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Abstract: Breast cancer brain metastasis (BCBM) is a clinically distinct form of metastatic breast cancer that causes
substantial neurological morbidity and mortality. This review examines the biological bottlenecks that precede a
detectable brain lesion: survival in the circulation, interaction with the cerebral endothelium, passage across the
blood-brain barrier (BBB), persistence in neural tissue, and intracranial outgrowth. We emphasize how astrocytes,
microglia, neurons, stromal cells, and the nutrient environment of the brain shape these events and influence treat-
ment response. These biological features also shape disease assessment. Magnetic resonance imaging defines
lesion burden but cannot reliably determine molecular status, whereas tissue sampling is invasive and plasma
biomarkers may underrepresent disease confined to the central nervous system. We therefore examine the comple-
mentary roles and current limitations of tissue reassessment, blood- and cerebrospinal fluid-based liquid biopsy,
molecular imaging, and artificial intelligence-assisted image analysis. Experimental evidence is interpreted accord-
ing to the questions that individual models can answer. Spontaneous, intravascular, and intracranial models retain
different stages of the metastatic cascade, while immunocompetent, patient-derived xenograft, and organoid sys-
tems differ in their ability to reproduce immune interactions and patient heterogeneity. Treatment is considered
by subtype and clinical setting, including the need for immediate local control, intracranial disease burden, lepto-
meningeal involvement, previous therapy, and extracranial disease status. Clinical evidence is most developed for
human epidermal growth factor receptor 2 (HER2)-positive BCBM, whereas treatment of hormone receptor-positive/
HER2-negative disease and triple-negative breast cancer remains more dependent on local therapy and systemic
indications derived from extracranial disease. Linking brain-specific mechanisms with biomarker selection, model
interpretation, and subtype-guided treatment may improve the translation of experimental findings into clinically
meaningful strategies.
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Introduction neurological function, quality of life, and surviv-
al [5, 6]. Its frequency and timing are subtype
dependent: HER2-positive breast cancer and
TNBC show the greatest brain-metastatic pro-
pensity, whereas HR-positive/HER2-negative
tumors generally involve the brain less often
and later in the disease course [5, 6]. Beca-
use asymptomatic patients are not routinely
screened with brain imaging, the reported inci-
BCBM is among the most consequential dence probably underestimates the true bur-
forms of distant spread because it can impair den [7].

Breast cancer is the most commonly diagnos-
ed malignancy among women worldwide [1]. It
is generally classified into hormone receptor-
positive (HR+)/human epidermal growth factor
receptor 2 (HER2)-negative, HER2-positive, and
triple-negative breast cancer (TNBC), among
other molecular subtypes [2-4].
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Brain-specific biology of BCBM

Brain colonization is inefficient. Circulating
tumor cells must lodge in cerebral microves-
sels, attach to brain endothelial cells, cross the
BBB, and remain viable in the parenchyma
[8-10]. Most cells are lost during or shortly
after these steps. The minority that persists
is selected by signals from endothelial cells,
astrocytes, microglia, and neurons and by the
immune and metabolic constraints of neural
tissue [11]. BCBM therefore reflects continued
selection within the brain, not simply the intra-
cranial extension of systemic disease.

The same biology creates paired diagnostic
and therapeutic problems. Magnetic resonance
imaging (MRI) defines the location and burden
of intracranial disease but does not directly
reveal receptor or genomic status, and post-
treatment change can resemble progression
[7]. Intracranial biopsy provides tissue but is
invasive; plasma assays may miss disease
confined to the central nervous system, where-
as cerebrospinal fluid (CSF) assays remain
incompletely standardized [12, 13]. Drug ac-
cess across the BBB and blood-tumor barrier,
discordance between primary and metastatic
tumors, and asynchronous intracranial and
extracranial progression further complicate
treatment selection [14-16].

Accordingly, this review connects the meta-
static cascade with biomarker development,
disease monitoring, and experimental-model
selection. It then evaluates treatment by breast
cancer subtype and intracranial setting, while
distinguishing CNS-specific clinical evidence
from conclusions derived mainly from extra-
cranial disease or preclinical models.

The brain-specific metastatic cascade in
BCBM

The formation of BCBM can be viewed as a
sequence of bottlenecks. After leaving the pri-
mary tumor and surviving in blood, tumor cells
arrest in cerebral capillaries, engage the endo-
thelium, traverse the BBB, and enter neural tis-
sue. Only a small fraction survives long enough
to exploit brain-resident cells and local nutri-
ents [17, 18]. The following sections consider
these events as vascular adhesion and extra-
vasation, early colonization, metastatic-niche
remodeling, and metabolic adaptation.
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Tumor dissemination, survival in the circula-
tion, and BBB adhesion and extravasation

The steps preceding cerebral arrest are shared
with metastasis to other organs. Breast cancer
cells detach from the primary tumor, invade
adjacent tissue, enter the vasculature, and tol-
erate loss of matrix attachment, hemodynamic
shear, and immune attack [19, 20]. Epithelial-
mesenchymal transition (EMT) can facilitate
migration, invasion, and intravasation through
loss of epithelial features such as E-cadherin
and induction of regulators including ZEB1 and
TWIST [21]. Because EMT is common to metas-
tasis at many sites, it is best regarded as an
upstream dissemination program rather than a
brain-specific determinant [22]. Experimental
studies also show that metastatic cells may
reacquire epithelial and proliferative traits after
extravasation, suggesting that reversible epi-
thelial-mesenchymal plasticity is more relevant
than a permanently mesenchymal state [23].

At the cerebral microvasculature, the BBB
becomes the dominant physical constraint
[24]. Brain microvascular endothelial cells are
sealed by tight junctions and supported by pe-
ricytes, basement membrane, and astrocytic
end-feet [25]. Claudins, occludin, and zonula
occludens proteins limit paracellular movement
and maintain CNS homeostasis [26]. Vascular
arrest, stable endothelial adhesion, and tran-
sendothelial passage are therefore rate-limit-
ing events in BCBM formation [26].

Successful entry into the brain requires mo-
lecular interactions with this barrier. ST6
N-acetylgalactosaminide alpha-2,6-sialyltrans-
ferase 5 (ST6GALNACS) can increase the ad-
hesion of brain-tropic breast cancer cells to
brain endothelium [27], whereas L1 cell ad-
hesion molecule (L1CAM) supports vascular
attachment and perivascular positioning [28].
Cyclooxygenase-2 (COX-2) and heparin-binding
EGF-like growth factor (HBEGF) can alter endo-
thelial behavior and barrier permeability, en-
abling paracellular or transcellular passage [27,
29]. These mechanisms suggest that general
invasive capacity alone is insufficient for BCBM.
Tumor cells must also acquire molecular fea-
tures that allow them to interact with and cross
the cerebral vascular barrier. Most of the avail-
able evidence, however, comes from in vitro
BBB systems and mouse models of brain
metastasis. The relative contribution of these
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Figure 1. Cellular interactions in the BCBM microenvironment. A. Brain colonization and early outgrowth involving
interactions among cancer cells, microglia, astrocytes, and neurons. B. Establishment of an immunosuppressive
and tumor-supportive glial niche through interactions among tumor cells, glial cells, and immune cells. C. Late-
stage niche remodeling involving changes in the blood-tumor barrier, hypoxia, and stromal remodeling. D. Metabolic
and neuronal co-adaptation between breast cancer cells and the brain microenvironment. Abbreviations: ANXAZ,
annexin Al; ERK1/2, extracellular signal-regulated kinases 1 and 2; FPR1/2, formyl peptide receptors 1 and 2;
GM-CSF, granulocyte-macrophage colony-stimulating factor; IRF3, interferon regulatory factor 3; NMDAR, N-methyl-
D-aspartate receptor; PA, plasminogen activator; PCDH7, protocadherin 7; PTEN, phosphatase and tensin homolog;
REST, RE1-silencing transcription factor; SRRM4, serine/arginine repetitive matrix 4; STING, stimulator of interferon
genes; TBK1, TANK-binding kinase 1; XIST, X-inactive specific transcript.

ment composed of brain endothelial cells, peri-
cytes, astrocytic endfeet, microglia, and other
resident immune cells. Most disseminated
tumor cells are eliminated at this stage, whe-
reas a small subset manages to survive by
resisting local defense mechanisms and taking

molecules to different human BCBM subtypes
remains to be established using patient speci-
mens and spatial imaging approaches.

Brain colonization and early outgrowth

Once circulating breast cancer cells arrest

within the cerebral microvasculature and cross
the BBB, the process of brain colonization
begins. Newly extravasated tumor cells en-
counter a restrictive perivascular microenviron-
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advantage of inflammatory mediators, extracel-
lular vesicles, and metabolic cues within the
brain microenvironment [30]. The main mecha-
nisms are summarized in Figure 1.
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At this stage, successful brain colonization
depends not simply on tumor cell survival, but
on the gradual establishment of adaptive inter-
actions between metastatic cells and brain-
resident cells. Astrocytes can initially exert
both antitumor and tumor-supportive effects.
Reactive astrocytes can trigger tumor cell
apoptosis through the plasmin-dependent re-
lease of soluble Fas ligand. Brain metastatic
cells can counter this defense by expressing
serine protease inhibitors, which suppress
plasmin generation and thereby prevent Fas-
mediated apoptosis while facilitating L1CAM-
dependent vascular co-option [28]. At the
same time, resident microglia may constrain
early BCBM progression by promoting NK cell-
and T cell-mediated antitumor responses [31].
Together, these interactions impose strong se-
lective pressure during the early stages of
brain colonization, favoring tumor cells that
are better equipped to adapt to the brain
microenvironment.

As tumor cells evade this initial clearance,
their interactions with brain-resident cells gra-
dually shift from a predominantly defensive
response toward the establishment of a sup-
portive niche. For instance, breast cancer-
derived extracellular vesicles carrying miR-
1290 can activate astrocytes through the
FOXA2-ciliary neurotrophic factor (CNTF) path-
way, leading to the production of astrocyte-
derived signals that support the survival and
proliferation of metastatic cells [32, 33]. In
turn, astrocytes can provide additional trophic
and metabolic support through the release of
cytokines, exosomes, and unsaturated fatty
acids [34]. Astrocyte-derived exosomal microR-
NAs can also induce a reversible loss of phos-
phatase and tensin homolog (PTEN) in meta-
static cells, thereby further promoting their
survival and early expansion within the brain
[35].

Thus, early brain colonization is not simply a
process of progressive tumor cell expansion,
but rather a dynamic process of niche adapta-
tion. Brain-resident cells initially form a defen-
sive barrier that limits the survival of dissemi-
nated tumor cells. Those that escape clearan-
ce gradually exploit intercellular communica-
tion and locally available metabolic resources
to gain a survival advantage, allowing them to
persist in a dormant state or enter early micro-
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metastatic growth. This adaptive process pro-
vides the basis for the subsequent repro-
gramming of brain-resident cells and the devel-
opment of an immunosuppressive, tumor-sup-
portive niche.

Establishment of an immunosuppressive and
tumor-supportive glial niche

As a small subset of tumor cells escapes early
clearance and gives rise to micrometastatic
lesions, the interactions between tumor cells
and brain-resident glial cells gradually shift
from passive adaptation toward active remod-
eling of the local microenvironment.

Reactive astrocytes can exert both tumor-sup-
portive and immunomodulatory effects. When
breast cancer cells are co-cultured with astro-
cytes, tumor cells upregulate survival-related
genes, including BCL2-like 1 (BCL2L1), and
become less sensitive to several chemothera-
peutic agents [36]. In brain metastatic speci-
mens from patients and in mouse models, a
subset of reactive astrocytes also shows sus-
tained activation of signal transducer and acti-
vator of transcription 3 (STAT3). These STAT3-
positive astrocytes are associated with local
immunosuppression and metastatic lesion
growth [37].

Microglia, in addition to astrocytes, undergo
substantial functional reprogramming during
BCBM progression. Together with infiltrating
monocyte-derived macrophages, microglia con-
stitute the major myeloid populations within the
evolving BCBM microenvironment, and their
functions are shaped by disease stage, spatial
localization, and tumor-derived signals [38].
Although microglia can restrict BCBM at early
stages by supporting NK cell- and T cell-me-
diated antitumor responses [31], persistent
signals from tumor cells can gradually drive
specific microglial populations toward a tumor-
supportive phenotype. In immunocompetent
MMTV-Wntl and 4T1 models, as well as in cell-
based experiments, tumor-derived annexin Al
stimulates microglial recruitment and STAT3
activation through formyl peptide receptors 1
and 2 (FPR1/2), thereby promoting tumor cell
migration [39].

The coordinated reprogramming of astrocytes
and microglia gradually transforms the brain
metastatic niche from an initially restrictive
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environment into one that supports tumor cell
survival, migration, and immune evasion [40].
As metastatic lesions expand, this cellular re-
modeling progressively extends to stromal,
vascular, and metabolic networks, facilitating
the transition from micrometastatic lesions to
more established and clinically apparent brain
metastases.

Coordinated adaptation of stromal, vascular,
and metabolic networks in advanced brain
metastases

As micrometastatic lesions expand and devel-
op into relatively mature metastatic lesions,
regulation of the brain metastatic microenvi-
ronment gradually extends beyond local inter-
actions between tumor cells and glial cells to
the coordinated remodeling of stromal, vascu-
lar, and metabolic networks.

Stromal remodeling may contribute to the
establishment of this more mature metastatic
niche. Brain metastasis-associated cancer-
associated fibroblasts (bmCAFs) may also par-
ticipate in niche remodeling. Studies using
patient-derived bmCAFs showed that hypoxia
activates the hypoxia-inducible factor la-fu-
cosyltransferase 11 (HIF-1a-FUT11) pathway,
increasing the fucosylation and secretion of
the poliovirus receptor (PVR/CD155) and sub-
sequently enhancing breast cancer cell migra-
tion and invasion [41]. This mechanism is sup-
ported mainly by patient-derived cells and in
vitro experiments. It has not yet been confirm-
ed in immunocompetent mouse models or
BCBM patient-derived xenograft (PDX) models.
At present, bmCAFs should therefore be re-
garded as potential, rather than established,
regulators of the BCBM niche.

As metastatic lesions expand, early vascular
co-option becomes accompanied by remodel-
ing of vascular structure and barrier function
[28]. Brain metastatic lesions can develop
a spatially heterogeneous blood-tumor barrier
(BTB). Although some experimental BCBM le-
sions exhibit increased vascular permeability,
drug delivery to most lesions remains insuffi-
cient, with only a small proportion reaching
cytotoxic concentrations of paclitaxel or doxo-
rubicin [42]. Thus, vascular remodeling not only
influences the growth of established lesions
but also determines the spatial heterogeneity
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of drug exposure, which may further contribute
to differences in therapeutic response.

In parallel with stromal and vascular chang-
es, metastatic tumor cells undergo metabolic
adaptation to the nutrient environment of the
brain. After entering the brain parenchyma,
breast cancer cells need to adjust neurotrans-
mitter utilization, amino acid metabolism, and
lipid synthesis to adapt to the unique meta-
bolic conditions of brain tissue [43]. Some
brain-metastatic breast cancer cells acquire a
y-aminobutyric acid (GABA)-utilizing phenotype
and use GABA to support energy production
and biosynthetic processes [44]. This pheno-
type has been observed in patient brain me-
tastases and patient-derived cells, although
whether it is broadly shared across breast can-
cer subtypes remains uncertain.

Brain-tropic TNBC cells can also increase the
expression of 3-phosphoglycerate dehydroge-
nase (PHGDH), thereby enhancing de novo ser-
ine synthesis in the brain, where serine and
glycine availability is limited. Pharmacological
inhibition of PHGDH reduces brain metastatic
burden in mouse models [45]. Brain metasta-
tic cells may also increase the utilization of glu-
tamine and branched-chain amino acids and
activate gluconeogenic pathways to sustain
nucleotide biosynthesis. Inhibition of fructose-
1,6-bisphosphatase reduces the viability of
brain metastatic cells [46]. These findings sug-
gest that metabolic adaptation during brain
metastasis involves coordinated reprogram-
ming of carbon and amino acid metabolism
rather than reliance on a single alternative
nutrient source.

Lipid metabolism further illustrates the bidi-
rectional metabolic adaptation between meta-
static cells and the brain microenvironment.
Astrocyte-derived polyunsaturated fatty acids
can activate peroxisome proliferator-activated
receptor y (PPARYy) signaling in brain metasta-
tic cancer cells, thereby promoting metastatic
growth [47]. At the same time, limited access
to circulating lipids increases the dependence
of metastatic cells on de novo fatty acid syn-
thesis [48]. Analyses of patient brain metasta-
ses and xenograft studies have shown that in-
hibition of fatty acid synthase reduces intracra-
nial tumor growth [43]. Increased expression of
fatty acid-binding protein 7 (FABP7) in HER2-
positive BCBM cells may further facilitate lipid
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transport and lipid droplet storage, although its
causal role is currently supported mainly by
cell-based experiments and xenograft models
[49].

Overall, the available evidence supports a
model of metabolic adaptation driven by inter-
actions with the microenvironment rather than
by tumor cell-autonomous metabolic repro-
gramming alone. Stromal remodeling, vascular
alterations, and metabolic adaptation may act
together to sustain established BCBM and pro-
mote tumor proliferation, invasion, and thera-
peutic resistance. However, the temporal and
spatial relationships among these mecha-
nisms, as well as their causal interactions,
remain to be determined in longitudinal mo-
dels that preserve the immune, stromal, and
vascular components of the metastatic mi-
croenvironment.

Biomarkers and diagnostic monitoring in
BCBM

Accurate diagnosis of BCBM remains challeng-
ing and usually relies on a combination of ra-
diological imaging, histopathological examina-
tion, molecular imaging, and cytological as-
sessment [50]. No single method can fully
determine the nature of an intracranial lesion,
its molecular characteristics, and its response
to treatment in every clinical setting [51].
Evaluation should therefore combine neuroim-
aging with selective tissue sampling and blood-
or CSF-based liquid biopsy. The choice of me-
thod depends on the specific clinical question
[52]. Figure 2 summarizes the principal meth-
ods and the information each can provide.

Neuroimaging

Contrast-enhanced MRI is the preferred exami-
nation for suspected parenchymal BCBM [7].
Its soft-tissue contrast supports detection of
small lesions and assessment of edema, he-
morrhage, mass effect, and involvement of
adjacent structures [53]. These features in-
form selection of surgery, stereotactic radiosur-
gery (SRS), whole-brain radiotherapy (WBRT),
or CNS-active systemic treatment. Report-
ed imaging differences among HER2-positive,
TNBC, and other subtypes include enhance-
ment, necrosis, edema, and lesion margins
[54], but the distributions overlap and are influ-
enced by lesion size, prior therapy, and acquisi-
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tion parameters. Conventional MRI and ra-
diomics cannot currently replace pathological
or molecular testing for subtype assignment.

Computed tomography (CT) is most useful
when MRI is contraindicated or unavailable,
particularly for rapid evaluation of hemorrhage,
marked edema, hydrocephalus, or mass effect
[55, 56]. It is less sensitive than contrast-
enhanced MRI for small lesions, posterior
fossa disease, and leptomeningeal involve-
ment. When MRI cannot distinguish recurrent
tumor from treatment-related change such as
radiation necrosis, radiolabeled amino-acid
positron emission tomography (PET) can pro-
vide complementary metabolic information
[57]. By comparison, ®F-fluorodeoxyglucose
(*8F-FDG) PET is limited by high physiological
glucose uptake in normal brain [58]. PET is
therefore better suited to selected diagnosti-
cally difficult cases than to routine initial detec-
tion of BCBM.

Tissue biopsy

Tissue biopsy can confirm whether an intracra-
nial lesion represents metastatic breast cancer
and can provide information about histologi-
cal type, hormone receptor status, HER2 sta-
tus, and other molecular alterations [59]. It is
particularly important when imaging findings
are inconclusive or when the pathological re-
sult is likely to change treatment. The method
used to obtain tissue should be selected ac-
cording to lesion location, size, associated
symptoms, resectability, and the purpose of
sampling. For deep lesions, lesions close to
functionally important brain regions, or lesions
that cannot be safely resected but require
pathological confirmation, neuronavigation-gui-
ded stereotactic biopsy can provide tissue with
less surgical disruption than open resection
[60]. Biopsy nevertheless remains invasive and
may cause hemorrhage, infection, neurological
injury, or complications related to anesthesia
[61]. A sample from one region may also fail to
capture spatial heterogeneity within the same
lesion or among different metastatic lesions.
In addition, the risks and practical limitations
of repeated intracranial biopsy make it unsuit-
able for continuous monitoring of treatment
response [62]. Tissue sampling should there-
fore be reserved for questions that are likely to
alter diagnosis or management, and the find-
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Figure 2. Multimodal approaches for BCBM assessment and management. Neuroimaging, liquid biopsy, histology,
and artificial intelligence (Al) can be integrated to characterize brain metastases, assess tumor heterogeneity and
molecular features, identify therapeutic targets, and support risk stratification, treatment planning, and prognostic
modeling. Abbreviations: Al, artificial intelligence; CSF, cerebrospinal fluid; FFPE, formalin-fixed paraffin-embedded;
MRI, magnetic resonance imaging.

ings should be interpreted together with neuro- CTCs: CTCs are intact tumor cells that have
imaging and liquid biopsy results [61, 62]. entered the peripheral blood from a primary

or metastatic lesion. Their number, phenotype,
Blood-based liquid biopsy and genomic features may reflect the capa-

city of the tumor to disseminate as well as its
Blood-based liquid biopsy can detect circulat- clonal heterogeneity. CTCs have therefore been
ing tumor cells (CTCs), circulating tumor DNA investigated as markers of BCBM risk and
(ctDNA), circulating RNA, and extracellular vesi- treatment response [65]. Zhang et al. isolat-
cles (EVs). These tumor-derived components ed a population of CTCs from the peripheral
provide a relatively minimally invasive means of blood of patients with breast cancer that lack-
studying molecular characteristics and moni- ed epithelial cell adhesion molecule (EpCAM)
toring changes during treatment [63, 64]. but expressed HER2, epidermal growth factor
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receptor (EGFR), heparanase (HPSE), and
NOTCH1. These cells showed a strong capacity
to form brain metastases in xenograft models,
suggesting that this phenotype may enrich for
brain-tropic metastasis-initiating cells [66]. The
reported detection rate of CTCs depends heav-
ily on the enrichment method. In one BCBM
study using an EpCAM-independent approach,
CTCs were detected in 32.6% of the entire
cohort and in 70.0% of the TNBC subgroup
[67]. EpCAM-independent enrichment may
therefore be more effective for capturing CTCs
with mesenchymal features. However, the
70.0% value was obtained from a specific,
small cohort and should not be interpreted as
an established diagnostic sensitivity. Genomic
analysis of CTCs may also reveal copy-number
alterations and patterns of clonal evolution
associated with brain metastasis [68]. Whe-
ther these measurements can consistently pre-
dict brain metastatic risk or guide treatment
remains to be tested prospectively.

CctDNA: ctDNA consists of tumor-derived DNA
fragments within the broader pool of cell-free
DNA (cfDNA) [69]. It can contain somatic muta-
tions, copy-number alterations, insertions and
deletions, gene rearrangements, and abnor-
mal methylation patterns [69]. These features
make ctDNA a potential source of molecular
information when tumor tissue is unavailable.

Plasma ctDNA may nevertheless underesti-
mate intracranial tumor burden, particularly
when there is no active extracranial disease.
Plasma ctDNA was analyzed in a single-arm
phase Il study of palbociclib combined with
trastuzumab in patients with HER2-positive
BCBM. The findings did not establish that plas-
ma ctDNA could reliably monitor intracranial
disease [70]. Plasma ctDNA may therefore be
more informative about changes in systemic
disease and cannot replace intracranial imag-
ing or CSF analysis.

Extracellular vesicles: EVs are membrane-
bound particles released by cells. They carry
DNA, RNA, proteins, lipids, and metabolites
and contribute to communication between tu-
mor cells and their surrounding environment
[71]. The lipid membrane protects their mole-
cular contents from degradation, which may
make EV-associated molecules more stable
than unprotected circulating nucleic acids. EVs
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are therefore being investigated as biomarkers
for BCBM detection and risk assessment.

EVs released by brain-tropic and non-brain-
tropic breast cancer cells may differ in their
microRNA (miRNA) and protein profiles [72]. In
patient serum, increased EV-associated hsa-
miR-576-3p and decreased hsa-miR-130a-3p
have also been associated with breast cancer
brain metastasis [73]. These findings, however,
come mainly from small patient cohorts or pre-
clinical studies. The tissue of origin of circulat-
ing EVs is often uncertain, and the reproduc-
ibility of current assays has not been esta-
blished. It is also unclear whether EV-based
measurements provide additional clinical infor-
mation beyond existing tests. EVs and their
miRNA cargo should therefore be regarded as
candidate biomarkers rather than established
diagnostic tools for BCBM.

CSF-based liquid biopsy

CSF is in closer anatomical contact with intra-
cranial lesions than peripheral blood and gen-
erally contains less background cfDNA. It may
therefore provide a more direct representation
of the molecular features of CNS tumors [74].
This advantage may be particularly relevant in
patients with leptomeningeal metastasis, pre-
dominantly intracranial progression with stable
extracranial disease, or low levels of plasma
CctDNA [75].

The modified Fast Aneuploidy Screening Test-
Sequencing System (MmFAST-SeqS) detects
genome-wide aneuploidy and can be used to
estimate the presence of tumor-derived DNA.
In a study of 121 patients with suspected le-
ptomeningeal metastasis from breast cancer,
MFAST-SeqS produced analyzable results for
112 samples [76]. Aneuploidy was detected in
some patients with negative CSF cytology who
were subsequently confirmed to have CNS pro-
gression on the basis of imaging or clinical find-
ings [77].

Ultra-low-pass whole-genome sequencing
(ULP-WGS) can estimate the fraction of ctDNA
in CSF and thereby provide a quantitative mea-
sure of disease burden. In patients with lepto-
meningeal metastasis from breast cancer, sup-
pression of the CSF ctDNA fraction during
treatment was associated with better treat-
ment response and survival, whereas an in-
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crease in ctDNA sometimes preceded clinically
evident progression [78]. Beyond measuring
tumor burden, CSF ctDNA sequencing can iden-
tify tumor clones and potentially targetable
alterations that are absent from the primary
tumor or extracranial metastases. It may there-
fore help characterize the molecular evolution
of BCBM [79]. Siravegna et al., for example,
used droplet digital polymerase chain reaction
(ddPCR) and whole-exome sequencing to ana-
lyze CSF from a patient with HER2-positive
BCBM. They identified TP53 and PIK3CA muta-
tions together with ERBB2 and MYC amplifica-
tion. Changes in CSF ctDNA reflected the in-
tracranial disease course, whereas changes in
plasma ctDNA were more closely related to
extracranial disease [80].

CSF-based liquid biopsy also has important
limitations. Lumbar puncture is invasive, the
amount of available material is often small,
and tumor DNA release may vary among
patients and over time. Preanalytical proce-
dures and analytical methods have not yet
been standardized. CSF ctDNA should there-
fore be used as a complement to MRI and CSF
cytology rather than as a replacement. It may
be most useful when leptomeningeal meta-
stasis is suspected, intracranial and extracra-
nial disease show discordant changes, plasma
ctDNA is negative despite intracranial progres-
sion, or brain tissue cannot be obtained safely
and information about intracranial molecular
alterations is needed.

Al-assisted multimodal assessment and clini-
cal decision support in BCBM

Current applications of Al in BCBM assess-
ment include lesion detection and segmenta-
tion, differential diagnosis, inference of molec-
ular characteristics, prognostic stratification,
and evaluation of treatment response. Many
published studies have enrolled patients with
brain metastases from several primary can-
cers. Their results therefore require separate
validation before they can be applied specifi-
cally to BCBM.

For lesion detection and segmentation, con-
trast-enhanced MRI serves as the model in-
put, and the output consists of automatically
identified and delineated metastatic lesions.
Luo et al. developed a model using 10,338
brain metastases from 488 patients and eva-
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luated it in a prospective multireader study
conducted at five centers [81]. Assistance
increased the median Dice coefficient from
0.87 to 0.92 and reduced contouring time by
about 42%, indicating gains in both agreement
and efficiency. The AURORA study subsequent-
ly evaluated the cross-center performance of
the model in 348 patients from six institutions
[82]. Neither study, however, reported perfor-
mance separately for the BCBM subgroup. The
clinical benefit for patients with breast cancer
therefore remains uncertain.

Models developed for differential diagnosis
generally use radiomic features extracted from
MRI as input and produce classifications such
as brain metastasis versus glioblastoma or pre-
dictions of the primary origin of a metastatic
lesion [83]. Available studies suggest that Al
can assist in distinguishing brain metastases
from glioblastoma, but its ability to determine
the primary origin of a brain metastasis rema-
ins limited. Training and validation cohorts fre-
quently include metastases from several pri-
mary tumor types, and independent external
validation in BCBM cohorts is uncommon. The
additional clinical value of these models for
patients with an established diagnosis of
breast cancer is therefore limited at present.

For BCBM, inference of the molecular charac-
teristics of the intracranial lesion may be more
clinically relevant than prediction of the primary
tumor site. Cho et al. used preoperative MRI
radiomic features and the subtype of the pri-
mary breast tumor as inputs to classify brain
metastases into four molecular subtypes [84].
The model was developed in 102 patients
with BCBM and achieved an accuracy of 0.902
in the external validation set. This was higher
than the accuracy of 0.765 obtained by simply
assuming that the molecular subtype of the
brain metastasis was identical to that of the
primary tumor. The model may therefore help
identify subtype discordance between primary
and intracranial disease. Other studies have
used MRI radiomic features to predict estrogen
receptor (ER), progesterone receptor (PR), and
HER2 status in brain metastases [85]. Most of
these studies are retrospective and involve
small cohorts, with limited independent exter-
nal validation. They cannot yet replace intracra-
nial tissue biopsy or reassessment of receptor
status. More recently, Sun et al. developed a
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multimodal deep learning framework integrat-
ing three-dimensional MRI features, radiomics,
and lesion location to predict ER, PR, and HER2
status in BCBM, with AUCs of 0.862, 0.899,
and 0.876, respectively [86]. Nevertheless,
these models remain exploratory and cannot
yet replace intracranial tissue assessment
when pathological confirmation is clinically in-
dicated.

Prognostic models usually take clinicopatho-
logical variables - including age, performance
status, molecular subtype, and intracranial and
extracranial disease burden - as inputs and
return survival probabilities at predefined time
points. Li et al. trained an extreme gradient
boosting (XGBoost) model using data recorded
between 2010 and 2019 in the Surveillance,
Epidemiology, and End Results (SEER) data-
base. The model predicted survival at 6 mon-
ths and at 1, 2, and 3 years in patients with
BCBM and was externally evaluated in an inde-
pendent hospital cohort [87]. It may assist with
individualized risk stratification and identified
lung metastasis as an adverse prognostic fac-
tor. However, the model did not include MRI fea-
tures and was not adequately compared with
established clinical prognostic scores. It should
therefore be regarded as a clinical risk model
rather than an imaging-clinical multimodal de-
cision tool.

Studies of treatment response have focused
mainly on local outcomes after SRS. Deep
learning models use serial MRI examinations
as input and generate predictions of lesion
response [88]. Radiomics models instead use
post-treatment MRI features to distinguish tu-
mor progression from radiation necrosis [89,
90]. Most of these studies included patients
with brain metastases from different primary
tumors and have not undergone adequate in-
dependent validation in BCBM cohorts.

One proof-of-concept study enrolled 39 pa-
tients with BCBM and used pretreatment multi-
parametric MRI together with radiation dose
maps as model inputs. The predicted output
was the pattern of MRI change after SRS [91].
Although the study showed that early predic-
tion of local response may be feasible, it had a
small sample size and did not include external
validation. Its findings are therefore insufficient
to support routine clinical use.
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Beyond single-task image analysis, the most
clinically consequential role of Al in BCBM may
be multimodal and longitudinal decision sup-
port [92]. A future system could integrate se-
rial multiparametric MRI features with digital
pathology, ER/PR/HER2 status, genomic and
transcriptomic alterations, plasma- and CSF-
derived circulating tumor DNA, circulating tu-
mor cells and extracellular vesicles, as well as
neurological symptoms, performance status,
previous treatment, and extracranial disease
control [92, 93]. Rather than returning only a
segmentation mask, molecular classification,
or survival score, such a system could esti-
mate the individual risk of CNS involvement,
identify suspected discordance between the
primary tumor and intracranial lesion [84, 86],
prioritize cases in which tissue or CSF confir-
mation is likely to alter management [93], and
distinguish patterns more consistent with treat-
ment response, radiation necrosis, or tumor
progression [88, 90].

At the treatment stage, multimodal Al could
support - not autonomously determine - the
comparison of clinically relevant options, in-
cluding surgery, SRS, WBRT, CNS-active sys-
temic therapy, and clinical-trial enrollment [92].
Longitudinal integration of MRI, liquid-biopsy
biomarkers, neurological status, and extracra-
nial disease could continuously update these
estimates and alert the multidisciplinary team
when intracranial and extracranial disease fol-
low divergent courses [88, 93, 94]. Such a
framework would connect detection, molecu-
lar characterization, treatment selection, and
response monitoring within a single clinical
pathway rather than treating them as separate
analytical tasks [92].

Overall, automated segmentation is the most
mature Al application in brain-metastasis im-
aging. Subtype inference, prognosis, and post-
SRS response prediction remain exploratory in
BCBM. The evidence base is limited by retro-
spective designs, small and heterogeneous
cohorts, variable MRI protocols, and sparse
external validation; many datasets also com-
bine metastases from different primary tumors.
This multimodal framework remains aspira-
tional because current BCBM models are pre-
dominantly retrospective, task specific, and
trained on relatively small or heterogeneous
datasets. Before Al output can influence clini-
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cal management, models will require harmo-
nized imaging and molecular data, multicenter
external and prospective validation, assess-
ment of calibration and clinical net benefit,
transparent reporting of uncertainty, evalua-
tion across demographic and molecular sub-
groups, and integration into multidisciplinary
workflows. Ultimately, Al should function as an
auditable decision-support layer that prioritizes
and contextualizes clinical options rather than
replacing pathological confirmation or special-
ist judgment.

Experimental models for studying BCBM

Preclinical models preserve different portions
of the metastatic cascade and should be
selected accordingly. Spontaneous models
retain primary-tumor dissemination, whereas
carotid, left ventricular, and intracranial injec-
tion successively bypass earlier steps. Im-
mune-competent systems, patient-derived xe-
nografts (PDXs), and organoid platforms add
distinct information about host immunity or
human-tumor heterogeneity. Table 1 compares
the biological stages retained by each model,
their immune context, and the main limitations
affecting interpretation [47, 49, 95-109]. Table
2 lists representative BCBM studies and speci-
fies the conclusions that can and cannot be
supported by the models used [28, 35, 39, 47,
49, 97-99, 102, 110-120].

Spontaneous brain metastasis models

Spontaneous brain metastasis models are usu-
ally established by implanting breast cancer
cells or PDX tissue orthotopically into the mam-
mary fat pad. Tumor cells must then undergo
local invasion, intravasation, survival in the cir-
culation, extravasation from the cerebral vas-
culature, and colonization of the brain. These
models are therefore useful for studying the
acquisition of brain tropism, formation of the
premetastatic niche, and clonal selection dur-
ing dissemination.

Serial in vivo selection can be used to gene-
rate cell sublines with a greater propensity to
metastasize to the brain. Lorusso et al. derived
the spontaneously brain-metastatic 4T1-BM2
subline from 4T1 cells and used it to identify a
role for connexin-focal adhesion kinase (FAK)
signaling in brain colonization [95]. Echeverria
et al. combined TNBC PDX models with molecu-
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lar barcoding and found evidence of clonal
selection between primary and metastatic
tumors. The same dominant clones could con-
tribute to metastases in the lung, liver, and
brain [96]. These models also have practical
limitations. Brain metastases occur at a rela-
tively low frequency, latency is often long, and
the number and timing of lesions vary among
animals. Some mice reach experimental end-
points because of extracranial disease before
detectable brain metastases develop. In addi-
tion, PDX models generally require immunode-
ficient hosts and are therefore unsuitable for
assessing a complete adaptive immune re-
sponse [97]. Spontaneous models are valua-
ble for studying the initiation and evolution of
brain metastasis but are less suitable for phar-
macological experiments that require intracra-
nial treatment responses to be measured with-
in a fixed period.

Intravascular injection models

Internal carotid artery and left ventricular injec-
tion are both experimental metastasis meth-
ods used in preclinical mouse studies. They
bypass primary tumor formation, local inva-
sion, and natural intravasation. The main dif-
ference between them is the extent to which
injected tumor cells are directed toward the
cerebral circulation rather than distributed th-
roughout the body.

Internal carotid artery injection: Internal ca-
rotid artery (ICA) injection delivers breast can-
cer cells directly into the cerebral circulation
and reduces their initial entrapment in periph-
eral organs. The model retains vascular arrest,
adhesion to brain endothelial cells, BBB extrav-
asation, and subsequent colonization of the
brain [35, 99]. It is therefore commonly used to
investigate how breast cancer cells cross the
BBB and adapt to the brain microenvironment.

Studies using ICA injection have shown that
astrocyte-derived exosomal miRNAs can in-
duce reversible PTEN loss in brain-metastatic
cells [35]. Another preclinical study found that
phosphorylated enhancer of zeste homolog 2
(EZH2) promoted the recruitment of immuno-
suppressive neutrophils and supported the
growth of brain metastases [113]. The efficien-
cy and distribution of tumor formation in ICA
models, however, depend on the injection site
and cerebral blood flow [98]. Mechanisms iden-
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Table 1. Research question-model matching for preclinical BCBM studies

Research question

Recommended model

Retained stages

Bypassed stages

Immune context

Interpretive limitation

References

Complete metastatic cas-
cade, acquisition of brain
tropism, clonal selection,
and premetastatic niche

formation

Cerebral vascular arrest,
endothelial adhesion,
BBB extravasation, and
early brain colonization

Organ tropism, multi-
organ distribution, and
post-intravasation brain
metastasis

Intracranial growth, local
niche interactions, and
treatment response of
established lesions

Patient tumor heteroge-
neity, molecular subtype
differences, and treat-
ment sensitivity

Tumor-brain tissue inter-
actions and in vitro drug
screening

Spontaneous brain metastasis
model following orthotopic
implantation into the mam-
mary fat pad

Internal carotid artery injection
model

Left ventricular injection
model

Stereotactic intracranial injec-
tion model

BCBM PDX models estab-
lished through carotid artery,
left ventricular, or intracranial
inoculation, depending on the
research question

PDX-derived organoids or
breast cancer cell-brain organ-
oid coculture platforms

Primary tumor growth, local in-
vasion, intravasation, survival
in the circulation, cerebral
vascular extravasation, brain
colonization, and metastatic
outgrowth

Cerebral arterial circulation,
arrest and adhesion within
the brain microvasculature,
BBB extravasation, and early
colonization

Systemic distribution, arrest
within the microvasculature of
different organs, BBB extrava-
sation, brain colonization, and
metastatic outgrowth

Growth within the brain
parenchyma, local tumor-brain
cell interactions, and drug re-
sponse of established lesions

Retains part of the histological
and molecular heterogeneity
of the patient tumor; the meta-
static stages retained depend
on the inoculation route

Local invasion, growth, inter-
cellular interactions, and in
vitro drug responses

Cell-line implantation
does not reproduce
spontaneous tumor ini-
tiation; otherwise, most
stages of the metastatic
cascade are retained

Primary tumor formation,
local invasion, spontane-
ous intravasation, and
most peripheral-organ
selection

Primary tumor formation,
local invasion, and spon-
taneous intravasation

Primary tumor dis-
semination, survival in
the circulation, cerebral
vascular adhesion, and
BBB extravasation

Depends on the inocula-
tion route

Dissemination from the
primary tumor, circula-
tion, a perfused BBB,
and systemic pharmaco-
kinetics

Syngeneic models retain
an intact immune system;
human cell line- or PDX-
based models usually
require immunodeficient
mice

Depends on the cell-host
combination. Syngeneic
models can retain immune
competence, whereas
human xenografts usually
require immunodeficient
hosts

Depends on the cell-host
combination

Syngeneic or xenograft
models may be used; the
immune context depends
on the host

Usually requires immuno-
deficient mice

Usually lacks an intact
immune system

Brain metastasis incidence is low, la-
tency is long, and inter-animal variability
is substantial. Extracranial metastases
may reach experimental endpoints
before detectable brain metastases
develop. This model alone cannot
determine the specific stage at which a
tested molecule acts.

The procedure is technically demanding,
and injection site or altered cerebral
blood flow may affect model estab-
lishment. It cannot be used to study
dissemination from the primary tumor.
Treatment initiated immediately before
or after tumor-cell injection mainly
evaluates metastasis prevention rather
than therapy of established lesions.

Extracranial metastases and inaccurate
injection can increase experimental
variability. A reduction in brain meta-
static burden may result from effects
on systemic distribution, extravasation,
or colonization and therefore cannot be
interpreted directly as inhibition of BBB
crossing.

Injection-related injury may cause local
inflammation and BBB disruption. The
model usually produces a single localized
lesion and cannot demonstrate natural
brain metastasis, BBB crossing, or drug
penetration across an intact BBB.

These models cannot establish
complete T-cell-mediated mechanisms.
Engraftment and serial passaging may
cause clonal selection, and drug activity
in a PDX model cannot be equated
directly with clinical benefit in patients.

These platforms cannot assess BBB
penetration after systemic administra-
tion, pharmacokinetics, or the complete
brain metastatic cascade. Screening
results require validation in in vivo
models.

[95-97]

[98-100]

[47, 101, 102]

[49, 103]

[104-107]

[108, 109]

Abbreviations: BBB, blood-brain barrier; BCBM, breast cancer brain metastasis; PDX, patient-derived xenograft.
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Table 2. Representative BCBM studies and model-supported conclusions

Model and inoculation

Biological question route Subtype/host Conclusion supported Conclusion not supported References
Does aB-crystallin promote spon- MDA-MB-231 cells; orthotopic ~ TNBC; human xenograft = The overall effect of aB-crystallin on The model cannot identify whether aB-crystallin [97]
taneous brain metastasis? implantation into the mam- brain metastasis formation across the acts mainly during intravasation, survival in the cir-
mary fat pad metastatic cascade, including dissemi- culation, BBB extravasation, or brain colonization.
nation from the primary tumor It also cannot assess complete adaptive immune
mechanisms.
Does SRC contribute to cerebral ~ BT474M1 and MDA-MB-231Br  HER2-positive and The effects of SRC on cerebral micro- The model cannot demonstrate a role for SRC in [112]
vascular extravasation and early  cells; right carotid artery TNBC; human xeno- vascular arrest, BBB extravasation, and  primary tumor invasion or spontaneous intrava-
colonization? injection grafts early brain colonization sation and cannot directly evaluate treatment
responses in established lesions.
Does FABP7 promote intracranial BT474-Br and HCC1954 cells;  HER2-positive; human The two inoculation routes allow assess- The models do not reproduce spontaneous dis- [49]
adaptation and growth of BCBM intracardiac and intracranial xenografts ment of FABP7 in post-intravasation semination from the primary tumor and cannot
cells? injection brain colonization and the growth of establish immune-dependent mechanisms.
established intracranial lesions
Does HDAC activity contribute 4T1Br4 cells; orthotopic im- TNBC; syngeneic im- The overall effect of HDAC activity on Brain metastatic burden alone cannot determine [98]
to spontaneous BCBM in an im- plantation into the mammary munocompetent BALB/c brain metastasis formation across the the specific stage of the metastatic cascade af-
munocompetent setting? fat pad model complete metastatic cascade in an fected by HDAC activity.
intact immune environment
Does YTHDF3 promote brain 4T1-Br and MDA-MB-231Br TNBC; syngeneic and The effects of YTHDF3 on systemic distri- The model cannot demonstrate a role in local inva- [99]
metastasis after tumor cells enter cells; intracardiac injection human xenograft bution, cerebral vascular extravasation,  sion or spontaneous intravasation from the primary
the circulation? models and brain colonization after intravasation tumor. A single inoculation route cannot clearly
distinguish effects on extravasation from those on
intracranial growth.
Does the brain microenvironment MDA-MB-231, HCC1954, TNBC and HER2- The relationship between PTEN down- The models cannot show that PTEN downregulation [35]
induce reversible PTEN down- BT474, MDA-MB-435, and 4T1  positive; xenograft and  regulation, BBB extravasation, early drives dissemination from the primary tumor or
regulation in metastatic cells? cells; carotid artery injection syngeneic models brain colonization, and exposure to the establish its prevalence among patients with differ-
brain microenvironment ent BCBM subtypes.
Does pY696-EZH2 regulate dif- 4T1 and MDA-MB-231 cells; TNBC; syngeneic and Comparison across inoculation routes The models do not reproduce spontaneous dissem- [113]
ferent stages of brain metastasis right common carotid artery, human xenograft can assess its effects on brain extrava- ination from the primary tumor. Human xenografts
and the immune niche? left ventricular, and intracranial models sation, colonization, and established cannot establish adaptive immune mechanisms.
injection intracranial growth. The 4T1 model can
support immune-related conclusions.
Does EGFR/HER2 signaling MDA-MB-231Br cells; left TNBC background; hu- The overall effect of EGFR/HER2 signal-  The model cannot demonstrate involvement in [114]
promote brain metastasis after ventricular injection man xenograft ing on cerebral extravasation and brain ~ spontaneous intravasation or determine whether
intravasation? colonization after entry into the systemic the observed effect occurs during extravasation or
circulation subsequent intracranial growth.
Does L1CAM contribute to cere-  MDA-MB-231 BrM2 cells; left TNBC; human xenograft The effects of LLCAM on cerebral vascu- The model cannot demonstrate a role in primary [28]
bral vascular adhesion and brain  ventricular injection lar arrest, perivascular growth, and brain  tumor invasion or spontaneous intravasation and
colonization? colonization after intravasation cannot evaluate its function in an intact immune
environment.
Does Cx43/PCDH7-mediated MDA-MB-231 BrM2 cells; left TNBC; human xenograft The effects of Cx43/PCDH7 on brain The model cannot establish involvement in dissemi- [115]

tumor-astrocyte communication
promote brain colonization and
treatment resistance?
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ventricular injection

colonization, tumor-brain cell communi-
cation, and treatment protection after
tumor cells enter the circulation

nation from the primary tumor. An immunodeficient
host cannot support conclusions about complete
adaptive immune responses.
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Does PPARy contribute to MDA-MB-231 BrM cells; left TNBC; human xenograft The overall effects of PPARy on post- The model cannot demonstrate a role in primary [47]
metabolic adaptation and brain ventricular injection intravasation brain colonization and ad-  tumor invasion or spontaneous intravasation
colonization? aptation to the brain microenvironment  and cannot independently distinguish effects on

extravasation from those on intracranial growth.
Does CCR2 regulate brain metas- EO771 BrM cells; left ventricu-  TNBC-like murine breast The effects of CCR2 on post-intrava- The model cannot assess dissemination from the [102]
tasis formation in an immuno- lar injection cancer; syngeneic im- sation brain metastasis formation and primary tumor. Without additional experiments, it
competent setting? munocompetent model  immune-cell regulation cannot determine whether CCR2 mainly affects

cerebral extravasation or the growth of established

lesions.
Does annexin A1 promote 4T1 cells; carotid artery TNBC; syngeneic im- The effects of annexin A1 on microglial The model cannot demonstrate involvement in [39]
early brain metastasis through injection munocompetent BALB/c responses, cerebral extravasation, and spontaneous intravasation from the primary tumor
microglia? model early colonization after tumor cells enter  or directly evaluate therapeutic effects on estab-

the cerebral circulation lished brain metastases.

Does CSF1R-related myeloid sig-  MDA-BrM cells; intracardiac TNBC; human xenograft The effects of CSF1R-related myeloid The model cannot demonstrate involvement in [117]
naling promote brain metastatic  injection components on brain metastasis forma-  primary tumor dissemination. The immunodeficient
colonization? tion after intravasation host cannot support conclusions about T-cell-

dependent mechanisms or clinical responses to

immunotherapy.
Does NMDAR signaling enable MDA-MB-231 BrM cells; left TNBC; human xenograft The effects of NMDAR on post-intrava- The model cannot demonstrate involvement in pri- [118]
BCBM cells to use neural signals  ventricular injection sation brain colonization, intracranial mary tumor invasion or spontaneous intravasation
within the brain? growth, and tumor-neuron interactions and cannot establish its role in an intact immune

environment.
Does SRRM4 promote brain SKBR3, BT474, and MDA- HER2-positive and The effects of SRRM4 on brain metasta- The model cannot demonstrate involvement in [119]
tropism and colonization across MB-231 cells; intracardiac TNBC; human xeno- sis formation after entry into the circula- spontaneous dissemination from the primary tumor
breast cancer subtypes? injection grafts tion and its role across different breast and cannot determine whether SRRM4 acts mainly

cancer subtypes during BBB extravasation or intracranial growth.

Is ILA3Ra2 a potential target for ~ MDA-MB-231 Br, JIMT-1Br-3, HER2-positive and The effects of ILA3Ra2 on cerebral The model cannot demonstrate involvement in [120]

post-intravasation BCBM forma-
tion and treatment?

and BT474M1 Br cells; left
ventricular injection

TNBC; human xeno-
grafts

extravasation, brain colonization, and
responses to targeted treatment in
preclinical models

primary tumor dissemination. Drug activity in
these models does not establish clinical efficacy in
patients or therapeutic effects in an intact immune
environment.

Abbreviations: CCR2, C-C motif chemokine receptor 2; CSF1R, colony-stimulating factor 1 receptor; Cx43, connexin 43; EGFR, epidermal growth factor receptor; EZH2, enhancer of zeste homolog 2; FABP7, fatty acid-binding protein 7; FAK,
focal adhesion kinase; HDAC, histone deacetylase; HER2, human epidermal growth factor receptor 2; IL13Ra2, interleukin-13 receptor subunit alpha 2; NMDAR, N-methyl-D-aspartate receptor; PCDH7, protocadherin 7; PPARY, peroxisome
proliferator-activated receptor gamma; PTEN, phosphatase and tensin homolog; SRC, SRC proto-oncogene non-receptor tyrosine kinase; SRRM4, serine/arginine repetitive matrix 4; TNBC, triple-negative breast cancer; YTHDF3, YTH domain
family member 3.
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tified using ICA injection should be confirmed in
spontaneous metastasis models and patient
BCBM samples. The timing of treatment also
affects how the results should be interpreted.
When an intervention is administered imme-
diately before or after tumor cell injection, the
experiment mainly evaluates the prevention of
vascular arrest, extravasation, or early coloni-
zation. It does not demonstrate efficacy against
an established brain metastasis. Using this
model, our group has evaluated several candi-
date agents for the prevention or treatment of
brain metastases, including BCBM [121-125].
These studies provide additional preclinical
evidence for potential therapeutic approaches
but do not by themselves establish clinical
efficacy.

Left ventricular injection: Left ventricular in-
jection introduces breast cancer cells into the
systemic arterial circulation, allowing them to
reach the brain, bone, and other organs. The
method is useful for studying organ tropism,
selection of brain-metastatic populations, and
the distribution of tumor cells across multiple
organs during the later stages of metastasis
[28, 113, 114].

Because the model includes systemic circula-
tion, organ-specific arrest, BBB extravasation,
and brain colonization, a reduction in intracra-
nial tumor burden may arise from an effect on
any of these stages. It should not automatically
be interpreted as evidence that BBB crossing
has been inhibited. Experimental outcomes
may also be affected by extracranial metasta-
ses that reach endpoint earlier than brain
lesions, inaccurate placement of the injection,
and selection of particular tumor subpopula-
tions during serial in vivo passage [114]. Al-
though repeated in vivo selection increases
the efficiency of brain metastasis formation, it
may produce a cell population that differs sub-
stantially from the original patient tumor [47].
Variation in whether cells are accurately deliv-
ered into the left ventricle is another important
source of experimental variability [115].

ICA injection is generally more suitable for
studying BBB extravasation and early brain
colonization, whereas left ventricular injection
is more informative for investigating organ tro-
pism and systemic distribution. Mechanisms
identified with these models should be corro-
borated in spontaneous models and, where
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possible, patient material before being gene-
ralized to human BCBM.

Intracranial injection models for studying brain
growth and treatment response

Stereotactic intracranial injection places tumor
cells directly in the brain parenchyma and pro-
duces lesions at a defined site and within a
comparatively predictable interval [99]. It is
useful for studying outgrowth after brain entry,
local tumor-brain interactions, and treatment
of an established intracranial mass [113]. The
method bypasses primary-tumor dissemina-
tion, survival in blood, vascular adhesion, and
BBB extravasation. It can therefore test intra-
cranial growth but cannot demonstrate a role
in natural brain metastasis or BBB crossing
[117]. Needle injury may also trigger local
inflammation and disrupt the BBB, and the
resulting solitary lesion does not capture the
multiplicity and spatial heterogeneity often
seen clinically [119].

For therapeutic studies, treatment should pref-
erably begin only after intracranial tumor for-
mation has been confirmed by imaging. Tumor
inhibition after systemic drug administration
indicates activity against an intracranial lesion,
but it does not by itself prove that the drug
crosses an intact BBB. Local intracranial ad-
ministration can establish a local pharmaco-
logical effect but cannot provide information
about systemic exposure or BBB penetration.

Immunocompetent models

The route of tumor cell inoculation determin-
es which stages of metastasis are retained,
whereas the immune status of the host deter-
mines whether the model can address immu-
nological questions. Immunocompetent synge-
neic models can be combined with different
inoculation routes according to the stage un-
der investigation. A spontaneous 4T1/BALB/c
model retains the steps from primary tumor
dissemination to brain colonization and can be
used to examine immune regulation across the
metastatic cascade [126]. Injection of 4T1 cells
through the carotid artery in BALB/c mice
allows investigation of immune responses dur-
ing vascular adhesion, extravasation, and early
colonization [127]. Syngeneic intracranial mod-
els are more suitable for studying the immune
microenvironment of established brain lesions

Am J Cancer Res 2026;16(9):3921-3957



Brain-specific biology of BCBM

and their response to immunotherapy. One
example is the preclinical evaluation of abe-
maciclib combined with programmed cell death
protein 1 (PD-1) blockade [128].

Evans et al. integrated single-cell sequencing,
immunocompetent mice, genetic models, hu-
manized mice, and patient tissue. They found
that microglia could restrict BCBM growth by
promoting NK- and T-cell responses [31]. This
study illustrates why immune mechanisms sh-
ould be examined across several model sys-
tems and then compared with human tissue.
In contrast, xenografts generated from human
cell lines and most PDX models require im-
munodeficient mice. They cannot establish a
T-cell-mediated mechanism or provide a com-
plete assessment of immune checkpoint block-
ade. Humanized mice introduce some human
immune components, but immune reconstitu-
tion remains incomplete and does not fully
reproduce the immune environment of patients
[129]. Findings from a single immunodeficient
model should therefore not be presented as
established immune mechanisms in human
BCBM or as evidence of clinical immunothe-
rapy efficacy.

PDX and organoid models

Unlike syngeneic models, which prioritize an
intact host immune system, PDX and patient-
derived tumor organoid platforms are design-
ed to retain features of the human tumor.
Contreras-Zarate et al. established eight brain
metastasis-derived PDX (BM-PDX) models from
surgically resected BCBM specimens repre-
senting different molecular subtypes. These
models retained major markers, including ER,
PR, and HER2, and preserved their ability to
colonize the brain after intravascular inocula-
tion [104]. The conclusions supported by a PDX
model still depend on the inoculation route. A
modified carotid artery method can be used
to study extravasation and colonization by pa-
tient-derived tumor cells without directly dis-
rupting the BBB [105]. In contrast, intracranial
implantation can assess growth and treatment
response within the brain but cannot reprodu-
ce the earlier stages of metastasis.

PDX models do not preserve every feature of
the original tumor. Studies of PDX models de-
rived from CNS metastases have shown that
implantation and serial passage may expand
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aggressive minor clones, thereby changing
the clonal composition of the model [106].
In intracranial PDX models of HER2-positive
BCBM, combined inhibition of phosphoinosit-
ide 3-kinase (PI3K) and mechanistic target of
rapamycin complex 1 (mTORC1) produced du-
rable regression in some models [107]. This
finding demonstrates activity in a particular
preclinical setting but does not establish that
patients will derive the same benefit.

Patient-derived tumor organoids and human
brain organoids should also be distinguished.
Guillen et al. paired breast cancer PDXs with
PDX-derived organoids for in vitro drug screen-
ing and subsequent in vivo testing, but the plat-
form was not derived specifically from BCBM
[108]. Wang et al. instead cocultured breast
cancer cell lines with human embryonic stem
cell-derived brain organoids to examine inva-
sion and growth in brain-like tissue [109]. This
approach models tumor-neural interactions but
is not a patient-derived BCBM organoid.

Most organoid systems lack perfused vascula-
ture, an intact BBB, and a systemic immune
compartment. They cannot reproduce whole-
body pharmacokinetics, establish that a sys-
temically administered drug reaches the brain,
or model the complete metastatic cascade.
Findings from these platforms therefore require
validation in complementary in vivo systems.

Targetable molecular pathways and emerging
therapeutics in BCBM

Most systemic treatments used for BCBM were
developed for extracranial breast cancer, and
truly brain-directed pharmacological options
remain limited. At the same time, molecular dif-
ferences between primary tumors and brain
metastases reveal dependencies that may be
therapeutically exploitable. Because the inci-
dence and biology of BCBM differ among HER2-
positive, TNBC, and HR-positive/HER2-negative
disease, mechanistic claims and treatment pri-
orities must be interpreted by subtype [130].
Figures 3 and 4, together with Table 3, delin-
eate pivotal signaling pathways implicated in
BCBM alongside promising therapeutic targets
[99, 112, 113, 116, 131-144].

Kinase signaling networks

SRC: SRC proto-oncogene, non-receptor tyro-
sine kinase (SRC), is activated in brain-meta-
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Figure 3. Kinase signaling networks driving BCBM progression. PI3BK-AKT-mTOR signaling supports tumor-cell sur-
vival, invasion, and treatment resistance. SRC integrates HER2, TGF-B receptor, E-cadherin, and VEGFR inputs
and promotes EMT, stemness, vascular destabilization, and immune suppression. c-MET signaling activates ERK/
MAPK- and NF-kB-linked programs that enhance survival, motility, angiogenesis, and inflammatory cell recruitment.
Abbreviations: ERK, extracellular signal-regulated kinase; FAK, focal adhesion kinase; GAB1, GRB2-associated bind-
ing protein 1; HGF, hepatocyte growth factor; PDK1, 3-phosphoinositide-dependent protein kinase 1; PIP2, phos-
phatidylinositol 4,5-bisphosphate; PIP3, phosphatidylinositol 3,4,5-trisphosphate; RRM2, ribonucleotide reductase
regulatory subunit M2; SAM68, SRC-associated in mitosis 68-kDa protein; SHP2, Src homology 2 domain-containing
phosphatase 2; TSC1/2, tuberous sclerosis complexes 1 and 2; VEGFR, vascular endothelial growth factor receptor.

static breast cancer cells and contributes to
both BBB extravasation and intracranial grow-
th [145]. In preclinical models, SRC increased
BBB permeability and facilitated the entry of
tumor cells into the brain. Treatment with the
SRC inhibitor saracatinib together with the
EGFR/HER2 inhibitor lapatinib suppressed AKT
signaling, increased apoptosis, and prolonged
survival in mice bearing HER2-positive brain
metastases [112]. SRC also links tumor-intrin-
sic signaling to the immune microenvironment.
Zhang et al. showed that SRC phosphorylated
EZH2 at tyrosine 696 (Y696) in brain-meta-
static cells. Phosphorylated EZH2 acquired a
methyltransferase-independent transcriptional
function and increased granulocyte colony-
stimulating factor (G-CSF) expression. G-CSF
subsequently recruited immunosuppressive
neutrophils and supported intracranial tumor
growth [113]. The evidence for both mecha-
nisms comes mainly from cell experiments
and mouse models. Clinical benefit from SRC
inhibition in patients with BCBM has not yet
been demonstrated.
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MET receptor tyrosine kinase: The mesenchy-
mal-epithelial transition factor receptor, com-
monly referred to as c-MET, regulates interac-
tions among brain-metastatic breast cancer
cells, endothelial cells, and myeloid cells. Ac-
tivation of ¢c-MET induces an inflammatory pro-
gram involving the mitogen-activated protein
kinase (MAPK) pathway. This response increas-
es interleukin-1p (IL-1B) expression and pro-
motes the release of interleukin-8 (IL-8) and
C-X-C motif chemokine ligand 1 (CXCL1). These
mediators enhance tumor cell adhesion to
brain endothelial cells, angiogenesis, BBB
crossing, and brain colonization [132]. Breast
cancer cells with high c-MET activity may also
release CXCL1, CXCL2, G-CSF, and granu-
locyte-macrophage colony-stimulating factor
(GM-CSF). The resulting cytokine network
alters neutrophil behavior and creates condi-
tions that favor BCBM growth [133]. Thus,
c-MET signaling acts through both tumor-
intrinsic and microenvironmental mechanisms.
Gautam et al. evaluated c-MET as a therapeutic
target in a preclinical HER2-positive BCBM
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Figure 4. Epitranscriptomic, epigenetic, and transcriptional regulation of BCBM. YTHDF3-mediated m6A recognition
enhances the translation of brain metastasis-associated transcripts, facilitating blood-brain barrier invasion and
brain colonization. SRC-dependent phosphorylation of EZH2 activates ¢c-JUN/G-CSF signaling and recruits immu-
nosuppressive neutrophils. STAT3-activated astrocytes and MYC-driven tumor programs further promote immune
escape and resistance to microglia-induced oxidative stress. Abbreviations: ARG1, arginase 1; c-JUN, cellular Jun;
Cx43, connexin 43; EGFR, epidermal growth factor receptor; EZH2, enhancer of zeste homolog 2; G-CSF, granulo-
cyte colony-stimulating factor; GJAL, gap junction protein alpha 1; GPX1, glutathione peroxidase 1; MIF, macrophage
migration inhibitory factor; NO, nitric oxide; pY696-EZH2, EZH2 phosphorylated at tyrosine 696; RNA Pol 1l, RNA
polymerase Il; SIRPq, signal regulatory protein alpha; SRC, SRC proto-oncogene non-receptor tyrosine kinase; TCR,
T-cell receptor; YTHDF3, YTH domain family member 3.

model. Neratinib was combined with cabozan-
tinib, a multikinase inhibitor with activity
against c-MET. The combination reduced extra-
cellular signal-regulated kinase (ERK) activa-
tion downstream of the c-MET-EGFR axis and
inhibited brain metastasis formation [134].

Tropomyosin receptor kinase: Tropomyosin re-
ceptor kinase (Trk) signaling can support the
survival and brain colonization of breast cancer
cells through cooperation with other receptors.
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Choy et al. found that HER2 and TrkB formed
heterodimers that provided tumor cells with a
survival advantage in the brain. Simultaneous
inhibition of HER2 and TrkB reduced intracra-
nial tumor growth in preclinical models [146].
The precursor of nerve growth factor (proNGF)
can also facilitate BBB crossing through a sig-
naling complex formed by TrkA and Eph recep-
tor A2 (EphA2). Combined inhibition of TrkA
and EphA2 reduced brain metastasis forma-
tion in TNBC models [135]. In a separate mech-
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Table 3. The summary of targetable molecular pathways in BCBM

Key therapeutic ) ) Subtype . )
y P Therapeutic targets Mechanism ‘yp_ Clinical/Experimental outcome References
pathways association
Kinase signaling  PI3K/AKT/mTOR Modulates metastasis-promoting macrophages/microglia, reducing  HER2+, TNBC Buparlisib attenuated microglial metastasis-facilitating [131]
networks immunosuppressive gene expression (PD-L1, CTLA4, CSF1, CSF1R). phenotype in vivo.
PI3BK/mTOR Combined PI3K and mTOR blockade decreased mTORC1 effector HER2+ Significant therapeutic benefit observed in HER2+ PDX [107]
4EBP1 phosphorylation; treatment resistance correlated with models.
genomic instability.
SRC Activation of SRC facilitates extravasation of breast cancer cells into HER2+, TNBC Combined SRC and EGFR/HER2 inhibition (e.g., lapatinib) im- [112]
brain parenchyma by increasing BBB permeability. proved survival in BCBM mouse models by inducing apoptosis.
SRC-EZH2 axis SRC phosphorylates EZH2 at Y696, upregulating G-CSF and recruit- HER2+, TNBC Targeting SRC-EZH2-G-CSF axis reduced neutrophil recruit- [113]
ing immunosuppressive neutrophils that promote BCBM progression. ment and brain colonization.
c-Met c-Met activation triggers IL1B-MAPK-IL8/CXCL1 inflammatory cas- HER2+ c-Met inhibition disrupted tumor-stroma inflammatory signal-  [132, 133]
cade enhancing adhesion, angiogenesis, and BBB penetration. ing and reduced BCBM.
c-Met, HER2 Dual inhibition blocks ERK signaling downstream of c-Met/ERBB1, HER2+ Combination therapy effectively prevented HER2-positive [134]
preventing HER2+ BCBM development. BCBM in vivo.
TrkA/EphA2 NGF precursor activates TrkA/EphA2 complex to mediate BBB TNBC Combined inhibition of TrkA/EphA2 significantly reduced BM [135]
traversal of TNBC cells. formation.
Estradiol-BDNF/TrkB  Estradiol activates BDNF/TrkB signaling, promoting TNBC brain TNBC Blocking TrkB reduced estradiol-driven metastatic growth. [136]
metastasis.
Epigenetic Modu- YTHDF3 Promotes translation of STEGALNAC5 and GJA1, enhancing tumor- - High YTHDF3 correlates with poor prognosis and increased [99]
lators endothelial and tumor-astrocyte interactions and angiogenesis. BBB extravasation.
CECR2 Acetyl-lysine reader that activates NF-kB-mediated transcription of - CECR2 depletion inhibited M2 polarization and metastatic [137]
metastasis-promoting genes, inducing M2 macrophage polarization. dissemination including BM.
BET Upregulated BET family members reduce vinorelbine sensitivity by - BET inhibitors combined with radiotherapy extended survival [138]
suppressing TUBB3; BET inhibitors synergize with radiotherapy. in BCBM models.
EZH2 SRC-mediated EZH2 phosphorylation elevates c-JUN expressionina HER2+, TNBC Inhibition of this axis mitigated pro-tumor neutrophil infiltra- [113]
methyltransferase-independent manner, enhancing pro-inflammato- tion and BCBM formation.
ry cytokines and neutrophil recruitment.
Transcriptional MYC MYC overexpression reprograms metabolism toward glycolysis and TNBC, HER2+ MYC inhibition impaired metabolic adaptation and sup- [116, 139]
Regulators glutaminolysis, promoting tumor growth and survival in the brain pressed brain colonization in BCBM models.
microenvironment.
Non-coding RNAs  miR-509 Suppresses RhoC and TNF-a signaling to inhibit transmigration HER2+, TNBC Overexpression of miR-509 reduced brain metastatic coloni- [144]
across BBB. zation in vivo.
circBCBM1 Acts as a miR-125a sponge to activate BRD4, promoting migration, ~ HER2+, TNBC circBCBM1 knockdown impaired brain metastasis formation. [143]

invasion and intracranial growth.

Abbreviations: AKT, protein kinase B; BDNF, brain-derived neurotrophic factor; BET, bromodomain and extraterminal domain; BRD4, bromodomain-containing protein 4; c-JUN, cellular Jun; c-MET, mesenchymal-epithelial transition factor receptor;
CECR2, cat eye syndrome chromosome region candidate 2; EGFR, epidermal growth factor receptor; EphA2, Eph receptor A2; ERK, extracellular sighal-regulated kinase; EZH2, enhancer of zeste homolog 2; G-CSF, granulocyte colony-stimulating
factor; GJA1, gap junction protein alpha 1; GPX1, glutathione peroxidase 1; IL, interleukin; MAPK, mitogen-activated protein kinase; MMP9, matrix metalloproteinase 9; mTOR, mechanistic target of rapamycin; NF-kB, nuclear factor kappa B;
NGF, nerve growth factor; PD-L1, programmed death-ligand 1; PI3K, phosphoinositide 3-kinase; RhoC, Ras homolog family member C; SLC7A11, solute carrier family 7 member 11; SRC, SRC proto-oncogene non-receptor tyrosine kinase; TIMP1,
tissue inhibitor of metalloproteinases 1; TNBC, triple-negative breast cancer; TNF-&, tumor necrosis factor alpha; Trk, tropomyosin receptor kinase; TUBB3, class Ill beta-tubulin; VEGF-A, vascular endothelial growth factor A; YTHDF3, YTH domain

family member 3.
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anism, estradiol activated brain-derived neuro-
trophic factor (BDNF)-TrkB signaling and pro-
moted brain metastatic progression in TNBC
[136].

Epigenetic modulators

YTH domain family member 3 (YTHDF3), a
reader of N6-methyladenosine (m6A), is upreg-
ulated in BCBM and has been associated with
poor prognosis. YTHDF3 increases the transla-
tion of brain metastasis-related transcripts,
including ST6GALNACS and gap junction pro-
tein alpha 1 (GJA1, also known as connexin 43).
This promotes interactions between metastatic
cells, brain endothelial cells, and astrocytes
and supports BBB extravasation, angiogenes-
is, and intracranial outgrowth [99]. Cat eye
syndrome chromosome region candidate 2
(CECR2) is an acetyl-lysine reader that ac-
tivates nuclear factor-kB (NF-kB)-dependent
transcription. In preclinical breast cancer mod-
els, CECR2 increased the expression of metas-
tasis-related genes and promoted M2-like ma-
crophage polarization, thereby supporting met-
astatic dissemination, including spread to the
brain [137]. Bromodomain and extraterminal
domain (BET) proteins have also been implicat-
ed in BCBM. BET activity was associated with
reduced sensitivity to vinorelbine through regu-
lation of class Il B-tubulin (TUBB3). In mouse
models, combining BET inhibition with radio-
therapy prolonged survival [138]. EZH2 has a
noncanonical role in BCBM that is indepen-
dent of its methyltransferase activity. Following
phosphorylation by SRC, EZH2 increases cellu-
lar Jun (c-JUN)-dependent transcription. c-JUN
then promotes the production of inflammatory
cytokines that recruit immunosuppressive neu-
trophils to the brain [113].

Transcriptional regulators

Transcriptional programs in both metastatic
cells and cells of the brain microenvironment
contribute to immune escape and intracranial
adaptation. A subset of reactive astrocytes sur-
rounding brain metastatic lesions shows sus-
tained STAT3 activation [37]. These astrocytes
suppress cytotoxic T-cell activity by increasing
programmed death-ligand 1 (PD-L1), vascular
endothelial growth factor A (VEGF-A), lipocalin
2, and tissue inhibitor of metalloproteinases 1
(TIMP1) [37]. Macrophage migration inhibitory
factor (MIF) binds cluster of differentiation 74
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(CD74) and has been associated with M2-like
microglial polarization and reduced interferon-y
(IFN-y) production [147]. MYC supports the
adaptation of metastatic cells to oxidative and
immune stress in the brain. MYC amplification
has been detected in brain-tropic breast can-
cer-derived CTCs. Activated microglia increase
reactive oxygen species (ROS) in nearby tumor
cells, whereas MYC increases glutathione per-
oxidase 1 (GPX1) expression and reduces oxi-
dative damage and apoptosis [116]. Lee et al.
further showed that MYC promoted BCBM by
increasing tumor cell invasion, macrophage in-
filtration, and gap junction formation between
metastatic cells and astrocytes [139].

Regulated cell death pathways

Autophagy: Autophagy has a context-depen-
dent role in breast cancer. It may limit cellular
damage, but it can also help metastatic cells
survive nutrient deprivation, oxidative stress,
and anticancer treatment. Patient tissue and
preclinical studies suggest that increased
autophagy-related activity is associated with
BCBM progression and poor outcome [125,
140, 148]. A retrospective study analyzed brain
metastasis specimens from 44 patients with
breast cancer, primary breast tumors, and 16
matched primary-metastatic pairs. Microtubule-
associated protein 1 light chain 3 beta (LC3B)
puncta and FAK family-interacting protein of
200 kDa (FIP200O/ATG17) were detected in
more than 90% of the brain metastases and
were generally more abundant than in primary
tumors [140]. Among patients with TNBC, the
median survival after diagnosis of brain metas-
tasis was 26.8 months in those with a low pro-
portion of LC3-positive tumor cells and 3.9
months in those with a high proportion [140].
Independent tissue analyses have similarly
reported higher levels of autophagy-related
proteins in brain metastases than in primary
breast tumors [149]. Experimental studies pro-
vide possible explanations for this observation.
Mitochondrial complex | activity can regulate
AKT-mTORC1-dependent autophagy and affect
the spread of breast cancer cells to distant
organs, including the brain [150]. Astrocytes
can also activate a prosurvival autophagy pro-
gram in metastatic cells through the C-X-C
motif chemokine ligand 12 (CXCL12)-miR-345-
Kisspeptin 1 (KISS1) axis [151]. Preclinical
studies, including work from our group, further
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indicate that autophagy and mitophagy can
protect breast cancer cells from treatment-
induced stress. Genetic or pharmacological
interference with these pathways enhanced
the activity of selected anticancer treatments
in breast cancer and brain metastasis models
[125, 148]. These findings support autophagy
as a possible treatment-sensitization target.
However, clinical benefit from autophagy inhi-
bition has not been demonstrated in patients
with BCBM.

Ferroptosis: Ferroptosis is an iron-dependent
form of regulated cell death caused by exces-
sive lipid peroxidation. It influences tumor
growth, metastatic survival, and treatment
response in breast cancer and other malignan-
cies [152]. In matched samples from patients
with HER2-positive breast cancer, the cystine/
glutamate antiporter light chain xCT, encoded
by SLC7A11, was more highly expressed in
metachronous brain metastases than in the
corresponding primary tumors [142]. xCT main-
tains cysteine availability and redox balance,
allowing metastatic cells to tolerate oxidative
stress and persist under innate immune sur-
veillance. Inhibition of xCT disrupts this protec-
tion and increases susceptibility to ferroptosis
[142]. These findings identify ferroptosis resis-
tance as a possible therapeutic vulnerability in
HER2-positive BCBM. The functional evidence
remains preclinical, and it is not yet clear
whether the same strategy will be effective in
TNBC or HR+/HER2-negative disease.

Non-coding RNAs

A myriad of non-coding RNAs have emerged
as significant players in BCBM [153]. Xing et al.
revealed that miR-509 expression is downregu-
lated in brain metastatic lesions of breast can-
cer, exerting inhibitory effects on BCBM throu-
gh the regulation of Ras Homolog Gene Family
Member C (RhoC) and Tumor Necrosis Factor-
alpha (TNF-¢) [144]. Circular RNA circBCBM1
has been identified as a promoter of BCBM,
modulating the miR-125a/Bromodomain Con-
taining 4 (BRD4) axis. circBCBM1 suppresses
miR-125a activity, leading to upregulation of
BRD4 and subsequent Matrix Metalloprote-
inase 9 (MMP9) overexpression through the
Sonic Hedgehog signaling pathway, thereby
facilitating in vitro migration and intracereb-
ral growth of brain metastatic cells [143].
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Additionally, other non-coding RNAs such as
microRNA-211, Lnc-BM and Lnc BMOR have
been implicated in promoting BCBM through
immune modulation, BBB penetration, and
other mechanisms [154].

Treatment strategies

Management of BCBM begins with determin-
ing whether the intracranial disease requires
immediate local control. Systemic treatment is
then selected according to molecular subtype,
previous therapy, and the pattern of intracrani-
al and extracranial progression [155]. Surgery
or radiotherapy should not be delayed in pa-
tients with progressive neurological symptoms,
a large lesion causing mass effect, obstructive
hydrocephalus, intracranial hemorrhage, or an
uncertain diagnosis [156, 157]. In patients with
small, asymptomatic lesions without substan-
tial mass effect, deferral of local treatment may
be considered only when a systemic regimen
has prospective evidence of CNS acti-
vity. Such a decision requires multidisciplinary
review and close MRI surveillance [155, 156].

Treatment after local therapy depends partly
on whether intracranial and extracranial dis-
ease are progressing together. Leptomeninge-
al metastasis requires separate assessment
based on neurological symptoms, brain and
spinal MRI, CSF cytology, and molecular test-
ing. Evidence derived from parenchymal brain
metastases cannot be applied directly to lep-
tomeningeal disease [158].

HER2-positive BCBM

HER2-positive BCBM has the strongest clinical
evidence for CNS-active systemic treatment.
Management therefore depends not only on
which HER2-directed agents are available, but
also on whether local treatment is immediately
required and how previous therapy has con-
trolled intracranial and extracranial disease.

Local treatment: Surgery should be consider-
ed first for patients with a symptomatic lesion,
substantial mass effect, or a need for patho-
logical confirmation. In addition to relieving in-
tracranial pressure, resection provides meta-
static tissue for reassessment of ER, PR, and
HER2 status [156, 157]. Postoperative radia-
tion is generally required. In a randomized trial,
postoperative cavity SRS caused less cognitive
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deterioration than WBRT and did not compro-
mise overall survival, although WBRT provided
better control of disease elsewhere in the brain
[159]. Cavity SRS is therefore appropriate after
complete or near-complete resection when the
surgical cavity can be treated safely.

SRS is also the principal local treatment for
patients with a limited intracranial tumor bur-
den who do not require surgery. Selection
should take into account the total tumor vol-
ume, lesion size and location, performance sta-
tus, and expected survival rather than lesion
number alone [156, 157]. WBRT remains an
option for diffuse disease or for patients who
are unsuitable for SRS. When there is no dis-
ease in the hippocampal region and the pa-
tient’s condition permits, hippocampal avoid-
ance and memantine should be considered to
reduce cognitive toxicity [160]. If only a small
number of intracranial lesions progress after
local therapy while extracranial disease re-
mains controlled, repeat SRS may allow the
existing HER2-directed regimen to be contin-
ued. Repeated intracranial failure or concur-
rent intracranial and extracranial progression
favors a switch to a systemic treatment with
greater CNS activity [161].

Systemic treatments with established CNS
activity: HER2CLIMB enrolled patients with
both stable and active brain metastases.
Adding tucatinib to trastuzumab and cape-
citabine improved intracranial disease control
and overall survival compared with trastuzum-
ab and capecitabine alone [162-164]. This trial
provides direct randomized evidence for the
tucatinib regimen in patients with active or
repeatedly progressing brain metastases. Gui-
delines from the American Society of Clinical
Oncology (ASCO) also allow selected patients
with asymptomatic lesions and no substantial
mass effect to receive this regimen before lo-
cal therapy, provided that the decision is made
by a multidisciplinary team and the patient
undergoes close intracranial monitoring [161].
HER2CLIMB was conducted before widespread
use of trastuzumab deruxtecan (T-DXd), how-
ever, so the efficacy of the tucatinib regimen
after T-DXd is supported mainly by nonran-
domized and real-world evidence.

Evidence for T-DXd comes from several study
settings. In the brain metastasis subgroup of
the randomized phase |l DESTINY-BreastO3
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trial, T-DXd produced better intracranial out-
comes than trastuzumab emtansine (T-DM1) in
patients with stable brain metastases [165].
The phase Il TUXEDO-1 trial subsequently re-
ported intracranial responses in patients with
active brain metastases, although only 15 pa-
tients were enrolled [166]. DESTINY-Breast12,
a larger nonrandomized study, included 263
patients with stable or active brain metastases
and confirmed that T-DXd has clinically relevant
intracranial activity [167]. T-DXd is therefore an
important option when both intracranial and
extracranial disease require treatment, parti-
cularly in patients who have not previously
received the drug. Careful monitoring for inter-
stitial lung disease and pneumonitis is required.

Other clinically studied options: When T-DXd
and tucatinib-based therapy are unavailable,
not tolerated, or no longer effective, other
HER2-directed regimens may be considered.
Exploratory KAMILLA data showed activity of
trastuzumab emtansine (T-DM1) in some pa-
tients with brain metastases [168]. Neratinib
plus capecitabine (TBCRC 022) and pyrotinib
plus capecitabine (PERMEATE) produced intra-
cranial responses in phase Il studies, although
neratinib requires proactive diarrhea manage-
ment [169, 170]. In PATRICIA, pertuzumab plus
high-dose trastuzumab achieved a confirmed
intracranial response rate of 11% [171]. These
nonrandomized data support selected use but
do not place the regimens at the same evi-
dence level as T-DXd or tucatinib, trastuzumab,
and capecitabine.

Investigational strategies: HER2CLIMB-04 re-
ported activity with tucatinib plus T-DXd in a
single-arm phase |l study that included pa-
tients with and without brain metastases [172].
Without a T-DXd-only control, the study can-
not determine whether tucatinib adds benefit.
The combination should remain investigational
pending randomized comparative evidence.

HR-positive/HER2-negative BCBM

HR-positive/HER2-negative tumors usually rea-
ch the brain later than HER2-positive or triple-
negative disease. Systemic treatment is sha-
ped by endocrine sensitivity, prior cyclin-de-
pendent kinase 4/6 (CDK4/6) inhibition, the
pace of intracranial progression, and action-
able alterations in PIK3CA, AKT1, PTEN, or
ESR1.
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Local treatment: The indications for surgery,
SRS, and WBRT follow the general principles
described above [156, 157]. Because endo-
crine and targeted therapies have not consis-
tently produced rapid intracranial responses,
symptomatic lesions or lesions causing mass
effect should be controlled locally before sys-
temic treatment is adjusted.

Endocrine and molecularly selected treatment:
For patients whose intracranial disease is sta-
ble after local therapy, whose tumors remain
endocrine sensitive, and who do not have rap-
idly progressive visceral disease, endocrine
therapy combined with a CDK4/6 inhibitor may
remain the basis of systemic treatment [173].
This approach is supported primarily by sur-
vival benefits observed in the broader popula-
tion with HR-positive/HER2-negative metastat-
ic breast cancer. It should not be presented as
having established activity against untreated or
progressing brain metastases.

After progression on endocrine therapy, treat-
ment can be selected according to tumor geno-
type. Alpelisib combined with fulvestrant is an
option for PIK3CA-mutated disease [174]. Ca-
pivasertib plus fulvestrant may be considered
for tumors with alterations in PIK3CA, AKT1, or
PTEN [175]. Elacestrant, an oral selective es-
trogen receptor degrader (SERD), is an option
for endocrine-dependent tumors with an ac-
quired ESR1 mutation [176]. Each of these
strategies is supported by randomized trials in
metastatic breast cancer, but their intracranial
efficacy in patients with active BCBM has not
been established.

Treatments with potential CNS activity: Abe-
maciclib is the CDK4/6 inhibitor that has un-
dergone prospective evaluation specifically in
HR-positive/HER2-negative BCBM. In a nonran-
domized phase Il study, abemaciclib and its
active metabolites reached concentrations in
resected brain metastases that were sufficient
to inhibit CDK4/6. Tissue penetration, however,
did not translate into a high intracranial re-
sponse rate [177]. Drug detection in tumor tis-
sue should therefore not be interpreted as
proof of substantial clinical efficacy.

T-DXd is also relevant to HR-positive/HER2-
negative BCBM when the metastatic tumor is
HER2-low, defined as immunohistochemistry
(IHC) 1+ or IHC 2+ with negative in situ hybrid-

3943

ization (ISH). DESTINY-BreastO4 and DESTINY-
Breast06 established the systemic efficacy of
T-DXd in previously treated HER2-low and trial-
defined HER2-ultralow metastatic breast can-
cer, respectively [178, 179]. These trials were
not designed primarily to evaluate active brain
metastases.

More direct evidence comes from the single-
arm phase || DEBBRAH study. Among 12 pa-
tients with HER2-low active brain metastases,
the intracranial objective response rate was
50.0% in six patients with untreated, asymp-
tomatic lesions and 33.3% in six patients
whose brain metastases had progressed after
local therapy [180]. The antibody-drug conju-
gate (ADC) sacituzumab govitecan improved
survival in heavily pretreated HR-positive/
HER2-negative metastatic breast cancer in
TROPICS-02 [181]. Active brain metastases
were excluded, and the trial did not include an
intracranial efficacy endpoint. A preoperative
window study detected its active payload,
SN-38, in resected brain metastasis tissue
[182]. This finding confirms drug delivery but
not clinical benefit. In a later retrospective
study of 33 patients with HER2-negative CNS
metastases, the overall CNS objective respon-
se rate was 13%; no confirmed intracranial
response was observed among the seven
patients with active brain metastases [183].
Sacituzumab govitecan may therefore be used
according to its systemic indication, but it can-
not yet be classified as a preferred CNS-active
treatment.

TNBC

TNBC brain metastases often progress rapidly,
and no systemic regimen has yet demonstrated
BCBM-specific efficacy in a large prospective
randomized trial.

Local treatment: Because reliable systemic
control of active TNBC brain metastases re-
mains limited, symptomatic, rapidly progress-
ing, or space-occupying lesions generally re-
quire early local treatment [156, 157]. Surgery
or SRS may be used for accessible lesions and
a limited intracranial burden. WBRT may be
required for diffuse disease or in selected pa-
tients with extensive symptomatic leptomenin-
geal involvement who are unsuitable for focal
treatment [184-186].
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Systemic treatment: For metastatic TNBC with
a PD-L1 combined positive score (CPS) of at
least 10, KEYNOTE-355 established pembroli-
zumab plus chemotherapy as an effective first-
line systemic treatment [187]. ASCENT-04/
KEYNOTE-D19 subsequently showed that first-
line sacituzumab govitecan plus pembrolizum-
ab prolonged progression-free survival com-
pared with chemotherapy plus pembrolizumab
in PD-L1-positive advanced TNBC [188]. Nei-
ther trial was designed to establish treatment
efficacy in active BCBM, and intracranial re-
sponse was not the primary endpoint. These
results therefore do not justify postponing local
treatment for symptomatic brain metastases.

For patients with a pathogenic germline
BRCA1/2 variant and HER2-negative metastat-
ic breast cancer, OlympiAD and EMBRACA sup-
port the systemic use of the poly(ADP-ribose)
polymerase (PARP) inhibitors olaparib and tala-
zoparib, respectively [189, 190]. Only a limited
number of patients with brain metastases were
included, and most had previously treated, sta-
ble lesions. PARP inhibitors should therefore be
selected according to germline BRCA status
and the overall pattern of disease rather than
being described as treatments with established
BCBM-specific activity.

For patients who are not candidates for immu-
notherapy, have no actionable alteration, or
experience progression after targeted treat-
ment, systemic therapy may include capeci-
tabine, platinum-based chemotherapy, or an-
other agent selected according to prior expo-
sure, organ function, and the pace of progres-
sion [191, 192]. The evidence for these agents
primarily concerns extracranial TNBC, and their
ability to control active intracranial disease
remains uncertain.

Intracranial activity of ADCs: In the subgroup of
patients with stable brain metastases enrolled
in ASCENT, sacituzumab govitecan prolonged
median progression-free survival relative to
treatment of the physician’s choice, but the
objective response rate was low and no clear
overall survival improvement was observed
[193]. Detection of SN-38 in resected BCBM
tissue in the preoperative window study shows
that the payload can reach an intracranial
tumor, but pharmacological delivery cannot
substitute for evidence of clinical response
[182]. Retrospective studies have likewise sug-
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gested some CNS activity, although confirmed
responses among patients with active brain
metastases remain uncommon [183]. Sacitu-
zumab govitecan is an important systemic
treatment for TNBC, but the available eviden-
ce does not support describing it as a BCBM-
specific therapy with established intracranial
efficacy.

T-DXd may be considered when a TNBC bra-
in metastasis is confirmed to be HER2-low.
DESTINY-BreastO4 demonstrated systemic effi-
cacy in the overall HER2-low population, but
both the HR-negative subgroup and the num-
ber of patients with brain metastases were li-
mited [178]. DEBBRAH reported intracranial
responses in a small group of patients with
HER2-low active brain metastases, but the
study was not restricted to TNBC [180]. T-DXd
is therefore a systemic option for HER2-low
TNBC, but current evidence does not support
using it in place of indicated local treatment for
all patients with active brain metastases.

Investigational strategies: Current studies are
examining the intracranial activity of ADCs and
methods for improving drug delivery. TUXEDO-4
is prospectively evaluating T-DXd in patients
with HER2-low active brain metastases [194].
Low-intensity focused ultrasound combined
with microbubbles can temporarily increase
blood-tumor barrier permeability. Human proof-
of-concept evidence in BCBM has been ob-
tained mainly in patients with HER2-positive
disease, whereas evidence for therapeutic
benefit in TNBC is still largely preclinical [195,
196]. This technique should therefore remain
classified as experimental until prospective
studies show that improved drug delivery leads
to better clinical outcomes.

Conclusions and future perspectives

The evidence discussed in this review indicates
that BCBM is not the passive endpoint of sys-
temic dissemination. It develops through suc-
cessive selective pressures imposed by the
cerebral vasculature, brain-resident cells, im-
mune surveillance, and the metabolic condi-
tions of the brain. These pressures also differ
among HER2-positive, TNBC, and HR-positive/
HER2-negative disease. This brain-specific and
subtype-dependent biology provides a com-
mon framework for interpreting mechanisms,
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biomarkers, experimental models, and treat-
ment.

Important biological gaps remain. The cell
states that permit successful BBB passage
are incompletely defined, and it is unclear why
most disseminated cells disappear while a
minority persists and later forms detectable
lesions. Matched primary tumors, extracranial
metastases, and brain lesions collected lon-
gitudinally could distinguish transient adapta-
tion from stable selection. Single-cell and spa-
tial analyses will be most informative when
anchored to such paired samples and to treat-
ment history.

Monitoring intracranial evolution poses a se-
parate challenge. MRl measures lesion burden
but offers little direct molecular information;
repeated brain biopsy is rarely feasible, and
plasma biomarkers may be dominated by ex-
tracranial tumors. Serial CSF circulating tumor
DNA could complement MRI and CSF cytology
when intracranial and systemic disease diver-
ge, but collection, processing, sequencing, and
reporting must be standardized before molecu-
lar changes can guide care.

The interpretation of experimental findings
depends equally on model selection. Spon-
taneous models retain the complete metastat-
ic cascade but are inefficient and variable.
Intravascular models are useful for examining
vascular arrest, BBB extravasation, and early
colonization, whereas intracranial models are
suited to established tumor growth and treat-
ment response. The latter cannot demonstrate
natural dissemination or drug passage across
an intact BBB. Mechanistic and therapeutic
conclusions will be more reliable when they are
reproduced across complementary models and
supported by patient-derived material.

Clinical trial design remains a major limitation.
Patients with active brain metastases or lepto-
meningeal disease are still frequently exclud-
ed, even when the investigational treatment
may have CNS activity. Future trials need
separate intracranial endpoints, prospective
assessment of neurological symptoms, and
stratification by molecular subtype, intracranial
burden, previous local treatment, and extra-
cranial disease control. Greater attention is
also required to patients whose intracranial
and extracranial disease follow different clini-
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cal courses. Connecting these trial designs
with longitudinal biomarkers and question-
appropriate models may allow brain-specific
mechanisms to inform treatment rather than
remain isolated preclinical observations.

Acknowledgements

This work was supported by Sichuan Science
and Technology Program 2022YFS0087.

Disclosure of conflict of interest
None.

Address correspondence to: Fuyan Xu, Joint Lab
of Reproductive Medicine of SCU-CUHK, Lab of
Reproductive Genetics and Epigenetics, Depart-
ment of Obstetrics/Gynecology, Key Laboratory of
Birth Defects and Related Disease of Women and
Children of MOE, West China Second University
Hospital, Sichuan University, Chengdu 610041,
Sichuan, China. E-mail: 962766607@qg.com;
Shaxin Liu, Rehabilitation Medicine Center and
Institute of Rehabilitation Medicine, Key Labora-
tory of Rehabilitation Medicine in Sichuan Province,
State Key Laboratory of Biotherapy, West China
Hospital, Sichuan University, No. 37 Guoxue Alley,
Wuhou District, Chengdu 610041, Sichuan, China.
E-mail: liushaxin@scu.edu.cn; Yao Xie, Department
of Obstetrics and Gynecology, Sichuan Provincial
People’s Hospital, School of Medicine, University of
Electronic Science and Technology of China, No. 32,
West 2nd Section of First Ring Road, Qingyang
District, Chengdu 610072, Sichuan, China. E-mail:
xieyao@med.uestc.edu.cn

References

[1]  XuY, Gong M, Wang Y, Yang Y, Liu S and Zeng
Q. Global trends and forecasts of breast can-
cer incidence and deaths. Sci Data 2023; 10:
334.

[2] Makki J. Diversity of breast carcinoma: histo-
logical subtypes and clinical relevance. Clin
Med Insights Pathol 2015; 8: 23-31.

[3] Ottesen GL. Carcinoma in situ of the female
breast. A clinico-pathological, immunohisto-
logical, and DNA ploidy study. APMIS Suppl
2003; 1-67.

[4] Shea EKH, Koh VCY and Tan PH. Invasive
breast cancer: current perspectives and
emerging views. Pathol Int 2020; 70: 242-
252.

[5] LiuJ, Guan X, Gao S, Quan L, Dou M, Yue J, Shi
M and Yuan P. Novel insight of critical genes
involved in breast cancer brain metastasis:

Am J Cancer Res 2026;16(9):3921-3957


mailto:962766607@qq.com
mailto:liushaxin@scu.edu.cn

(6]

[7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

(16]

(17]

Brain-specific biology of BCBM

evidence from a cross-tissue transcriptome as-
sociation study and validation through external
clinical cohorts. BMC Cancer 2025; 25: 707.
Chen J, Yuan S, Zhang H, Zhou J, Jiang Z and
Wang T. Construction of a prognostic hierarchi-
cal model for patients with HER2 positive
breast cancer with brain metastases. 2023;
41: e13030.

Hussain S, Mubeen |, Ullah N, Shah SSUD,
Khan BA, Zahoor M, Ullah R, Khan FA and Sul-
tan MA. Modern diagnostic imaging technique
applications and risk factors in the medical
field: a review. Biomed Res Int 2022; 2022:
5164970.

Tayyeb B and Parvin M. Pathogenesis of breast
cancer metastasis to brain: a comprehensive
approach to the signaling network. Mol Neuro-
biol 2016; 53: 446-454.

Fares J, Fares MY, Khachfe HH, Salhab HA and
Fares Y. Molecular principles of metastasis: a
hallmark of cancer revisited. Signal Transduct
Target Ther 2020; 5: 28.

Liu QL, Luo M, Huang C, Chen HN and Zhou ZG.
Epigenetic regulation of epithelial to mesen-
chymal transition in the cancer metastatic cas-
cade: implications for cancer therapy. Front
Oncol 2021; 11: 657546.

Liu LR, Liu JC, Bao JS, Bai QQ and Wang GQ.
Interaction of microglia and astrocytes in the
neurovascular unit. Front Immunol 2020; 11:
1024.

Gorgannezhad L, Umer M, Islam MN, Nguyen
NT and Shiddiky MJA. Circulating tumor DNA
and liquid biopsy: opportunities, challenges,
and recent advances in detection technolo-
gies. Lab Chip 2018; 18: 1174-1196.

Allen TA. The role of circulating tumor cells as
a liquid biopsy for cancer: advances, biology,
technical challenges, and clinical relevance.
Cancers (Basel) 2024; 16: 1377.

Mills MN, Figura NB, Arrington JA, Yu HM, Eta-
me AB, Vogelbaum MA, Soliman H, Czerniecki
BJ, Forsyth PA, Han HS and Ahmed KA.
Management of brain metastases in breast
cancer: a review of current practices and
emerging treatments. Breast Cancer Res Treat
2020; 180: 279-300.

Bailleux C, Eberst L and Bachelot T. Treatment
strategies for breast cancer brain metastases.
Br J Cancer 2021; 124: 142-155.

Liu B, Zhou H, Tan L, Siu KTH and Guan XY.
Exploring treatment options in cancer: tumor
treatment strategies. Signal Transduct Target
Ther 2024; 9: 175.

Wang Y, Ye F, Liang Y and Yang Q. Breast can-
cer brain metastasis: insight into molecular
mechanisms and therapeutic strategies. Br J
Cancer 2021; 125: 1056-1067.

3946

(18]

(19]

[20]

[22]

(23]

(24]

[25]

[26]

(27]

(28]

Jassowicz L, Feng F, Warta R, Heinicke F, Woll-
ner A, Briesch H, Sor F, Soller J, Lotsch C, Wong
JKL, Park CG, Aubert N, Scheer M, Hu Z, Knoll
M, Schlegel J, Frank L, Dao Trong P, Jungwirth
G, Nohman Al, Maaf K, Grabe N, Barthel M,
Butz S, Lulay C, Zucknick M, Bortolomeazzi M,
Sant P, Thewes V, Michel L, Fremd C, Schnee-
weiss A, Sun C, Rippe K, Abdollahi A, von Deim-
ling A, Unterberg A, Krieg SM, Mallm JP, Lichter
P, Zapatka M, Seiffert M and Herold-Mende C.
Dissecting the cellular architecture of breast
cancer brain metastases reveals prognostical-
ly distinct immune landscapes. Cancer Cell
2026; 44: 1290-1311, e1216.

Zhang X, Wang X, Shi S and Guo D. Decod-
ing the mechanisms underlying breast cancer
brain metastasis: paving the way for precision
therapeutics. Biomark Res 2025; 13: 144.
Arshad F, Wang L, Sy C, Avraham S and Avra-
ham HK. Blood-brain barrier integrity and
breast cancer metastasis to the brain. Patho-
log Res Int 2010; 2011: 920509.

Margarido AS, Uceda-Castro R, Hahn K, de
Bruijn R, Kester L, Hofland I, Lohuis J, Seinstra
D, Broeks A, Jonkers J, Broekman MLD, Wes-
seling P, Vennin C, Vizoso M and van Rheenen
J. Epithelial-to-mesenchymal transition drives
invasiveness of breast cancer brain metasta-
ses. Cancers (Basel) 2022; 14: 3115.

Strilic B, Yang L, Albarran-Juarez J, Wachsmuth
L, Han K, Muller UC, Pasparakis M and Offer-
manns S. Tumour-cell-induced endothelial cell
necroptosis via death receptor 6 promotes me-
tastasis. Nature 2016; 536: 215-218.

Jiang H, Zhou Y, Zhang W, Li H, Ma W, Ji X and
Zhou C. Molecular mechanisms of endothelial-
mesenchymal transition and its pathophysio-
logical feature in cerebrovascular disease. Cell
Biosci 2025; 15: 49.

Arvanitis CD, Ferraro GB and Jain RK. The
blood-brain barrier and blood-tumour barrier in
brain tumours and metastases. Nature Re-
views Cancer 2020; 20: 26-41.

Izadi N, Solar P, Hasanova K, Zamani A, Akbar
MS, Mrazova K, Bartosik M, Kazda T, Hrstka R
and Joukal M. Breaking boundaries: role of the
brain barriers in metastatic process. Fluids
Barriers CNS 2025; 22: 3.

Kaya M and Ahishali B. Basic physiology of the
blood-brain barrier in health and disease: a
brief overview. Tissue Barriers 2021; 9:
1840913.

Bos PD, Zhang XH, Nadal C, Shu W, Gomis RR,
Nguyen DX, Minn AJ, van de Vijver MJ, Gerald
WL, Foekens JA and Massagué J. Genes that
mediate breast cancer metastasis to the brain.
Nature 2009; 459: 1005-1009.

Valiente M, Obenauf AC, Jin X, Chen Q, Zhang
XH, Lee DJ, Chaft JE, Kris MG, Huse JT, Brogi E

Am J Cancer Res 2026;16(9):3921-3957



[29]

[30]

(31]

[32]

(33]

[34]

[35]

[36]

[37]

Brain-specific biology of BCBM

and Massagué J. Serpins promote cancer cell
survival and vascular co-option in brain metas-
tasis. Cell 2014; 156: 1002-1016.

Lee KY, Kim YJ, Yoo H, Lee SH, Park JB and Kim
HJ. Human brain endothelial cell-derived COX-
2 facilitates extravasation of breast cancer
cells across the blood-brain barrier. Anticancer
Res 2011; 31: 4307-4313.

Das D, lyer M, Roussos Torres ET, Chow FE and
Neman J. Breast-to-Brain metastasis: from mi-
croenvironment to plasticity. Curr Breast Can-
cer Rep 2023; 15: 142-151.

Evans KT, Blake K, Longworth A, Coburn MA,
Insua-Rodriguez J, McMullen TP, Nguyen QH,
Ma D, Lev T, Hernandez GA, Oganyan AK, Oru-
jyan D, Edwards RA, Pridans C, Green KN, Vil-
lalta SA, Blurton-Jones M and Lawson DA. Mi-
croglia promote anti-tumour immunity and
suppress breast cancer brain metastasis. Nat
Cell Biol 2023; 25: 1848-1859.

Sierra A, Price JE, Garcia-Ramirez M, Méndez
0, Lopez L and Fabra A. Astrocyte-derived cyto-
kines contribute to the metastatic brain speci-
ficity of breast cancer cells. Lab Invest 1997;
77:357-368.

Sirkisoon SR, Wong GL, Aguayo NR, Doheny
DL, Zhu D, Regua AT, Arrigo A, Manore SG,
Wagner C, Thomas A, Singh R, Xing F, Jin G,
Watabe K and Lo HW. Breast cancer extracel-
lular vesicles-derived miR-1290 activates as-
trocytes in the brain metastatic microenviron-
ment via the FOXA2—CNTF axis to promote
progression of brain metastases. Cancer Lett
2022; 540: 215726.

Kaverina N, Borovjagin AV, Kadagidze Z,
Baryshnikov A, Baryshnikova M, Malin D,
Ghosh D, Shah N, Welch DR, Gabikian P,
Karseladze A, Cobbs C and Ulasov IV. Astro-
cytes promote progression of breast cancer
metastases to the brain via a KISS1-mediated
autophagy. Autophagy 2017; 13: 1905-1923.
Zhang L, Zhang S, Yao J, Lowery FJ, Zhang Q,
Huang WC, Li P, Li M, Wang X, Zhang C, Wang
H, Ellis K, Cheerathodi M, McCarty JH, Palmieri
D, Saunus J, Lakhani S, Huang S, Sahin AA, Al-
dape KD, Steeg PS and Yu D. Microenviron-
ment-induced PTEN loss by exosomal microR-
NA primes brain metastasis outgrowth. Nature
2015; 527: 100-104.

Kim SJ, Kim JS, Park ES, Lee JS, Lin Q, Langley
RR, Maya M, He J, Kim SW, Weihua Z, Balasub-
ramanian K, Fan D, Mills GB, Hung MC and
Fidler 1J. Astrocytes upregulate survival genes
in tumor cells and induce protection from che-
motherapy. Neoplasia 2011; 13: 286-298.
Priego N, Zhu L, Monteiro C, Mulders M,
Wasilewski D, Bindeman W, Doglio L, Martinez
L, Martinez-Saez E, Ramén Y Cajal S, Megias
D, Hernandez-Encinas E, Blanco-Aparicio C,

3947

(38]

[39]

[40]

[42]

[43]

[44]

[45]

Martinez L, Zarzuela E, Munoz J, Fustero-Torre
C, Pineiro-Yanez E, Hernandez-Lain A, Bertero
L, Poli V, Sanchez-Martinez M, Menendez JA,
Soffietti R, Bosch-Barrera J and Valiente M.
STAT3 labels a subpopulation of reactive astro-
cytes required for brain metastasis. Nat Med
2018; 24: 1024-1035.

Ratzabi A, Caspit IM, Telechi |, Kim JS, Vaknine
H, Blinder P, Jung S and Stein R. Brain metas-
tases exhibit distinct spatial patterns of resi-
dent and infiltrating macrophages. Cell Death
Discovery 2026; 12: 211.

Foo SL, Sachaphibulkij K, Lee CLY, Yap GLR,
Cui J, Arumugam T and Lim LHK. Breast cancer
metastasis to brain results in recruitment and
activation of microglia through annexin-A1/for-
myl peptide receptor signaling. Breast Cancer
Res 2022; 24: 25.

He A, Pu Y, Jia C, Wu M, He H and Xia Y. The
influence of exercise on cancer risk, the tumor
microenvironment and the treatment of can-
cer. Sports Med 2024; 54: 1371-1397.
Adhikari E, Liu Q, Johnson J, Stewart P, Marusyk
V, Fang B, lzumi V, Bowers K, Guzman KM,
Koomen JM, Marusyk A and Lau EK. Brain me-
tastasis-associated fibroblasts secrete fucosyl-
ated PVR/CD155 that induces breast cancer
invasion. Cell Rep 2023; 42: 113463.
Lockman PR, Mittapalli RK, Taskar KS, Rudr-
araju V, Gril B, Bohn KA, Adkins CE, Roberts A,
Thorsheim HR, Gaasch JA, Huang S, Palmieri
D, Steeg PS and Smith QR. Heterogeneous
blood-tumor barrier permeability determines
drug efficacy in experimental brain metastases
of breast cancer. Clin Cancer Res 2010; 16:
5664-5678.

Ferraro GB, Ali A, Luengo A, Kodack DP, Deik A,
Abbott KL, Bezwada D, Blanc L, Prideaux B, Jin
X, Posada JM, Chen J, Chin CR, Amoozgar Z,
Ferreira R, Chen IX, Naxerova K, Ng C, Wester-
mark AM, Duquette M, Roberge S, Lindeman
NI, Lyssiotis CA, Nielsen J, Housman DE, Duda
DG, Brachtel E, Golub TR, Cantley LC, Asara
JM, Davidson SM, Fukumura D, Dartois VA,
Clish CB, Jain RK and Vander Heiden MG. Fatty
acid synthesis is required for breast cancer
brain metastasis. Nat Cancer 2021; 2: 414-
428.

Neman J, Termini J, Wilczynski S, Vaidehi N,
Choy C, Kowolik CM, Li H, Hambrecht AC,
Roberts E and Jandial R. Human breast cancer
metastases to the brain display GABAergic
properties in the neural niche. Proc Natl Acad
SciUS A2014; 111: 984-989.

Ngo B, Kim E, Osorio-Vasquez V, Doll S, Bus-
traan S, Liang RJ, Luengo A, Davidson SM, Ali
A, Ferraro GB, Fischer GM, Eskandari R, Kang
DS, Ni J, Plasger A, Rajasekhar VK, Kastenhu-
ber ER, Bacha S, Sriram RK, Stein BD, Bak-

Am J Cancer Res 2026;16(9):3921-3957



[46]

[47]

(48]

[49]

[50]

[51]

[52]

(53]

[54]

Brain-specific biology of BCBM

houm SF, Snuderl M, Cotzia P, Healey JH, Main-
olfi N, Suri V, Friedman A, Manfredi M, Sabatini
DM, Jones DR, Yu M, Zhao JJ, Jain RK, Keshari
KR, Davies MA, Vander Heiden MG, Hernando
E, Mann M, Cantley LC and Pacold ME. Limited
environmental serine and glycine confer brain
metastasis sensitivity to PHGDH inhibition.
Cancer Discov 2020; 10: 1352-1373.

Chen J, Lee HJ, Wu X, Huo L, Kim SJ, Xu L,
Wang Y, He J, Bollu LR, Gao G, Su F, Briggs J,
Liu X, Melman T, Asara JM, Fidler |1J, Cantley LC,
Locasale JW and Weihua Z. Gain of glucose-
independent growth upon metastasis of breast
cancer cells to the brain. Cancer Res 2015;
75: 554-565.

Zou Y, Watters A, Cheng N, Perry CE, Xu K, Ali-
cea GM, Parris JLD, Baraban E, Ray P, Nayak A,
Xu X, Herlyn M, Murphy ME, Weeraratna AT,
Schug ZT and Chen Q. Polyunsaturated fatty
acids from astrocytes activate PPARYy signaling
in cancer cells to promote brain metastasis.
Cancer Discov 2019; 9: 1720-1735.

He A, Wang S, Bao T, Rong S, Li C, Luo M, He C,
Yang Y and Xia Y. Exercise-induced metabolic
reprogramming and immune modulation: a
novel strategy for cancer therapy. Exerc Immu-
nol Rev 2025; 31: 43-66.

Cordero A, Kanojia D, Miska J, Panek WK, Xiao
A, Han Y, Bonamici N, Zhou W, Xiao T, Wu M,
Ahmed AU and Lesniak MS. FABP7 is a key
metabolic regulator in HER2+ breast cancer
brain metastasis. Oncogene 2019; 38: 6445-
6460.

Feng X, Shu W, Li M, Li J, Xu J and He M. Patho-
genomics for accurate diagnosis, treatment,
prognosis of oncology: a cutting edge overview.
J Transl Med 2024; 22: 131.

Raghavendra AS and Ibrahim NK. Breast can-
cer brain metastasis: a comprehensive review.
JCO Oncol Pract 2024; 20: 1348-1359.

Xu D, Hu Z, Wang K, Hu S, Zhou Y, Zhang S,
Chen Y and Pan T. Why does HER2-positive
breast cancer metastasize to the brain and
what can we do about it? Crit Rev Oncol Hema-
tol 2024; 195: 1042609.

ShiY, Sun, Yu J, Ding C, Ma Z, Wang Z, Wang
D, Wang Z, Wang M, Wang Y, Lu Y, Ai B, Feng J,
LiuY, Liu X, Liu J, Wu G, Qu B, Li X, Li E, Li W,
SongY, Chen G, Chen Z, Chen J, Yu P, Wu N, Wu
M, Xiao W, Xiao J, Zhang L, Zhang Y, Zhang Y,
Zhang S, Song X, Luo R, Zhou C, Zhou Z, Zhao
Q, Hu C, Hu Y, Nie L, Guo Q, Chang J, Huang C,
Han B, Han X, Li G, Huang Y and Shi Y. China
Experts Consensus on the Diagnosis and
Treatment of Brain Metastases of Lung Cancer
(2017 version). Zhongguo Fei Ai Za Zhi 2017;
20: 1-13.

Cho N. Imaging features of breast cancer mo-
lecular subtypes: state of the art. J Pathol
Transl Med 2021; 55: 16-25.

3948

(55]

(56]

[57]

(58]

(59]

[60]

(61]

[62]

[63]

[64]

[65]

Cha S, Lupo JM, Chen MH, Lamborn KR, Mc-
Dermott MW, Berger MS, Nelson SJ and Dillon
WP. Differentiation of glioblastoma multiforme
and single brain metastasis by peak height
and percentage of signal intensity recovery de-
rived from dynamic susceptibility-weighted
contrast-enhanced perfusion MR imaging.
AJNR Am J Neuroradiol 2007; 28: 1078-1084.
Joe NS, Hodgdon C, Kraemer L, Redmond KJ,
Stearns V and Gilkes DM. A common goal to
CARE: cancer advocates, researchers, and cli-
nicians explore current treatments and clinical
trials for breast cancer brain metastases. NPJ
Breast Cancer 2021; 7: 121.

Verger A, Tolboom N, Cicone F, Chang SM, Furt-
ner J, Galldiks N, Gempt J, Guedj E, Huang RY,
Johnson DR, Law I, Le Rhun E, Short SC, Bent
MJVD, Weehaeghe DV, Vogelbaum MA, Wen
PY, Albert NL and Preusser M. Joint EANM/
EANO/RANO/SNMMI practice guideline/pro-
cedure standard for PET imaging of brain me-
tastases: version 1.0. Eur J Nucl Med Mol Im-
aging 2025; 52: 1822-1839.

Aide N, Lasnon C, Desmonts C, Armstrong IS,
Walker MD and McGowan DR. Advances in
PET/CT technology: an update. Semin Nucl
Med 2022; 52: 286-301.

Rodriguez J, Avila J, Rolfo C, Ruiz-Patifio A, Rus-
so A, Ricaurte L, Ordéiez-Reyes C, Arrieta O,
Zatarain-Barron ZL, Recondo G and Cardona
AF. When tissue is an issue the liquid biopsy is
nonissue: a review. Oncol Ther 2021; 9: 89-
110.

Cacho-Diaz B, Garcia-Botello DR, Wegman-Os-
trosky T, Reyes-Soto G, Ortiz-Sanchez E and
Herrera-Montalvo LA. Tumor microenviron-
ment differences between primary tumor and
brain metastases. J Transl Med 2020; 18: 1.
Ma L, Guo H, Zhao 'Y, Liu Z, Wang C, Bu J, Sun
T and Wei J. Liquid biopsy in cancer: current
status, challenges and future prospects. Sig-
nal Transduct Target Ther 2024; 9: 336.

Vitale I, Shema E, Loi S and Galluzzi L. Intratu-
moral heterogeneity in cancer progression and
response to immunotherapy. Nat Med 2021;
27:212-224.

Ozer O, Nemutlu E, Recber T, Eylem CC, Aktas
BY, Kir S, Kars A and Aksoy S. Liquid biopsy
markers for early diagnosis of brain metastasis
patients with breast cancer by metabolomics.
Eur J Mass Spectrom (Chichester) 2022; 28:
56-64.

Adhit KK, Wanjari A, Menon S and Siddhaarth
K. Liquid biopsy: an evolving paradigm for non-
invasive disease diagnosis and monitoring in
medicine. Cureus 2023; 15: e50176.

Boral D, Vishnoi M, Liu HN, Yin W, Sprouse ML,
Scamardo A, Hong DS, Tan TZ, Thiery JP, Chang
JC and Marchetti D. Molecular characterization

Am J Cancer Res 2026;16(9):3921-3957



[66]

[67]

[68]

[69]

[70]

[71]

Brain-specific biology of BCBM

of breast cancer CTCs associated with brain
metastasis. Nat Commun 2017; 8: 196.
Zhang L, Ridgway LD, Wetzel MD, Ngo J, Yin W,
Kumar D, Goodman JC, Groves MD and Mar-
chetti D. The identification and characteriza-
tion of breast cancer CTCs competent for brain
metastasis. Sci Transl Med 2013; 5: 180ra148.
Gabriel MT, Calleja LR, Chalopin A, Ory B and
Heymann D. Circulating tumor cells: a review
of non-EpCAM-based approaches for cell en-
richment and isolation. Clin Chem 2016; 62:
571-581.

Grover PK, Cummins AG, Price TJ, Roberts-
Thomson IC and Hardingham JE. Circulating
tumour cells: the evolving concept and the in-
adequacy of their enrichment by EpCAM-based
methodology for basic and clinical cancer re-
search. Ann Oncol 2014; 25: 1506-1516.
Bartolomucci A, Nobrega M, Ferrier T, Dickin-
son K, Kaorey N, Nadeau A, Castillo A and
Burnier JV. Circulating tumor DNA to monitor
treatment response in solid tumors and ad-
vance precision oncology. NPJ Precis Oncol
2025; 9: 84.

Shah AN, Santa-Maria CA, Mukhija D, Shah N,
Kang AK, Kumthekar P, Burdett K, Chandra S,
Chang J, Tsarwhas D, Woodman J, Jovanovic B,
Gerratana L, Gradishar W and Cristofanilli M. A
phase Il single-arm study of palbociclib in pa-
tients with HER2-positive breast cancer with
brain metastases and analysis of ctdna in pa-
tients with active brain metastases. Clin Breast
Cancer 2023; 23: 324-329.

Hoshino A, Kim HS, Bojmar L, Gyan KE, Cioffi
M, Hernandez J, Zambirinis CP, Rodrigues G,
Molina H, Heissel S, Mark MT, Steiner L, Beni-
to-Martin A, Lucotti S, Di Giannatale A, Offer K,
Nakajima M, Williams C, Nogués L, Pelissier
Vatter FA, Hashimoto A, Davies AE, Freitas D,
Kenific CM, Ararso Y, Buehring W, Lauritzen P,
Ogitani Y, Sugiura K, Takahashi N, AleCkovi¢ M,
Bailey KA, Jolissant JS, Wang H, Harris A,
Schaeffer LM, Garcia-Santos G, Posner Z,
Balachandran VP, Khakoo Y, Raju GP, Scherz A,
Sagi |, Scherz-Shouval R, Yarden Y, Oren M,
Malladi M, Petriccione M, De Braganca KC,
Donzelli M, Fischer C, Vitolano S, Wright GP,
Ganshaw L, Marrano M, Ahmed A, DeStefano
J, Danzer E, Roehrl MHA, Lacayo NJ, Vincent
TC, Weiser MR, Brady MS, Meyers PA, Wexler
LH, Ambati SR, Chou AJ, Slotkin EK, Modak S,
Roberts SS, Basu EM, Diolaiti D, Krantz BA,
Cardoso F, Simpson AL, Berger M, Rudin CM,
Simeone DM, Jain M, Ghajar CM, Batra SK,
Stanger BZ, Bui J, Brown KA, Rajasekhar VK,
Healey JH, de Sousa M, Kramer K, Sheth S,
Baisch J, Pascual V, Heaton TE, La Quaglia MP,
Pisapia DJ, Schwartz R, Zhang H, Liu Y, Shukla
A, Blavier L, DeClerck YA, LaBarge M, Bissell

3949

[72]

(73]

[74]

[75]

[76]

[(77]

(78]

[79]

MJ, Caffrey TC, Grandgenett PM, Hollingsworth
MA, Bromberg J, Costa-Silva B, Peinado H,
Kang Y, Garcia BA, O'Reilly EM, Kelsen D, Trip-
pett TM, Jones DR, Matei IR, Jarnagin WR and
Lyden D. Extracellular vesicle and particle bio-
markers define multiple human cancers. Cell
2020; 182: 1044-1061, e1018.

Bandu R, Oh JW and Kim KP. Mass spectrome-
try-based proteome profiling of extracellular
vesicles and their roles in cancer biology. Exp
Mol Med 2019; 51: 1-10.

Curtaz CJ, Reifschlager L, Strahle L, Feldheim
J, Feldheim JJ, Schmitt C, Kiesel M, Herbert SL,
Wockel A, Meybohm P and Burek M. Analysis
of microRNAs in exosomes of breast cancer
patients in search of molecular prognostic fac-
tors in brain metastases. Int J Mol Sci 2022;
23: 3683.

Jiang BY, Li YS, Guo WB, Zhang XC, Chen ZH,
Su J, Zhong WZ, Yang XN, Yang JJ, Shao Y,
Huang B, Liu YH, Zhou Q, Tu HY, Chen HJ, Wang
Z, Xu CR, Wang BC, Wu SY, Gao CY, Zhang X
and Wu YL. Detection of driver and resistance
mutations in leptomeningeal metastases of
NSCLC by next-generation sequencing of cere-
brospinal fluid circulating tumor cells. Clin Can-
cer Res 2017; 23: 5480-5488.

Connolly ID, Li Y, Gephart MH and Nagpal S.
The “liquid biopsy”: the role of circulating dna
and rna in central nervous system tumors.
Curr Neurol Neurosci Rep 2016; 16: 25.
Angus L, Deger T, Jager A, Martens JWM, de
Weerd V, van Heuvel |, van den Bent MJ, Sille-
vis Smitt PAE, Kros JM, Bindels EMJ, Heitzer E,
Sleijfer S, Jongen JLM and Wilting SM. Detec-
tion of aneuploidy in cerebrospinal fluid from
patients with breast cancer can improve diag-
nosis of leptomeningeal metastases. Clin Can-
cer Res 2021, 27: 2798-2806.

Angus L, Martens JWM, van den Bent MJ, Sil-
levis Smitt PAE, Sleijfer S and Jager A. Novel
methods to diagnose leptomeningeal metasta-
ses in breast cancer. Neuro Oncol 2019; 21:
428-439.

Fitzpatrick A, Iravani M, Mills A, Childs L,
Alaguthurai T, Clifford A, Garcia-Murillas 1, Van
Laere S, Dirix L, Harries M, Okines A, Turner
NC, Haider S, Tutt ANJ and Isacke CM. Assess-
ing CSF ctDNA to improve diagnostic accuracy
and therapeutic monitoring in breast cancer
leptomeningeal metastasis. Clin Cancer Res
2022; 28: 1180-1191.

Fitzpatrick A, lravani M, Mills A, Vicente D,
Alaguthurai T, Roxanis I, Turner NC, Haider S,
Tutt ANJ and Isacke CM. Genomic profiling and
pre-clinical modelling of breast cancer lepto-
meningeal metastasis reveals acquisition of
a lobular-like phenotype. Nat Commun 2023;
14: 7408.

Am J Cancer Res 2026;16(9):3921-3957



[80]

(81]

[82]

[83]

(84]

[85]

(86]

[87]

(88]

Brain-specific biology of BCBM

Siravegna G, Geuna E, Mussolin B, Crisafulli G,
Bartolini A, Galizia D, Casorzo L, Sarotto I, Scal-
triti M, Sapino A, Bardelli A and Montemurro F.
Genotyping tumour DNA in cerebrospinal fluid
and plasma of a HER2-positive breast cancer
patient with brain metastases. ESMO Open
2017; 2: e000253.

Luo X, YangY, Yin S, Li H, Shao Y, Zheng D, Li X,
LiJ, Fan W, Li J, Ban X, Lian S, Zhang, Yang Q,
Zhang W, Zhang C, Ma L, Luo Y, Zhou F, Wang
S, Lin C, Li J, Luo M, He J, Xu G, Gao Y, Shen D,
Sun 'Y, Mou Y, Zhang R and Xie C. Automated
segmentation of brain metastases with deep
learning: a multi-center, randomized crossover,
multi-reader evaluation study. Neuro Oncol
2024; 26: 2140-2151.

Buchner JA, Kofler F, Etzel L, Mayinger M,
Christ SM, Brunner TB, Wittig A, Menze B, Zim-
mer C, Meyer B, Guckenberger M, Andratschke
N, El Shafie RA, Debus J, Rogers S, Riesterer O,
Schulze K, Feldmann HJ, Blanck O, Zamboglou
C, Ferentinos K, Wolff R, Eitz KA, Combs SE,
Bernhardt D, Wiestler B and Peeken JC.
Development and external validation of an
MRI-based neural network for brain metasta-
sis segmentation in the AURORA multicenter
study. Radiother Oncol 2023; 178: 109425.
HanY, Zhang L, Niu S, Chen S, Yang B, Chen H,
Zheng F, Zang Y, Zhang H, Xin Y and Chen X.
Differentiation between glioblastoma multi-
forme and metastasis from the lungs and oth-
er sites using combined clinical/routine MRI
radiomics. Front Cell Dev Biol 2021; 9: 710461.
Cho S, Joo B, Park M, Ahn SJ, Suh SH, Park YW,
Ahn SS and Lee SK. A radiomics-based model
for potentially more accurate identification of
subtypes of breast cancer brain metastases.
Yonsei Med J 2023; 64: 573-580.

Luo X, Xie H, Yang Y, Zhang C, Zhang Y, Li Y,
Yang Q, Wang D, Luo Y, Mai Z, Xie C and Yin S.
Radiomic signatures for predicting receptor
status in breast cancer brain metastases.
Front Oncol 2022; 12: 878388.

Sun Q, Zhang Q, Xiao Y and Pei X. Prediction
of hormone receptor status in breast cancer
brain metastases using an MRI-based multi-
modal deep learning framework. Front Hum
Neurosci 2026; 20: 1858163.

Li C, Liu M, Zhang Y, Wang Y, Li J, Sun S, Liu X,
Wu H, Feng C, Yao P, Jia Y, Zhang Y, Wei X, Wu
F, Du C, Zhao X, Zhang S and Qu J. Novel mod-
els by machine learning to predict prognosis of
breast cancer brain metastases. J Transl Med
2023; 21: 404.

Cho SJ, Cho W, Choi D, Sim G, Jeong SY, Baik
SH, Bae YJ, Choi BS, Kim JH, Yoo S, Han JH,
Kim CY, Choo J and Sunwoo L. Prediction of
treatment response after stereotactic radio-
surgery of brain metastasis using deep learn-

3950

(89]

[90]

[92]

(93]

[94]

[95]

[96]

ing and radiomics on longitudinal MRI data.
Sci Rep 2024; 14: 11085.

Peng L, Parekh V, Huang P, Lin DD, Sheikh K,
Baker B, Kirschbaum T, Silvestri F, Son J, Rob-
inson A, Huang E, Ames H, Grimm J, Chen L,
Shen C, Soike M, McTyre E, Redmond K, Lim
M, Lee J, Jacobs MA and Kleinberg L. Distin-
guishing true progression from radionecrosis
after stereotactic radiation therapy for brain
metastases with machine learning and ra-
diomics. Int J Radiat Oncol Biol Phys 2018;
102: 1236-1243.

Young D, Lam WW, Chan RW, Sussman D,
Maralani PJ, Sahgal A, Soliman H and Stanisz
GJ. Saturation transfer imaging radiomics us-
ing machine learning improves differentiation
of tumor progression from radiation necrosis
in brain metastases. Neurooncol Adv 2025; 7:
vdaf206.

Pandey S, Kutuk T, Abdalah MA, Stringfield O,
Ravi H, Mills MN, Graham JA, Latifi K, Moreno
WA, Ahmed KA and Raghunand N. Prediction
of radiologic outcome-optimized dose plans
and post-treatment magnetic resonance im-
ages: a proof-of-concept study in breast cancer
brain metastases treated with stereotactic ra-
diosurgery. Phys Imaging Radiat Oncol 2024,
31: 100602.

Lotter W, Hassett MJ, Schultz N, Kehl KL, Van
Allen EM and Cerami E. Artificial intelligence in
oncology: current landscape, challenges, and
future directions. Cancer Discov 2024; 14:
711-726.

Morganti S, Parsons HA, Lin NU and Grinshpun
A. Liquid biopsy for brain metastases and lep-
tomeningeal disease in patients with breast
cancer. NPJ Breast Cancer 2023; 9: 43.

Bhatti NB, Stewart J, Chugh B, Detsky J, Tseng
CL, Heyn C, Maralani PJ, Sahgal A, Soliman H
and Sadeghi-Naini A. Longitudinal assessment
of radiosurgery response in small brain metas-
tases: Al-driven precision tumor segmentation
and monitoring on serial MRI. Med Phys 2026;
53:e70273.

Lorusso G, Wyss CB, Kuonen F, Vannini N, Bil-
lottet C, Duffey N, Pineau R, Lan Q, Wirapati P,
Barras D, Tancredi A, Lyck R, Lehr HA, Engel-
hardt B, Delorenzi M, Bikfalvi A and Ruegg C.
Connexins orchestrate progression of breast
cancer metastasis to the brain by promoting
FAK activation. Sci Transl Med 2022; 14:
eaax8933.

Echeverria GV, Powell E, Seth S, Ge Z, Carugo
A, Bristow C, Peoples M, Robinson F, Qiu H,
Shao J, Jeter-Jones SL, Zhang X, Ramamoorthy
V, Cai S, Wu W, Draetta G, Moulder SL, Sym-
mans WF, Chang JT, Heffernan TP and Piwnica-
Worms H. High-resolution clonal mapping of

Am J Cancer Res 2026;16(9):3921-3957



Brain-specific biology of BCBM

multi-organ metastasis in triple negative
breast cancer. Nat Commun 2018; 9: 5079.

[97] Malin D, Strekalova E, Petrovic V, Deal AM, Al
Ahmad A, Adamo B, Miller CR, Ugolkov A,
Livasy C, Fritchie K, Hamilton E, Blackwell K,
Geradts J, Ewend M, Carey L, Shusta EV, An-
ders CK and Cryns VL. aB-crystallin: a novel
regulator of breast cancer metastasis to the
brain. Clin Cancer Res 2014; 20: 56-67.

[98] Kim SH, Redvers RP, Chi LH, Ling X, Lucke AJ,
Reid RC, Fairlie DP, Martin ACBM, Anderson
RL, Denoyer D and Pouliot N. Identification of
brain metastasis genes and therapeutic eva-
luation of histone deacetylase inhibitors in a
clinically relevant model of breast cancer bra-
in metastasis. Dis Model Mech 2018; 11:
DMMO034850.

[99] Chang G, Shi L, Ye Y, Shi H, Zeng L, Tiwary S,
Huse JT, Huo L, Ma L, Ma Y, Zhang S, Zhu J, Xie
V, Li P, Han L, He C and Huang S. YTHDF3 in-
duces the translation of m(6)A-enriched gene
transcripts to promote breast cancer brain me-
tastasis. Cancer Cell 2020; 38: 857-871,
e857.

[100] Zhang C, Lowery FJ and Yu D. Intracarotid can-
cer cell injection to produce mouse models of
brain metastasis. J Vis Exp 2017; 55085.

[101] Wang S, Liang K, Hu Q, Li P, Song J, Yang Y, Yao
J, Mangala LS, Li C, Yang W, Park PK, Hawke
DH, Zhou J, Zhou Y, Xia W, Hung MC, Marks JR,
Gallick GE, Lopez-Berestein G, Flores ER, Sood
AK, Huang S, Yu D, Yang L and Lin C. JAK2-
binding long noncoding RNA promotes breast
cancer brain metastasis. J Clin Invest 2017;
127: 4498-4515.

[102] Ma W, Oliveira-Nunes MC, Xu K, Kossenkov A,
Reiner BC, Crist RC, Hayden J and Chen Q. Type
| interferon response in astrocytes promotes
brain metastasis by enhancing monocytic my-
eloid cell recruitment. Nat Commun 2023; 14:
2632.

[103] Xing F, Liu Y, Wu SY, Wu K, Sharma S, Mo YY,
Feng J, Sanders S, Jin G, Singh R, Vidi PA, Tyagi
A, Chan MD, Ruiz J, Debinski W, Pasche BC, Lo
HW, Metheny-Barlow LJ, D’Agostino RB Jr and
Watabe K. Loss of XIST in breast cancer acti-
vates MSN-c-met and reprograms microglia via
exosomal miRNA to promote brain metastasis.
Cancer Res 2018; 78: 4316-4330.

[104] Contreras-Zarate MJ, Ormond DR, Gillen AE,
Hanna C, Day NL, Serkova NJ, Jacobsen BM,
Edgerton SM, Thor AD, Borges VF, Lillehei KO,
Graner MW, Kabos P and Cittelly DM. Develop-
ment of novel patient-derived xenografts from
breast cancer brain metastases. Front Oncol
2017; 7: 252.

[105] Liu Z, Wang Y, Kabraji S, Xie S, Pan P, Liu Z, Ni
J and Zhao JJ. Improving orthotopic mouse
models of patient-derived breast cancer brain

3951

metastases by a modified intracarotid injec-
tion method. Sci Rep 2019; 9: 622.

[106] Tew BY, Legendre C, Schroeder MA, Triche T,
Gooden GC, Huang Y, Butry L, Ma DJ, Johnson
K, Martinez RA, Pierobon M, Petricoin EF,
O’Shaughnessy J, Osborne C, Tapia C, Buckley
DN, Glen J, Bernstein M, Sarkaria JN, Toms SA
and Salhia B. Patient-derived xenografts of
central nervous system metastasis reveal ex-
pansion of aggressive minor clones. Neuro On-
col 2020; 22: 70-83.

[107] Ni J, Ramkissoon SH, Xie S, Goel S, Stover DG,
Guo H, Luu V, Marco E, Ramkissoon LA, Kang
YJ, Hayashi M, Nguyen QD, Ligon AH, Du R,
Claus EB, Alexander BM, Yuan GC, Wang ZC,
Iglehart JD, Krop IE, Roberts TM, Winer EP, Lin
NU, Ligon KL and Zhao JJ. Combination inhibi-
tion of PIBK and mTORC1 yields durable re-
missions in mice bearing orthotopic patient-
derived xenografts of HER2-positive breast
cancer brain metastases. Nat Med 2016; 22:
723-726.

[108] Guillen KP, Fujita M, Butterfield AJ, Scherer SD,
Bailey MH, Chu Z, DeRose YS, Zhao L, Cortes-
Sanchez E, Yang CH, Toner J, Wang G, Qiao Y,
Huang X, Greenland JA, Vahrenkamp JM, Lum
DH, Factor RE, Nelson EW, Matsen CB, Poretta
JM, Rosenthal R, Beck AC, Buys SS, Vaklavas
C, Ward JH, Jensen RL, Jones KB, Li Z, Oester-
reich S, Dobrolecki LE, Pathi SS, Woo XY, Ber-
rett KC, Wadsworth ME, Chuang JH, Lewis MT,
Marth GT, Gertz J, Varley KE, Welm BE and
Welm AL. A human breast cancer-derived xe-
nograft and organoid platform for drug discov-
ery and precision oncology. Nat Cancer 2022;
3:232-250.

[109] Wang C, Nagayach A, Patel H, Dao L, Zhu H,
Wasylishen AR, Fan Y, Kendler A and Guo Z.
Utilizing human cerebral organoids to model
breast cancer brain metastasis in culture.
Breast Cancer Res 2024; 26: 108.

[110] Ippen FM, Alvarez-Breckenridge CA, Kuter BM,
Fink AL, Bihun IV, Lastrapes M, Penson T,
Schmidt SP, Wojtkiewicz GR, Ning J, Subrama-
nian M, Giobbie-Hurder A, Martinez-Lage M,
Carter SL, Cahill DP, Wakimoto H and Brastia-
nos PK. The dual PI3K/mTOR pathway inhibi-
tor GDC-0084 achieves antitumor activity in
PIK3CA-mutant breast cancer brain metasta-
ses. Clin Cancer Res 2019; 25: 3374-3383.

[111] Nagpal A, Redvers RP, Ling X, Ayton S, Fuentes
M, Tavancheh E, Diala I, Lalani A, Loi S, David
S, Anderson RL, Smith Y, Merino D, Denoyer D
and Pouliot N. Neoadjuvant neratinib promotes
ferroptosis and inhibits brain metastasis in a
novel syngeneic model of spontaneous HER2+
ve breast cancer metastasis. Breast Cancer
Res 2019; 21: 94.

Am J Cancer Res 2026;16(9):3921-3957



Brain-specific biology of BCBM

[112] Zhang S, Huang WC, Zhang L, Zhang C, Lowery
FJ, Ding Z, Guo H, Wang H, Huang S, Sahin AA,
Aldape KD, Steeg PS and Yu D. SRC family ki-
nases as novel therapeutic targets to treat
breast cancer brain metastases. Cancer Res
2013; 73: 5764-5774.

[113] Zhang L, Yao J, Wei Y, Zhou Z, Li P, Qu J, Badu-
Nkansah A, Yuan X, Huang YW, Fukumura K,
Mao X, Chang WC, Saunus J, Lakhani S, Huse
JT, Hung MC and Yu D. Blocking immunosup-
pressive neutrophils deters pY696-EZH2-driv-
en brain metastases. Sci Transl Med 2020;
12: eaazb387.

[114] Gril B, Palmieri D, Bronder JL, Herring JM, Ve-
ga-Valle E, Feigenbaum L, Liewehr DJ, Stein-
berg SM, Merino MJ, Rubin SD and Steeg PS.
Effect of lapatinib on the outgrowth of meta-
static breast cancer cells to the brain. J Natl
Cancer Inst 2008; 100: 1092-1103.

[115] Chen Q, Boire A, Jin X, Valiente M, Er EE, Lopez-
Soto A, Jacob L, Patwa R, Shah H, Xu K, Cross
JR and Massagué J. Carcinoma-astrocyte gap
junctions promote brain metastasis by cGAMP
transfer. Nature 2016; 533: 493-498.

[116] Klotz R, Thomas A, Teng T, Han SM, Iriondo O,
Li L, Restrepo-Vassalli S, Wang A, Izadian N,
MacKay M, Moon BS, Liu KJ, Ganesan SK, Lee
G, Kang DS, Walmsley CS, Pinto C, Press MF,
Lu W, Lu J, Juric D, Bardia A, Hicks J, Salhia B,
Attenello F, Smith AD and Yu M. Circulating tu-
mor cells exhibit metastatic tropism and reveal
brain metastasis drivers. Cancer Discov 2020;
10: 86-103.

[117] Klemm F, Mockl A, Salamero-Boix A, Alekseeva
T, Schaffer A, Schulz M, Niesel K, Maas RR,
Groth M, Elie BT, Bowman RL, Hegi ME, Daniel
RT, Zeiner PS, Zinke J, Harter PN, Plate KH,
Joyce JA and Sevenich L. Compensatory CSF2-
driven macrophage activation promotes adap-
tive resistance to CSF1R inhibition in breast-
to-brain metastasis. Nat Cancer 2021; 2:
1086-1101.

[118] Zeng Q, Michael IP, Zhang P, Saghafinia S,
Knott G, Jiao W, McCabe BD, Galvan JA, Robin-
son HPC, Zlobec I, Ciriello G and Hanahan D.
Synaptic proximity enables NMDAR signalling
to promote brain metastasis. Nature 2019;
573:526-531.

[119] Deshpande K, Martirosian V, Nakamura BN,
Das D, lyer M, Reed M, Shao L, Bamshad D,
Buckley NJ and Neman J. SRRM4-mediated
REST to REST4 dysregulation promotes tumor
growth and neural adaptation in breast cancer
leading to brain metastasis. Neuro Oncol
2024; 26: 309-322.

[120] Marquez-Ortiz RA, Contreras-Zarate MJ, Tesic
V, Alvarez-Eraso KLF, Kwak G, Littrell Z, Costel-
lo JC, Sreekanth V, Ormond DR, Karam SD, Ka-
bos P and Cittelly DM. IL13Ra2 promotes pro-

3952

liferation and outgrowth of breast cancer brain
metastases. Clin Cancer Res 2021; 27: 6209-
6221.

[121] Xu F, Li J, Ai M, Zhang T, Ming Y, Li C, Pu W,
Yang, LiZ, QiY, Xu X, Sun Q, Yuan Z, Xia Y and
Peng Y. Penfluridol inhibits melanoma growth
and metastasis through enhancing von Hippel-
Lindau tumor suppressor-mediated cancer-
ous inhibitor of protein phosphatase 2A (Cl-
P2A) degradation. MedComm (2020) 2024; 5:
e758.

[122] Xia Y, Xu F, Xiong M, Yang H, Lin W, Xie Y, Xi H,
Xue Q, Ye T and Yu L. Repurposing of antipsy-
chotic trifluoperazine for treating brain metas-
tasis, lung metastasis and bone metastasis of
melanoma by disrupting autophagy flux. Phar-
macol Res 2021; 163: 105295.

[123]Feng Z, XiaY, Gao T, Xu F, Lei Q, Peng C, Yang Y,
Xue Q, Hu X, Wang Q, Wang R, Ran Z, Zeng Z,
Yang N, Xie Zand Yu L. The antipsychotic agent
trifluoperazine hydrochloride suppresses tri-
ple-negative breast cancer tumor growth and
brain metastasis by inducing GO/G1 arrest
and apoptosis. Cell Death Dis 2018; 9: 1006.

[124] Xu F, Xia Y, Feng Z, Lin W, Xue Q, Jiang J, Yu X,
Peng C, Luo M, Yang Y, Wei Y and Yu L. Reposi-
tioning antipsychotic fluphenazine hydrochlo-
ride for treating triple negative breast cancer
with brain metastases and lung metastases.
Am J Cancer Res 2019; 9: 459-478.

[125]Pu Y, Xu F, He A, Li R, Wang X, Zhou L, Sun H,
Zhang Y and Xia Y. Repurposing chlorproma-
zine for the treatment of triple-negative breast
cancer growth and metastasis based on mo-
dulation of mitochondria-mediated apoptosis
and autophagy/mitophagy. Br J Cancer 2025;
132: 997-1009.

[126] Kijewska M, Viski C, Turrell F, Fitzpatrick A, van
Weverwijk A, Gao Q, Iravani M and Isacke CM.
Using an in-vivo syngeneic spontaneous me-
tastasis model identifies ID2 as a promoter of
breast cancer colonisation in the brain. Breast
Cancer Res 2019; 21: 4.

[127] Godinho-Pereira J, Vaz D, Figueira |, Aniceto-
Romao J, Krizbai |, Malhé R, Rocha J, Carval-
heiro MC, Simoes S, Gaspar MM and Brito MA.
Breast cancer brain metastases: implementa-
tion and characterization of a mouse model
relying on malignant cells inoculation in the
carotid artery. Cells 2023; 12: 2076.

[128] Nayyar N, de Sauvage MA, Chuprin J, Sullivan
EM, Singh M, Torrini C, Zhang BS, Bandyopad-
hyay S, Daniels KA, Alvarez-Breckenridge C,
Dahal A, Brehm MA and Brastianos PK.
CDK4/6 inhibition sensitizes intracranial tu-
mors to PD-1 blockade in preclinical models
of brain metastasis. Clin Cancer Res 2024; 30:
420-435.

Am J Cancer Res 2026;16(9):3921-3957



Brain-specific biology of BCBM

[129] Knier NN, Pellizzari S, Zhou J, Foster PJ and
Parsyan A. Preclinical models of brain metas-
tases in breast cancer. Biomedicines 2022;
10: 667.

[130] Carvalho E, Canberk S, Schmitt F and Vale N.
Molecular subtypes and mechanisms of breast
cancer: precision medicine approaches for
targeted therapies. Cancers (Basel) 2025; 17:
1102.

[131] Blazquez R, Wlochowitz D, Wolff A, Seitz S,
Wachter A, Perera-Bel J, Bleckmann A,
BeifRbarth T, Salinas G, Riemenschneider MJ,
Proescholdt M, Evert M, Utpatel K, Siam L,
Schatlo B, Balkenhol M, Stadelmann C, Schild-
haus HU, Korf U, Reinz E, Wiemann S, Vollmer
E, Schulz M, Ritter U, Hanisch UK and Pukrop
T. PI3K: a master regulator of brain metasta-
sis-promoting macrophages/microglia. Glia
2018; 66: 2438-2455.

[132] Xing F, Liu Y, Sharma S, Wu K, Chan MD, Lo
HW, Carpenter RL, Metheny-Barlow LJ, Zhou X,
Qasem SA, Pasche B and Watabe K. Activation
of the c-Met pathway mobilizes an inflamma-
tory network in the brain microenvironment to
promote brain metastasis of breast cancer.
Cancer Res 2016; 76: 4970-4980.

[133] Liu Y, Smith MR, Wang Y, D’Agostino R Jr, Ruiz
J, Lycan T, Kucera GL, Miller LD, Li W, Chan MD,
Farris M, Su J, Song Q, Zhao D, Chandrasek-
aran A and Xing F. c-met mediated cytokine
network promotes brain metastasis of breast
cancer by remodeling neutrophil activities.
Cancers (Basel) 2023; 15: 2626.

[134] Gautam SK, Kanchan RK, Siddiqui JA, Maurya
SK, Rauth S, Perumal N, Atri P, Venkata RC,
Mallya K, Mirza S, Ponnusamy MP, Band V,
Mahapatra S, Jain M, Batra SK and Nasser
MW. Blocking c¢c-MET/ERBB1 axis prevents
brain metastasis in ERBB2+ breast cancer.
Cancers (Basel) 2020; 12: 2838.

[135] Cicero J, Trouvilliez S, Palma M, Ternier G, De-
coster L, Happernegg E, Barois N, Van Outryve
A, Dehouck L, Bourette RP, Adriaenssens E,
Lagadec C, Tarhan CM, Collard D, Souguir Z,
Vandenhaute E, Maubon G, Sipieter F, Borghi
N, Shimizu F, Kanda T, Giacobini P, Gosselet F,
Maubon N, Le Bourhis X, Van Seuningen |,
Mysiorek C and Toillon RA. ProNGF promotes
brain metastasis through TrkA/EphA2 induced
Src activation in triple negative breast cancer
cells. Exp Hematol Oncol 2023; 12: 104.

[136] Contreras-Zarate MJ, Day NL, Ormond DR,
Borges VF, Tobet S, Gril B, Steeg PS and Cittelly
DM. Estradiol induces BDNF/TrkB signaling in
triple-negative breast cancer to promote brain
metastases. Oncogene 2019; 38: 4685-4699.

[137] Zhang M, Liu ZZ, Aoshima K, Cai WL, Sun H, Xu
T, Zhang Y, An Y, Chen JF, Chan LH, Aoshima A,
Lang SM, Tang Z, Che X, Li Y, Rutter SJ, Bossuyt

3953

V, Chen X, Morrow JS, Pusztai L, Rimm DL, Yin
M and Yan Q. CECR2 drives breast cancer me-
tastasis by promoting NF-kB signaling and
macrophage-mediated immune suppression.
Sci Transl Med 2022; 14: eabf5473.

[138] Andrikopoulou A, Liontos M, Koutsoukos K,
Dimopoulos MA and Zagouri F. The emerging
role of BET inhibitors in breast cancer. Breast
2020; 53: 152-163.

[139] Lee HY, Cha J, Kim SK, Park JH, Song KH, Kim
P and Kim MY. c-MYC drives breast cancer me-
tastasis to the brain, but promotes synthetic
lethality with TRAIL. Mol Cancer Res 2019; 17:
544-554.

[140] Hashemi-Sadraei N, Muller-Greven GM, Abdul-
Karim FW, Ulasov |, Downs-Kelly E, Burgett ME,
Lauko A, Qadan MA, Weil RJ, Ahluwalia MS, Du
L, Prayson RA, Chao ST, Budd TG, Barnholtz-
Sloan J, Nowacki AS, Keri RA and Gladson CL.
Expression of LC3B and FIP200/Atg17 in bra-
in metastases of breast cancer. J Neurooncol
2018; 140: 237-248.

[141] Ahn S, Woo JW, Lee K and Park SY. HER2 sta-
tus in breast cancer: changes in guidelines
and complicating factors for interpretation. J
Pathol Transl Med 2020; 54: 34-44.

[142] Parida PK, Marquez-Palencia M, Nair V,
Kaushik AK, Kim K, Sudderth J, Quesada-Diaz
E, Cajigas A, Vemireddy V, Gonzalez-Ericsson
Pl, Sanders ME, Mobley BC, Huffman K, Sahoo
S, Alluri P, Lewis C, Peng Y, Bachoo RM,
Arteaga CL, Hanker AB, DeBerardinis RJ and
Malladi S. Metabolic diversity within breast
cancer brain-tropic cells determines metastat-
ic fitness. Cell Metab 2022; 34: 90-105, e107.

[143] Fu B, Liu W, Zhu C, Li P, Wang L, Pan L, Li K, Cai
P, Meng M, Wang Y, Zhang A, Tang W and An M.
Circular RNA circBCBM1 promotes breast can-
cer brain metastasis by modulating miR-125a/
BRD4 axis. Int J Biol Sci 2021; 17: 3104-3117.

[144] Xing F, Sharma S, Liu Y, Mo YY, Wu K, Zhang YY,
Pochampally R, Martinez LA, Lo HW and Wa-
tabe K. miR-509 suppresses brain metastasis
of breast cancer cells by modulating RhoC and
TNF-a. Oncogene 2015; 34: 4890-4900.

[145] Joshi H and Press MF. Molecular oncology of
breast cancer. In: editors. The Breast. Elsevier;
2018. pp. 282-307, €285.

[146] Choy C, Ansari KI, Neman J, Hsu S, Duenas MJ,
Li H, Vaidehi N and Jandial R. Cooperation
of neurotrophin receptor TrkB and Her2 in
breast cancer cells facilitates brain metasta-
ses. Breast Cancer Res 2017; 19: 51.

[147] Ghoochani A, Schwarz MA, Yakubov E, Engel-
horn T, Doerfler A, Buchfelder M, Bucala R,
Savaskan NE and Eyupoglu IY. MIF-CD74
signaling impedes microglial M1 polarization
and facilitates brain tumorigenesis. Oncogene
2016; 35: 6246-6261.

Am J Cancer Res 2026;16(9):3921-3957



Brain-specific biology of BCBM

[148] Li R, Ma Y, He A, Pu Y, Wan X, Sun H, Wang N,
Luo M, Wang G and Xia Y. Fasting enhances
the efficacy of Sorafenib in breast cancer via
mitophagy mediated ROS-driven p53 pathway.
Free Radic Biol Med 2025; 229: 350-363.

[149] Maiti A and Hait NC. Autophagy-mediated tu-
mor cell survival and progression of breast
cancer metastasis to the brain. J Cancer 2021;
12: 954-964.

[150] Santidrian AF, Matsuno-Yagi A, Ritland M, Seo
BB, LeBoeuf SE, Gay LJ, Yagi T and Felding-
Habermann B. Mitochondrial complex | activity
and NAD+/NADH balance regulate breast can-
cer progression. J Clin Invest 2013; 123: 1068-
1081.

[151] Ulasov IV, Borovjagin AV, Timashev P, Cristo-
fanili M and Welch DR. KISS1 in breast cancer
progression and autophagy. Cancer Metasta-
sis Rev 2019; 38: 493-506.

[152] Liu X, Zhang Y, Wu X, Xu F, Ma H, Wu M and
Xia Y. Targeting ferroptosis pathway to combat
therapy resistance and metastasis of cancer.
Front Pharmacol 2022; 13: 909821.

[153] Bhatti GK, Khullar N, Sidhu IS, Navik US, Red-
dy AP, Reddy PH and Bhatti JS. Emerging role
of non-coding RNA in health and disease.
Metab Brain Dis 2021; 36: 1119-1134.

[154] Ling H, Fabbri M and Calin GA. MicroRNAs and
other non-coding RNAs as targets for antican-
cer drug development. Nat Rev Drug Discov
2013; 12: 847-865.

[155] Vogelbaum MA, Brown PD, Messersmith H,
Brastianos PK, Burri S, Cahill D, Dunn IF, Gas-
par LE, Gatson NTN, Gondi V, Jordan JT, Lass-
man AB, Maues J, Mohile N, Redjal N, Stevens
G, Sulman E, van den Bent M, Wallace HJ,
Weinberg JS, Zadeh G and Schiff D. Treatment
for brain metastases: ASCO-SNO-ASTRO guide-
line. J Clin Oncol 2021; 40: 492-516.

[156] Gondi V, Bauman G, Bradfield L, Burri SH, Ca-
brera AR, Cunningham DA, Eaton BR, Hat-
tangadi-Gluth JA, Kim MM, Kotecha R, Krae-
mer L, Li J, Nagpal S, Rusthoven CG, Suh JH,
Tomé WA, Wang TJC, Zimmer AS, Ziu M and
Brown PD. Radiation therapy for brain metas-
tases: an ASTRO clinical practice guideline.
Pract Radiat Oncol 2022; 12: 265-282.

[157] Le Rhun E, Guckenberger M, Smits M, Dum-
mer R, Bachelot T, Sahm F, Galldiks N, de
Azambuja E, Berghoff AS, Metellus P, Peters S,
Hong YK, Winkler F, Schadendorf D, van den
Bent M, Seoane J, Stahel R, Minniti G, Wessel-
ing P, Weller M and Preusser M; EANO Execu-
tive Board and ESMO Guidelines Committee.
EANO-ESMO Clinical Practice Guidelines for
diagnosis, treatment and follow-up of patients
with brain metastasis from solid tumours. Ann
Oncol 2021; 32: 1332-1347.

3954

[158] Committee EG, Committee EG, Le Rhun E,
Weller M, van den Bent M, Brandsma D, Furt-
ner J, Ruda R, Schadendorf D, Seoane J, Tonn
JC, Wesseling P, Wick W, Minniti G, Peters S,
Curigliano G and Preusser M; EANO Guide-
lines Committee and ESMO Guidelines Com-
mittee. Leptomeningeal metastasis from solid
tumours: ESMO Clinical Practice Guideline for
diagnosis, treatment and follow-up. ESMO
Open 2023; 8: 101624.

[159] Brown PD, Ballman KV, Cerhan JH, Anderson
SK, Carrero XW, Whitton AC, Greenspoon J,
Parney IF, Laack NNI, Ashman JB, Bahary JP,
Hadjipanayis CG, Urbanic JJ, Barker FG 2nd,
Farace E, Khuntia D, Giannini C, Buckner JC,
Galanis E and Roberge D. Postoperative ste-
reotactic radiosurgery compared with whole
brain radiotherapy for resected metastatic
brain disease (NCCTG N107C/CEC-3): a multi-
centre, randomised, controlled, phase 3 trial.
Lancet Oncol 2017; 18: 1049-1060.

[160] Brown PD, Gondi V, Pugh S, Tome WA, Wefel JS,
Armstrong TS, Bovi JA, Robinson C, Konski A,
Khuntia D, Grosshans D, Benzinger TLS, Brun-
er D, Gilbert MR, Roberge D, Kundapur V, Devi-
setty K, Shah S, Usuki K, Anderson BM, Stea B,
Yoon H, Li J, Laack NN, Kruser TJ, Chmura SJ,
Shi W, Deshmukh S, Mehta MP and Kachnic
LA; for NRG Oncology. Hippocampal avoidance
during whole-brain radiotherapy plus meman-
tine for patients with brain metastases: phase
Il trial NRG Oncology CCO01. J Clin Oncol
2020; 38: 1019-1029.

[161] Ramakrishna N, Anders CK, Lin NU, Morikawa
A, Temin S, Chandarlapaty S, Crews JR, David-
son NE, Franzoi MAB, Kirshner JJ, Krop IE, Patt
DA, Perlmutter J and Giordano SH. Manage-
ment of advanced human epidermal growth
factor receptor 2-positive breast cancer and
brain metastases: ASCO guideline update. J
Clin Oncol 2022; 40: 2636-2655.

[162] Murthy RK, Loi S, Okines A, Paplomata E, Ham-
ilton E, Hurvitz SA, Lin NU, Borges V, Abramson
V, Anders C, Bedard PL, Oliveira M, Jakobsen E,
Bachelot T, Shachar SS, Miller V, Braga S,
Duhoux FP, Greil R, Cameron D, Carey LA, Curi-
gliano G, Gelmon K, Hortobagyi G, Krop |, Loibl
S, Pegram M, Slamon D, Palanca-Wessels MC,
Walker L, Feng W and Winer EP. Tucatinib,
trastuzumab, and capecitabine for HER2-posi-
tive metastatic breast cancer. N Engl J Med
2020; 382: 597-609.

[163] Lin NU, Borges V, Anders C, Murthy RK, Paplo-
mata E, Hamilton E, Hurvitz S, Loi S, Okines A,
Abramson V, Bedard PL, Oliveira M, Mueller V,
Zelnak A, DiGiovanna MP, Bachelot T, Chien AJ,
O’Regan R, Wardley A, Conlin A, Cameron D,
Carey L, Curigliano G, Gelmon K, Loibl S, Mayor

Am J Cancer Res 2026;16(9):3921-3957



Brain-specific biology of BCBM

J, McGoldrick S, An X and Winer EP. Intracrani-
al efficacy and survival with tucatinib plus
trastuzumab and capecitabine for previously
treated HER2-positive breast cancer with brain
metastases in the HER2CLIMB trial. J Clin On-
col 2020; 38: 2610-2619.

[164] Lin NU, Murthy RK, Abramson V, Anders C,

Bachelot T, Bedard PL, Borges V, Cameron D,
Carey LA, Chien AJ, Curigliano G, DiGiovanna
MP, Gelmon K, Hortobagyi G, Hurvitz SA, Krop
I, Loi S, Loibl S, Mueller V, Oliveira M, Paplo-
mata E, Pegram M, Slamon D, Zelnak A, Ra-
mos J, Feng W and Winer E. Tucatinib vs pla-
cebo, both in combination with trastuzu-
mab and capecitabine, for previously treated
ERBB2 (HER2)-positive metastatic breast can-
cer in patients with brain metastases: updated
exploratory analysis of the HER2CLIMB ran-
domized clinical trial. JAMA Oncol 2023; 9:
197-205.

[165] Hurvitz SA, Kim SB, Chung WP, Im SA, Park YH,

Hegg R, Kim MH, Tseng LM, Petry V, Chung CF,
lwata H, Hamilton E, Curigliano G, Xu B, Egorov
A, LiuY, Cathcart J, Bako E, Tecson K, Verma S
and Cortés J. Trastuzumab deruxtecan versus
trastuzumab emtansine in HER2-positive met-
astatic breast cancer patients with brain me-
tastases from the randomized DESTINY-Bre-
ast03 trial. ESMO Open 2024; 9: 102924.

[166] Bartsch R, Berghoff AS, Furtner J, Marhold M,

Bergen ES, Roider-Schur S, Starzer AM, Forst-
ner H, Rottenmanner B, Dieckmann K, Bago-
Horvath Z, Haslacher H, Widhalm G, llhan-Mut-
lu A, Minichsdorfer C, Fuereder T, Szekeres T,
Oehler L, Gruenberger B, Singer CF, Welter-
mann A, Puhr R and Preusser M. Trastuzumab
deruxtecan in HER2-positive breast cancer
with brain metastases: a single-arm, phase 2
trial. Nat Med 2022; 28: 1840-1847.

[167] Harbeck N, Ciruelos E, Jerusalem G, Muller V,

Niikura N, Viale G, Bartsch R, Kurzeder C, Hig-
gins MJ, Connolly RM, Baron-Hay S, Gién M,
Guarneri V, Bianchini G, Wildiers H, Escriva-de-
Romani S, Prahladan M, Bridge H, Kuptsova-
Clarkson N, Scotto N, Verma S and Lin NU;
DESTINY-Breast12 study group. Trastuzumab
deruxtecan in HER2-positive advanced breast
cancer with or without brain metastases: a
phase 3b/4 trial. Nat Med 2024; 30: 3717-
3727.

[168] Montemurro F, Delaloge S, Barrios CH, Wuerst-

lein R, Anton A, Brain E, Hatschek T, Kelly CM,
Pena-Murillo C, Yilmaz M, Donica M and Ellis P.
Trastuzumab emtansine (T-DM1) in patients
with HER2-positive metastatic breast cancer
and brain metastases: exploratory final analy-
sis of cohort 1 from KAMILLA, a single-arm
phase lllb clinical trial(¥). Ann Oncol 2020;
31: 1350-1358.

3955

[169] Freedman RA, Gelman RS, Anders CK, Melisko

ME, Parsons HA, Cropp AM, Silvestri K, Cotter
CM, Componeschi KP, Marte JM, Connolly RM,
Moy B, Van Poznak CH, Blackwell KL, Puhalla
SL, Jankowitz RC, Smith KL, Ibrahim N, Moyni-
han TJ, O'Sullivan CC, Nangia J, Niravath P,
Tung N, Pohimann PR, Burns R, Rimawi MF,
Krop IE, Wolff AC, Winer EP and Lin NU; Trans-
lational Breast Cancer Research Consortium.
TBCRC 022: a phase |l trial of neratinib and
capecitabine for patients with human epider-
mal growth factor receptor 2-positive breast
cancer and brain metastases. J Clin Oncol
2019; 37: 1081-1089.

[170] Yan M, Ouyang Q, Sun T, Niu L, Yang J, Li L,

[171]

Song Y, Hao C, Chen Z, Orlandi A, Ishii N, Tak-
abe K, Franceschini G, Ricci F, Verschraegen C,
Liu Z, Zhang M, Lv H, Liu L, Yang X, Xiao H, Gao
Z, Li X, Dong F, Chen X, Qiao J and Zhang G.
Pyrotinib plus capecitabine for patients with
human epidermal growth factor receptor
2-positive breast cancer and brain metastases
(PERMEATE): a multicentre, single-arm, two-
cohort, phase 2 trial. Lancet Oncol 2022; 23:
353-361.

Lin NU, Kumthekar P, Sahebjam S, Ibrahim N,
Fung A, Cheng A, Nicholas A, Sussell J and Pe-
gram M. Pertuzumab plus high-dose trastu-
zumab for HER2-positive breast cancer with
brain metastases: PATRICIA final efficacy data.
NPJ Breast Cancer 2023; 9: 94.

[172] Modi S, Murthy RK, Chien AJ, Lin NU, McAn-

drew NP, Specht JM, Zelnak AB, Ramos J, Xie
D, Ho J, Inoue JK, Carey LA and Hamilton EP.
Tucatinib in combination with trastuzumab de-
ruxtecan in patients with previously treated
HER2+ unresectable locally advanced or met-
astatic breast cancer: an open-label phase 2
study. Clin Breast Cancer 2026; 26: 21-30.

[173] Burstein HJ, Somerfield MR, Barton DL, Dorris

[174]

A, Fallowfield LJ, Jain D, Johnston SRD, Korde
LA, Litton JK, Macrae ER, Peterson LL, Vikas P,
Yung RL and Rugo HS. Endocrine treatment
and targeted therapy for hormone receptor-
positive, human epidermal growth factor re-
ceptor 2-negative metastatic breast cancer:
ASCO guideline update. J Clin Oncol 2021; 39:
3959-3977.

André F, Ciruelos E, Rubovszky G, Campone M,
Loibl S, Rugo HS, Iwata H, Conte P, Mayer IA,
Kaufman B, Yamashita T, Lu YS, Inoue K, Taka-
hashi M, Papai Z, Longin AS, Mills D, Wilke C,
Hirawat S and Juric D; SOLAR-1 Study Group.
Alpelisib for PIK3CA-mutated, hormone recep-
tor-positive advanced breast cancer. N Engl J
Med 2019; 380: 1929-1940.

[175] Turner NC, Oliveira M, Howell SJ, Dalenc F, Cor-

tes J, Gomez Moreno HL, Hu X, Jhaveri K, Krivo-
rotko P, Loibl S, Morales Murillo S, Okera M,
Park YH, Sohn J, Toi M, Tokunaga E, Yousef S,

Am J Cancer Res 2026;16(9):3921-3957



Brain-specific biology of BCBM

Zhukova L, de Bruin EC, Grinsted L, Schiavon
G, Foxley A and Rugo HS; CAPItello-291 Study
Group. Capivasertib in hormone receptor-posi-
tive advanced breast cancer. N Engl J Med

2023; 388: 2058-2070.

Bidard FC, Kaklamani VG, Neven P, Streich G,

Montero AJ, Forget F, Mouret-Reynier MA, Sohn

JH, Taylor D, Harnden KK, Khong H, Kocsis J,

Dalenc F, Dillon PM, Babu S, Waters S, Deleu |,

Garcia Saenz JA, Bria E, Cazzaniga M, Lu J, Af-

timos P, Cortés J, Liu S, Tonini G, Laurent D,

Habboubi N, Conlan MG and Bardia A. Elaces-

trant (oral selective estrogen receptor degrad-

er) versus standard endocrine therapy for es-
trogen receptor-positive, human epidermal
growth factor receptor 2-negative advanced
breast cancer: results from the randomized

phase lll EMERALD trial. J Clin Oncol 2022; 40:

3246-3256.

[177] Tolaney SM, Sahebjam S, Le Rhun E, Bachelot
T, Kabos P, Awada A, Yardley D, Chan A, Conte
P, Diéras V, Lin NU, Bear M, Chapman SC, Yang
Z, Chen Y and Anders CK. A phase Il study of
abemaciclib in patients with brain metastases
secondary to hormone receptor-positive breast
cancer. Clin Cancer Res 2020; 26: 5310-5319.

[178] Modi S, Jacot W, Yamashita T, Sohn J, Vidal M,
Tokunaga E, Tsurutani J, Ueno NT, Prat A, Chae
YS, Lee KS, Niikura N, Park YH, Xu B, Wang X,
Gil-Gil M, Li W, Pierga JY, Im SA, Moore HCF,
Rugo HS, Yerushalmi R, Zagouri F, Gombos A,
Kim SB, Liu Q, Luo T, Saura C, Schmid P, Sun T,
Gambhire D, Yung L, Wang, Singh J, Vitazka P,
Meinhardt G, Harbeck N and Cameron DA;
DESTINY-BreastO4 Trial Investigators. Trastu-
zumab deruxtecan in previously treated HER2-
low advanced breast cancer. N Engl J Med
2022; 387: 9-20.

[179] Bardia A, Hu X, Dent R, Yonemori K, Barrios
CH, O’Shaughnessy JA, Wildiers H, Pierga JY,
Zhang Q, Saura C, Biganzoli L, Sohn J, Im SA,
Lévy C, Jacot W, Begbie N, Ke J, Patel G and
Curigliano G; DESTINY-BreastO6 Trial Investi-
gators. Trastuzumab deruxtecan after endo-
crine therapy in metastatic breast cancer. N
Engl J Med 2024; 391: 2110-2122.

[180] Vaz Batista M, Pérez-Garcia JM, Cortez P, Gar-
rigoés L, Fernandez-Abad M, Gion M, Martinez-
Bueno A, Saavedra C, Teruel |, Fernandez-
Ortega A, Servitja S, Ruiz-Borrego M, de la Ha-
ba-Rodriguez J, Martrat G, Pérez-Escuredo J,
Alcala-Lépez D, Sampayo-Cordero M, Braga S,
Cortés J and Llombart-Cussac A. Trastuzumab
deruxtecan in patients with previously treated
HER2-low advanced breast cancer and active
brain metastases: the DEBBRAH trial. ESMO
Open 2024; 9: 103699.

[181] Rugo HS, Bardia A, Marmé F, Cortés J, Schmid
P, Loirat D, Trédan O, Ciruelos E, Dalenc F,

(176

3956

Gomez Pardo P, Jhaveri KL, Delaney R, Valdez
T, Wang H, Motwani M, Yoon OK, Verret W and
Tolaney SM. Overall survival with sacituzumab
govitecan in hormone receptor-positive and
human epidermal growth factor receptor
2-negative metastatic breast cancer (TROP-
iCS-02): a randomised, open-label, multicen-
tre, phase 3 trial. Lancet 2023; 402: 1423-
1433.

[182] Balinda HU, Kelly WJ, Kaklamani VG, Lathrop
Kl, Canola MM, Ghamasaee P, Sareddy GR,
Michalek J, Gilbert AR, Surapaneni P, Tiziani S,
Pandey R, Chiou J, Lodi A, Floyd JR 2nd and
Brenner AJ. Sacituzumab Govitecan in patients
with breast cancer brain metastases and re-
current glioblastoma: a phase O window-of-op-
portunity trial. Nat Commun 2024; 15: 6707.

[183] Grinda T, Morganti S, Hsu L, Yoo TK, Kusmick
RJ, Aizer AA, Giordano A, Leone JP, Hughes M,
Tolaney SM, Lin NU and Sammons SL. Real-
world outcomes with sacituzumab govitecan
among breast cancer patients with central ner-
vous system metastases. NPJ Breast Cancer
2025; 11: 22.

[184] Vulasala SS, Sutphin P, Shyn P and Kalva S.
Intraoperative imaging techniques in oncology.
Clin Oncol (R Coll Radiol) 2024; 36: e255-
e268.

[185] Mehta MP and Ahluwalia MS. Whole-brain ra-
diotherapy and stereotactic radiosurgery in
brain metastases: what is the evidence? Am
Soc Clin Oncol Educ Book 2015; e99-104.

[186] Sas-Korczynska B and Rucinska M. WBRT for
brain metastases from non-small cell lung can-
cer: for whom and when?-Contemporary point
of view. J Thorac Dis 2021; 13: 3246-3257.

[187] Cortes J, Rugo HS, Cescon DW, Im SA, Yusof
MM, Gallardo C, Lipatov O, Barrios CH, Perez-
Garcia J, lwata H, Masuda N, Torregroza Otero
M, Gokmen E, Loi S, Guo Z, Zhou X, Karantza V,
Pan W and Schmid P; KEYNOTE-355 Investiga-
tors. Pembrolizumab plus chemotherapy in ad-
vanced triple-negative breast cancer. N Engl J
Med 2022; 387: 217-226.

[188] Tolaney SM, de Azambuja E, Kalinsky K, Loi S,
Kim SB, Yam C, Rapoport B, Im SA, Pistilli B,
McHayleh W, Cescon DW, Watanabe J, Ba-
nuelas MAL, Freitas-Junior R, Salvador Bofill J,
Afshari M, Gary D, Wang L, Lai C and Schmid
P; ASCENT-04/KEYNOTE-D19 Clinical Trial In-
vestigators. Sacituzumab govitecan plus pem-
brolizumab for advanced triple-negative breast
cancer. N Engl J Med 2026; 394: 354-366.

[189] Robson M, Im SA, Senkus E, Xu B, Domchek
SM, Masuda N, Delaloge S, Li W, Tung N, Arm-
strong A, Wu W, Goessl C, Runswick S and
Conte P. Olaparib for metastatic breast cancer
in patients with a germline BRCA mutation. N
Engl J Med 2017; 377: 523-533.

Am J Cancer Res 2026;16(9):3921-3957



[190]

[191]

[192]

[193]

3957

Brain-specific biology of BCBM

Litton JK, Rugo HS, Ettl J, Hurvitz SA, Gon-
calves A, Lee KH, Fehrenbacher L, Yerushalmi
R, Mina LA, Martin M, Roché H, Im YH, Quek
RGW, Markova D, Tudor IC, Hannah AL, Eier-
mann W and Blum JL. Talazoparib in patients
with advanced breast cancer and a germline
BRCA mutation. N Engl J Med 2018; 379: 753-
763.

Committee EG, Gennari A, André F, Barrios CH,
Cortés J, de Azambuja E, DeMichele A, Dent R,
Fenlon D, Gligorov J, Hurvitz SA, Im SA, Krug D,
Kunz WG, Loi S, Penault-Llorca F, Ricke J, Rob-
son M, Rugo HS, Saura C, Schmid P, Singer CF,
Spanic T, Tolaney SM, Turner NC, Curigliano G,
Loibl S, Paluch-Shimon S and Harbeck N;
ESMO Guidelines Committee. ESMO Clinical
Practice Guideline for the diagnosis, staging
and treatment of patients with metastatic
breast cancer. Ann Oncol 2021; 32: 1475-
1495.

Bardia A, Hurvitz SA, Tolaney SM, Loirat D, Pu-
nie K, Oliveira M, Brufsky A, Sardesai SD, Ka-
linsky K, Zelnak AB, Weaver R, Traina T, Dalenc
F, Aftimos P, Lynce F, Diab S, Cortés J,
0’Shaughnessy J, Diéras V, Ferrario C, Schmid
P, Carey LA, Gianni L, Piccart MJ, Loibl S, Gold-
enberg DM, Hong Q, Olivo MS, Itri LM and Rugo
HS; ASCENT Clinical Trial Investigators. Sacitu-
zumab govitecan in metastatic triple-negative
breast cancer. N Engl J Med 2021; 384: 1529-
1541.

Hurvitz SA, Bardia A, Punie K, Kalinsky K, Car-
ey LA, Rugo HS, Diéras V, Phan S, Delaney R,
Zhu Y and Tolaney SM. Subgroup analyses
from the phase 3 ASCENT study of sacituzum-
ab govitecan in metastatic triple-negative
breast cancer. NPJ Breast Cancer 2024; 10:
33.

[194] Marhold M, Vaz Batista M, Blancas |, Morales

C, Saura-Manich C, Saavedra C, Ruiz-Borrego
M, Cortez P, Slebe F, Campolier M, Santos JC,
Guerrero-Martinez JA, Jiménez-Cortegana C,
Rottenmanner B, Forstner H, Bartsch R and
Preusser M. TUXEDO-4: phase Il study of
trastuzumab-deruxtecan in HER2-low breast
cancer with new or progressing brain metasta-
ses. Future Oncol 2025; 21: 1065-1073.

[195] Meng Y, Reilly RM, Pezo RC, Trudeau M, Sahgal

A, Singnurkar A, Perry J, Myrehaug S, Pople CB,
Davidson B, Llinas M, Hyen C, Huang Y, Ha-
mani C, Suppiah S, Hynynen K and Lipsman
N. MR-guided focused ultrasound enhances
delivery of trastuzumab to Her2-positive bra-
in metastases. Sci Transl Med 2021; 13:
eabj4011.

[196] Arsiwala TA, Blethen KE, Wolford CP, Panchal

DM, Sprowls SA, Fladeland RA, Kielkowski
BN, Pritt TA, Wang P, Wilson O, Carpenter JS,
Finomore V, Rezai A and Lockman PR. Blood-
tumor barrier opening by MRI-guided transcra-
nial focused ultrasound in a preclinical breast
cancer brain metastasis model improves effi-
cacy of combinatorial chemotherapy. Front On-
col 2023; 13: 1104594.

Am J Cancer Res 2026;16(9):3921-3957



