages with treatment
responsiveness and longer survival, while macrophages associated with extracellular matrix (ECM)
and transforming growth factor B1 (TGFB1) programs tracked with poorer outcomes'?. These studies
support evaluating specific macrophage states rather than interpreting macrophage abundance
uniformly. Their different populations and endpoints do not establish a common metabolic biomarker
across tumor origins.

In experimental BrMs, spatial profiling can also be paired with perturbation to test immune
mechanisms. In a breast-cancer BrM mouse model, spatial transcriptomics localized arginase 1
(ARG1)-positive macrophages to the invasive edge; tumor-cell interleukin 34 (IL34) deletion prevented

cerebellar tumor establishment, and colony-stimulating factor 1 receptor (CSF1R) blockade reduced
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tumor growth, while human tissue supported IL34 expression'?'. This links a spatially localized
macrophage state to a targetable signaling pathway in the model, but does not establish regional
arginine flux or validate IL34/ARG1 as a clinical response assay.

Metabolism-associated immune states remain less directly connected to clinical decisions. In
LUAD BrMs, integrated multi-omic analysis linked glycolytic signatures and lactate-related remodeling
to reduced cytotoxic immune features and immunosuppressive programs*3. This provides a rationale
for testing whether a glycolytic-immune state is associated with treatment response.

Tryptophan-catabolic programs illustrate how spatial data can refine such a hypothesis. GeoMx
profiling of NSCLC primary tumors and BrMs identified reduced antigen-presentation and lymphocyte
programs in the brain metastatic microenvironment''. Within tumor-adjacent brain, interleukin-4-
induced protein 1 (IL411) expression was higher than in control brain, while indoleamine 2,3-
dioxygenases 1 and 2 (IDO1/IDO2) and tryptophan 2,3-dioxygenase 2 (TDOZ2) were higher in
nonfibrotic than highly fibrotic regions. Given the immunoregulatory role of tryptophan-derived aryl
hydrocarbon receptor (AHR) ligands'-12?, these RNA-level differences nominate a locally variable
mechanism rather than demonstrate increased pathway activity. The same NSCLC analysis
associated highly fibrotic tumor-adjacent regions with greater inferred M2-macrophage abundance
and hypoxia-related programs, whereas nonfibrotic regions had greater inferred cluster of
differentiation 8 (CD8)-positive T-cell abundance''. Fibrosis may therefore help define the cellular
context in which tryptophan-catabolic signals are interpreted, but neither the enzyme-expression
pattern nor the immune-fibrotic state was validated as a treatment-response biomarker.

Vascular organization may provide another context for metabolism-associated immune variation.
In gastric-cancer BrMs, angiogenic and vessel-co-opting regions differed in immune composition and
features related to oxidized nicotinamide adenine dinucleotide (NAD+), including nicotinamide
phosphoribosyltransferase (NAMPT) expression'3. This associates a candidate metabolic signal with
vascular and cellular context, without measuring regional NAD+ turnover. Similarly, Visium profiling of
mouse BrM sections identified enrichment of translation, ribosomal, and selenoamino-acid-

metabolism pathways in thalamic S1 regions, defined as tumor-surrounding spots within
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approximately 105 um of the tumor border'23. Such maps can nominate regional features for biomarker
evaluation, although their associations with treatment response or patient outcomes require further
investigation.

Clinical development should therefore start with the decision a candidate marker is intended to
inform. An assay proposed to predict treatment benefit should distinguish response to a specified
therapy from general prognosis. A monitoring assay should add useful information to serial MRI and
established response assessment, while a recurrence classifier should be tested against pathology
where available and rigorous follow-up. Single markers and composite spatial signatures are both
legitimate candidates; the latter should demonstrate added value over simpler assays, tumor origin,
treatment history, and other relevant clinical predictors. Independent validation in the intended setting,
followed by evaluation of how the result changes management, is more informative than requiring
every biomarker to describe an entire niche.

6. Challenges and future directions

Clinical access determines which BrMs are available for study, while tissue handling and
preservation influence how accurately measurements reflect their metabolic state. Most specimens
come from surgically accessible, clinically advanced, symptomatic, or treatment-exposed lesions,
leaving early colonization, micrometastatic and dormant states underrepresented’?7485. Cold ischemia,
handling and preservation can also alter labile metabolites'?*, while interactions with metabolically
responsive host cells add to the biological complexity'®. Differences between tissue maps may
therefore reflect disease stage and sample processing as well as tumor biology.

Combining complementary tissue sources could help address this sampling bias, while imaging
and clinically indicated CSF profiling could provide longitudinal follow-up. The first clinically indicated
BrM resection can provide a useful sampling point, although it is not necessarily early in colonization
or before treatment. Matched primary, extracranial-metastasis and BrM tissue can inform evolutionary
relationships and site-associated programs, while rapid-autopsy collections can capture microscopic
foci; these cross-sectional designs do not follow occult colonization or dormancy in the same

patient®2125.126_ For example, rapid-autopsy tissue from two patients with TNBC and two with HER2-
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positive breast cancer contained microscopic brain metastases with perivascular or spheroidal growth
patterns, extending anatomical observations beyond surgically resected macrometastases'?.
Combining surgical and autopsy collections across centers could broaden the disease states
represented, with treatment histories helping to interpret differences between samples. Serial imaging
or clinically indicated CSF profiling can extend follow-up to unresected lesions, without research-only
biopsy of small, deep or eloquent-region lesions.

When repeat tissue sampling is clinically indicated, spatial analysis can add a temporal dimension
to these comparisons. A metastatic TNBC cohort of extracranial disease illustrates the value of
comparing primary, pretreatment metastatic and on-treatment specimens'®, In BrMs, opportunities
are more restricted and should be connected to the imaging and liquid-biopsy follow-up outlined in
Section 5.2. Such follow-up can track disease change between tissue collections, but does not
reconstruct the intervening spatial metabolic states.

The central technical challenge is to connect a regional molecular pattern to metabolic function.
Enzyme regulation can separate transcript abundance from activity'”'?°, and protein localization does
not remove this distinction’3%13" Metabolite imaging and single-cell metabolomics provide
complementary chemical measurements'®?, with increasing molecular coverage'3 but static
abundance still cannot establish pathway activity®'33. A claim of metabolic dependency needs
selective perturbation linked to a relevant functional outcome, with controls for off-target effects. Flux
estimation requires tracer design and quantitative interpretation appropriate to the pathway, including
consideration of tracer availability, labeling time and metabolite pool sizes; isotope labeling alone does
not establish a quantitative flux'34.

The studies reviewed in Section 4 provide a starting point for this validation. Bulk metabolite
profiles of BrMs’4, spatial lipid maps®% melanoma substrate-tracing experiments®, and
complementary tracing or perturbation studies in human brain tumors and BrM models of breast
cancer and melanoma address different parts of the problem?#¢:6387  |sotope-resolved imaging and
tissue-slice tracing in other tumors offer additional experimental approaches'3%136  Notably,

intraoperative glucose tracing with DESI-MSI resolved regional labeling in one human BrM3. The next
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priority is to reproduce such measurements across patients while accounting for tissue composition
and tracer delivery. Model studies can then help test the functional significance of substrate use, as
illustrated by the respiratory and biosynthetic role of NDUFB98', without assuming that the same
dependency has already been demonstrated in the mapped human regions.

Assigning metabolic activity to its cellular source is particularly important in the brain, where tumor
cells coexist with metabolically active neural, glial and vascular cells. A key question is whether
metabolites detected in tumor regions are synthesized by tumor cells or taken up from the surrounding
environment. Isotope tracing can help assess substrate contributions and metabolic fate'** and could
be combined with cell-type-resolved localization and selective perturbation in experimental models to
investigate these alternatives. For a proposed donor-recipient interaction, disrupting synthesis in the
candidate donor and uptake in the recipient, while measuring labeled metabolites and recipient
function, would help distinguish local production from supply. This design would test the proposed
exchange rather than infer it from proximity.

Future technologies should be selected to resolve these biological questions. Co-registering
molecular measurements with histopathology can relate inferred pathways to measured metabolites
and tissue composition?326.137.138 ' Harmonized protocols and matched primary, extracranial and BrM
collections, analyzed by tumor origin, genotype and treatment exposure, would make site-associated
differences more interpretable?5?7.74. Regional biochemical and imaging measurements can help
select questions for model-based tracing and perturbation*58. Three-dimensional reconstruction or
artificial intelligence (Al)-assisted alignment may improve integration, but their accuracy and
uncertainty need evaluation in held-out samples. Subsequent clinical validation should follow the
intended use of a target or biomarker, as discussed in Section 5'°%12, The immediate priorities are
therefore comparable sampling, regional functional testing and independent replication, rather than
adding platforms without a defined biological or clinical question'®.

Cost and access will influence whether these designs can be reproduced beyond specialist
centers. Discovery-scale spatial profiling remains expensive and computationally demanding, while

protocol and analysis differences impede cross-center comparison'®. Shared cores could support
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discovery, with targeted panels or multiplex imaging used for replication when they retain the relevant
biological information. Common reference materials, open analysis pipelines and cross-center
benchmarking would help broaden participation without requiring every center to operate the full
discovery workflow.

7. Conclusion

Spatial omics changes the unit of analysis in BrMs from the average lesion to the local niche.
Read alongside functional studies, these maps point to recurring roles for substrate use, lipid handling
and mitochondrial support of growth, rather than a single metabolic program shared by all BrMs.
Similar functions can involve different molecular routes, with tumor genotype, neighboring cells and
local supply influencing their contribution. Spatial context therefore helps distinguish where a
metabolite accumulates from which cells may produce, use or respond to it. Nor does a state observed
in BrMs necessarily originate in the brain; pre-existing tumor features, selection during metastasis and
local or treatment-induced changes may all contribute. The next step is to test which candidate
metabolic processes sustain growth or immune suppression in the nominated regions, and in which
biological settings. For clinical translation, corresponding tissue or imaging readouts will also need
independent validation for a defined purpose, such as treatment stratification or response monitoring.
By locating candidate metabolic vulnerabilities within specific cellular and tissue contexts, spatial
omics can help prioritize interventions for testing in the BrM settings most likely to depend on those

processes.
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List of Abbreviations

3PG: 3-Phosphoglycerate

ABAT: 4-Aminobutyrate aminotransferase

ABHD12B: Abhydrolase domain-containing protein 12B
Acetyl-CoA: Acetyl-coenzyme A

ACSS2: Acetyl-CoA synthetase 2 (acyl-CoA synthetase short-chain family member 2)
ADP: Adenosine diphosphate

AFADESI-MSI: Air-flow-assisted desorption electrospray ionization mass spectrometry imaging
AHR: Aryl hydrocarbon receptor

Al: Artificial intelligence

ALKBHS5: AlkB homolog 5

ARGH1: Arginase 1

ATP: Adenosine triphosphate

BBB: Blood-brain barrier

BCAT1: Branched-chain amino-acid aminotransferase 1

BrM; Brain metastasis

BrMs: brain metastases

BTB: Blood-tumor barrier

CA-IX: Carbonic anhydrase IX

Cas9: CRISPR-associated protein 9

CCR2: C-C chemokine receptor 2

ccRCC: Clear-cell renal cell carcinoma

CD163: Cluster of differentiation 163

CD36: Cluster of differentiation 36

CD74: Cluster of differentiation 74

CD8: Cluster of differentiation 8

CHI3L1: Chitinase-3-like protein 1

CNS: Central nervous system

CoA: Coenzyme A

CODEX: CO-Detection by indEXing

CPT1: Carnitine palmitoyltransferase 1

CREB1: Cyclic adenosine monophosphate response element-binding protein 1
CRISPR: Clustered regularly interspaced short palindromic repeats
CSF: Cerebrospinal fluid

CSF1R: Colony-stimulating factor 1 receptor

ctDNA: Circulating tumor DNA
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Cu-ATSM: Copper(ll) diacetyl-bis(N*-methylthiosemicarbazone)

Cyt c: Cytochrome ¢

DESI-MSI: Desorption electrospray ionization mass spectrometry imaging
DGE-CEST: Dynamic glucose-enhanced chemical exchange saturation transfer
DON: 6-Diazo-5-oxo-L-norleucine

DRP1: Dynamin-related protein 1

DSP: Digital spatial profiling

EAAT1; EAAT2: Excitatory amino-acid transporters 1 and 2

EANM: European Association of Nuclear Medicine

EANO: European Association of Neuro-Oncology

ECM: Extracellular matrix

EGFR: Epidermal growth factor receptor

EMT: Epithelial-mesenchymal transition

ERK: Extracellular signal-regulated kinase

FABP7: Fatty-acid-binding protein 7

FAK: Focal adhesion kinase

FAO: Fatty-acid oxidation

FASN: Fatty acid synthase

FDG: 2-Deoxy-2-fluoro-D-glucose (*®F-labeled in PET)

FET: O-(2-Fluoroethyl)-L-tyrosine (*®F-labeled in PET)

FOXAZ2: Forkhead box A2

G6P: Glucose-6-phosphate

G6PD: Glucose-6-phosphate dehydrogenase (also termed G6PDH)
GABA: y-Aminobutyric acid

GAD1: Glutamate decarboxylase 1

GIn: Glutamine

Glu: Glutamate

GLS1: Glutaminase 1

GIx: Combined glutamate-glutamine pool

GIluN2B: GIuN2B subunit of the NMDAR, encoded by GRIN2B
GRIN2B: Glutamate ionotropic receptor NMDA type subunit 2B (gene encoding GIuN2B)
H3K18la: Histone H3 lysine 18 lactylation

HER2: Human epidermal growth factor receptor 2

HIF-1a: Hypoxia-inducible factor 1a

HK2: Hexokinase 2

HLA-DR: Human leukocyte antigen DR, a major histocompatibility complex class Il molecule
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Hsp90: Heat shock protein 90

IDO1; IDO2: Indoleamine 2,3-dioxygenases 1 and 2

IGF2BP3: Insulin-like growth factor 2 messenger RNA-binding protein 3
IL34: Interleukin 34

IL411: Interleukin-4-induced protein 1

IMC: Imaging mass cytometry

LDH: Lactate dehydrogenase

LDHA: Lactate dehydrogenase A

LLC: Lewis lung carcinoma

LOX: Lysyl oxidase

LUAD: Lung adenocarcinoma

MALDI-MSI: Matrix-assisted laser desorption/ionization mass spectrometry imaging
MAPK: Mitogen-activated protein kinase

MCT1: Monocarboxylate transporter 1

MERFISH: Multiplexed error-robust fluorescence in situ hybridization
MIF: Macrophage migration inhibitory factor

miR-199b-5p: MicroRNA-199b-5p

MET: MET receptor tyrosine kinase (hepatocyte growth factor receptor)
mGIuR1: Metabotropic glutamate receptor 1

miR-32-3p: MicroRNA-32-3p

MN: Molecular niche (MN4 and MN9 are study-defined niche labels)
MRI: Magnetic resonance imaging

MRNA: Messenger RNA

MRS: Magnetic resonance spectroscopy

MSI: Mass spectrometry imaging

mTOR: Mechanistic target of rapamycin

meA: Né-Methyladenosine

NAD+: Oxidized nicotinamide adenine dinucleotide

NADH: Reduced nicotinamide adenine dinucleotide

NADPH: Reduced nicotinamide adenine dinucleotide phosphate
NAMPT: Nicotinamide phosphoribosyltransferase

NDUFB9: NADH:ubiquinone oxidoreductase subunit B9

NDUFS4: NADH:ubiquinone oxidoreductase subunit S4

NET; NETs: Neutrophil extracellular trap; neutrophil extracellular traps
NF-kB: Nuclear factor kB

NMDAR: N-Methyl-D-aspartate receptor
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NMR: Nuclear magnetic resonance

NO: Nitric oxide

NSCLC: Non-small cell lung cancer

Oma1: Mouse gene encoding the mitochondrial metalloprotease OMA1
OXPHOS: Oxidative phosphorylation

p53: Tumor protein p53

PC: Phosphatidylcholine

PD-1: Programmed cell death protein 1

PDH: Pyruvate dehydrogenase

PE: Phosphatidylethanolamine

PET: Positron emission tomography

PGAM1: Phosphoglycerate mutase 1

PGC1a: Peroxisome proliferator-activated receptor y coactivator 1a
pGIuN2B: Phosphorylated GIuN2B

PHGDH: Phosphoglycerate dehydrogenase

PPP: Pentose phosphate pathway

PPARYy: Peroxisome proliferator-activated receptor y

PRICKLE1: Prickle planar cell polarity protein 1

PTEN: Phosphatase and tensin homolog

PUFA; PUFAs: Polyunsaturated fatty acid; polyunsaturated fatty acids
RAC2: Rac family small GTPase 2

RANO: Response Assessment in Neuro-Oncology

RARRES2: Retinoic acid receptor responder 2 (gene encoding chemerin)
SEC61G: SEC61 translocon subunit gamma

REDCAT: Raman Enhanced Delineation of Cell Atlases in Tissues
REST: RE1-silencing transcription factor

RNA: Ribonucleic acid

S1: Study-defined tumor-surrounding region comprising spatial spots within approximately 105 pm of
the tumor border

SCD1: Stearoyl-CoA desaturase 1

SHP2: SH2 domain-containing protein tyrosine phosphatase 2
SIRPa: Signal regulatory protein a

SNMMI: Society of Nuclear Medicine and Molecular Imaging

Src: Proto-oncogene tyrosine-protein kinase Src

SREBP1: Sterol regulatory element-binding protein 1

SUVmax: Maximum standardized uptake value
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T2-FLAIR: T2-weighted fluid-attenuated inversion recovery
TCA: Tricarboxylic acid

TDO2: Tryptophan 2,3-dioxygenase 2

TGFB1: Transforming growth factor 31

TME: Tumor microenvironment

TNBC: Triple-negative breast cancer

TRAP1: Tumor necrosis factor receptor-associated protein 1
VEGFA: Vascular endothelial growth factor A

VGF: VGF nerve growth factor inducible (neuropeptide precursor)
Whnt5a: Wnt family member 5A

XCT: Cystine-glutamate antiporter

a-KG: a-Ketoglutarate

a-KGDH: a-Ketoglutarate dehydrogenase
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