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Abstract 

Brain metastases are ten times more common than primary brain tumors and 
pose a significant clinical challenge. How brain metastatic tumor cells adapt to 
the unique and hostile brain microenvironment remains unclear. Astrocytes, 
the most abundant glial cells in the brain, are emerging as key mediators 
regulating the development of brain metastases. Initially anti-metastatic, 
astrocytes are reprogrammed by tumor-derived signals, transitioning into a 
pro-metastatic phenotype. Here, we review the roles of astrocytes in brain 
metastasis and describe the evidence for their phenotypic plasticity, the basis 
of astrocyte-tumor interactions, and potential therapeutic strategies targeting 
these processes. 

Keywords: reprogrammed astrocytes; brain metastases; reactive astrocytes; 
tumor-associated astrocytes 

1. Introduction 

Brain metastases (BM) are the most common malignant intracranial tumors in 
adults, with over 100,000 new cases diagnosed annually in the United States [1]. 
These secondary tumors of the brain outnumber primary tumors tenfold, 
affecting 20−40% of all cancer patients [2,3]. The incidence of BM is increasing 
due to improved detection, more effective systemic and local therapies, and 
generally increased cancer incidence [4]. As such, BM are most commonly from 
primary lung cancers (30−60%), breast cancers (15−20%), skin cancers (5−10%), 
and gastrointestinal cancers (4−6%) [5]. Without treatment, survival is 
expectedly low and depends on the burden and degree of metastatic disease, 
as well as the primary tumor type [5]. However, recent advances in brain-
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penetrant chemotherapy, immunotherapy, and radiotherapy have led to 
increased progression-free and overall survival [6]. Patients with BM are most 
often treated with radiotherapy (whole brain radiation therapy or stereotactic 
radiosurgery) and chemotherapy, with surgery reserved for patients with 
singular accessible lesions or when a biopsy is needed [7]. Chemotherapy is 
generally felt to be less effective for the treatment of BM due to the difficulty in 
achieving therapeutic concentrations of drugs across the blood-brain barrier 
(BBB) and the development of chemoresistance [8]. 

The brain microenvironment presents distinct challenges to metastatic tumor 
cells with its unique cellular composition, metabolic features, and immune 
milieu. These characteristics impose strong selective pressure on tumor cells, 
shaping both the metastatic process and their response to treatment [9]. This 
microenvironmental influence on tumor progression is not exclusive to the 
brain. For instance, cancer-associated fibroblasts (CAFs) have drawn 
considerable attention for their role in promoting tumor growth and therapy 
resistance [10]. Arising from normal resident fibroblasts, CAFs are central to the 
remodeling of the extracellular matrix (ECM), immune modulation, and the 
secretion of pro-tumorigenic growth factors [11]. While most studies 
emphasize the tumor-promoting role of CAFs, recent research suggests that 
CAFs may also act to inhibit cancer progression, a contradiction explained by 
their high degrees of heterogeneity and plasticity. 

Like CAFs, astrocytes in the brain play a critical role in maintaining homeostasis 
and display extensive transcriptomic heterogeneity and plasticity [12,13]. 
Similar to fibroblasts, astrocytes can display a pro-tumorigenic phenotype, 
promoting tumor progression and resistance to therapy [14]. In this review, we 
will explore the interactions between metastatic tumor cells and astrocytes in 
the brain microenvironment, focusing on mechanisms of astrocyte plasticity, 
key signaling pathways involved, and opportunities for therapeutic 
intervention. Although brain metastases arise from various primary tumors, in 
this review we take a tumor-agnostic approach, focusing instead on the 
common mechanisms of astrocyte plasticity and astrocyte-tumor interactions. 

2. Role of Astrocytes in Normal Brain and Brain Injury 

Astrocytes are essential for maintaining homeostasis, regulating the BBB, and 
supporting neuronal function [15]. Astrocytes regulate the blood-brain barrier 
by modulating the activity of alkaline phosphatase and the sodium-potassium 
ATPase on the endothelial cells of blood vessels [16]. Additionally, astrocytes 
mediate the transport of neutral amino acids via transporters in the System N 
family, including SNAT3, which is crucial for the uptake and release of 
glutamine—a precursor for glutamate, an excitatory neurotransmitter [17]. 

Following acute brain insult, such as traumatic brain injury or stroke, astrocytes 
transition into a reactive state — a process known as reactive astrogliosis 
(Figure 1) [15]. Reactive astrogliosis is marked by hypertrophy, increased 
expression of glial fibrillary acidic protein (GFAP), and enhanced proliferative 
activity [18]. In vivo models of traumatic brain injury have demonstrated 
upregulation of GFAP and morphological changes in astrocytes within hours 
following an injury [19]. Reactive astrocytes undergo morphological and 
functional transformations that allow them to manage debris and cordon off 
damaged areas of brain to prevent further injury spread [18]. This is facilitated 
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by the formation of a glial scar, marked by the formation of a dense network of 
astrocytes at the injury site [20]. 

 

Figure 1. Progression of tumor-associated astrocytes from normal to reprogrammed. Astrocytes, encountering tumor 
cells, enter a reactive state characterized by hypertrophy, increased GFAP expression, and anti-metastatic properties (e.g., 
plasminogen secretion). Over time, reactive astrocytes undergo further reprogramming by tumor-secreted factors, such 
as cytokines and growth factors, that drives them toward a pro-metastatic, reprogrammed phenotype [14]. 

3. Astrocytes in Brain Metastases 

Unlike acute brain injuries, brain metastases are a continuous, progressive 
insult to the central nervous system. BM are established when circulating 
tumor cells breach the BBB, a tightly regulated endothelium that restricts 
access to the brain [21]. Initially, reactive astrocytes act to prevent colonization 
by blocking cancer cells from crossing the BBB [14]. However, tumor cells 
disrupt the integrity of the BBB by secreting the enzymes cathepsin S and 
placental growth factor, which weaken cellular junctions, allowing tumor cells 
to infiltrate the brain parenchyma [22]. 

The majority of tumor cells that cross the BBB do not survive in the relatively 
harsh brain microenvironment [23,24]. The tumor cells that survive adhere 
closely to the surfaces of neural blood vessels in a process known as vascular co-
option [24–26]. In response to vascular co-option and the breach of the BBB by 
tumor cells, reactive astrocytes initially act in an anti-metastatic manner, by 
secreting plasminogen activators (PA) [27]. PA convert plasminogen into 
plasmin, which then cleaves the Fas ligand, allowing for its diffusion which then 
results in apoptosis in brain metastatic cancer cells. Plasmin also has been shown 
to suppress brain metastases by inactivating the L1 cell adhesion molecule, 
which is crucial for vascular co-option and metastatic outgrowth [27]. 
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Brain metastatic cells have been shown to counteract these antitumor 
mechanisms by increasing expression of anti-plasminogen activator serpins, 
such as neuroserpin and serpin B2 [27]. These serpins inhibit plasmin 
generation and therefore its anti-metastatic effects. Brain-metastatic lung and 
breast cancer cell lines upregulate the expression of these anti-PA serpins by 
more than threefold, effectively preventing plasmin-mediated apoptosis and 
promoting tumor cell survival within the brain microenvironment [27]. 

As brain metastases further develop, astrocytes unable to eliminate tumor cells 
can themselves become co-opted by cancer cells to become pro-tumorigenic 
(Figure 1). Klein et al. demonstrated this in a murine model of melanoma brain 
metastases, showing that metastatic lesions in the brains of affected mice were 
surrounded and infiltrated by astrocytes that showed a strong upregulation of 
the pro-inflammatory cytokine interleukin-23 (IL-23) [28]. IL-23 was shown to 
enhance melanoma cell invasiveness by upregulating matrix metalloproteinase 
2 (MMP2) [28]. In addition to IL-23, these reprogrammed astrocytes secreted 
additional pro-tumorigenic proteins, including endothelin-1 (ET-1), hepatocyte 
growth factor (HGF), brain-derived neurotrophic factor (BDNF), interferon-
alpha (IFN-α), and tumor necrosis factor-alpha (TNF-α) [29–32]. Thus, tumor-
reprogrammed astrocytes in vivo displayed a marked shift in astrocyte behavior 
from an anti-tumorigenic role to a pro-tumorigenic role. 

Further, there is a distinct difference between reactive astrocytes in brain injury 
— which exhibit a proliferative and inflammatory phenotype — and brain 
metastasis-associated (BM-associated) astrocytes, which have been 
reprogrammed by tumor cells to be pro-tumorigenic. Reprogrammed 
astrocytes actively support the growth and development of brain metastases, 
aiding tumor cells in adapting to their new habitat. 

4. Key Signaling Pathways Involved in Astrocyte 
Reprogramming and Crosstalk with Tumor Cells 

The tumor-mediated reprogramming of BM-associated astrocytes is 
orchestrated by a complex crosstalk between tumor cells and astrocytes, 
involving a network of signaling pathways, cytokines, growth factors, and 
extracellular vesicles. The following sections will explore the key pathways and 
mechanisms involved. 

4.1 STAT3 pathway activation 

Priego and colleagues, in a study of 91 resected human metastases, identified 
a subpopulation of astrocytes proximal to brain metastases, characterized by 
nuclear-localized STAT3 activation. STAT3 activation was shown to promote 
metastatic growth by modulating the innate and acquired immune system [33]. 
Specifically, astrocytes with activated STAT3 suppressed CD8+ T cell activation 
and recruited immunosuppressive CD74+ microglia/macrophages around the 
tumor, creating an immune-suppressed environment supporting tumor 
survival (Figure 2). Conditional deletion of STAT3 in reactive astrocytes in a 
murine model led to a significant reduction in brain metastasis [33]. 

STAT3 (signal transducer and activator of transcription-3) is a transcription 
factor and intracellular signaling protein that regulates critical biological 
processes such as cell differentiation, proliferation, and apoptosis [34]. In the 
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context of brain metastasis, STAT3 activation promotes a shift in astrocytes 
from their normal role in neural homeostasis to a pro-tumorigenic phenotype. 
Priego et al. observed that STAT3 activation in astrocytes is driven by various 
factors secreted by tumor cells, such as interleukin-6 (IL-6), epidermal growth 
factor (EGF), transforming growth factor-alpha (TGF-α), and ciliary neurotrophic 
factor (CNTF) (Figure 2) [33]. These tumor-secreted factors bind to receptors 
on astrocytes, triggering the activation of Janus kinases (JAKs). Once activated, 
JAKs phosphorylate STAT3, which then dimerizes and translocates to the 
nucleus, where it acts as a transcription factor, promoting the expression of 
genes that enhance cell survival, proliferation, and immune evasion [34,35] . 

Further, using overall survival from diagnosis for 39 patients with brain 
metastases originating from various primary tumors, Priego et al. 
demonstrated that patients with higher levels of activated STAT3 in the tumor 
microenvironment had significantly poorer clinical outcomes compared to 
those with lower STAT3 levels (p = 0.0116) [35]. 

4.2 Notch signaling 

The Notch signaling pathway is essential for normal development and plays a 
critical role in regulating cell fate decisions, including the self-renewal of adult 
stem cells and the differentiation of progenitor cells into specific lineages [36]. 
Xing et al. (2013) demonstrated that conditioned media from brain-metastatic 
breast cancer cell lines significantly upregulated the Notch ligand Jagged-1 
(JAG1) at both the mRNA and protein levels in primary rat and immortalized 
human astrocytes, while other Notch ligands such as JAG2, DLL1, DLL3, or DLL4 
were unaffected [37]. This specific increase in JAG1 expression was shown to 
result from NF-κB pathway activation, driven by interleukin-1 beta (IL-1β) 
secreted at high levels by brain-metastatic tumor cells [37]. The binding of 
astrocyte-expressed JAG1 to the Notch receptor on tumor cells initiates Notch 
signaling in the brain metastatic tumor cells (Figure 2) [38]. Upon binding JAG1, 
the Notch receptor undergoes cleavage by gamma-secretase, releasing the 
Notch intracellular domain (NICD), which translocates into the nucleus [37,39]. 
There, NICD forms a complex with CSL/RBP-J, upregulating transcription of 
HES5, a factor that enhances stemness, survival, and chemoresistance in tumor 
cells (Figure 2) [37]. This aberrant activation of Notch signaling reinforces the 
stem-like properties of CSCs, driving their invasiveness and resistance to 
therapies. Unlike other signaling pathways that rely on kinase cascades for 
amplification, Notch signaling is uniquely sensitive to signal intensity [37,40]. 
The amount of NICD in the nucleus directly influences the strength and 
duration of the transcriptional response, shaping tumor aggressiveness [40]. 

4.3 Matrix metalloproteinases 

Matrix metalloproteinases (MMPs), a family of zinc-dependent proteases, are 
critical for degrading components of the extracellular matrix (ECM), such as 
collagen and laminin [41]. Under normal physiological conditions, MMP activity 
is tightly controlled to preserve tissue structure and support repair processes. 
However, in the tumor microenvironment, this regulation is disrupted, 
resulting in excessive ECM degradation that facilitates tumor progression. 
Studies in brain metastasis models of melanoma have demonstrated that 
tumor cells induce reactive astrocytes to secrete the inflammatory cytokine IL-
23, which in turn stimulates the expression of matrix metalloproteinases MMP2 
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and MMP1 via the NF-κB signaling pathway [42,43]. The dysregulated MMP 
expression results in excessive ECM degradation, enabling tumor cells to 
infiltrate the brain parenchyma. MMP2 has been associated with increased 
tumor invasiveness, the formation of a pro-metastatic niche, and poor patient 
outcomes [42,43]. Likewise, MMP1 has been shown to alter blood-brain barrier 
(BBB) permeability by degrading key tight junction proteins, such as claudin 
and occludin, allowing metastatic cells to further infiltrate the brain [42,43]. 

Beyond the NF-κB pathway, MMP2 expression is also regulated by the ERK1/2 
(extracellular signal-regulated kinase) pathway [44]. Astrocyte-secreted factors, 
such as PGE2, activate ERK1/2 in cancer cells via ERK1/2 phosphorylation, 
leading to further upregulation of MMP2 transcription [44]. Astrocyte-
conditioned media has also been shown to induce ERK1/2 activation in brain 
metastatic cells, resulting in increased MMP2 expression and enhanced tumor 
cell invasion into the brain [44]. Additionally, MMP1, driven by COX2 expression 
in brain metastatic cells, upregulates CCL7 secretion in astrocytes [45]. CCL7 
release stimulates a positive feedback loop, wherein tumor cells further 
activate astrocytes to maintain a pro-metastatic environment, particularly 
through the renewal of tumor-initiating cells by Nanog expression [45]. 

The breakdown of the ECM by MMPs not only facilitates tumor invasion but also 
liberates growth factors such as vascular endothelial growth factor (VEGF), 
which promotes angiogenesis and supports tumor expansion (Figure 2) [46]. 
Moreover, MMPs may modulate the immune response by cleaving cell surface 
molecules and cytokines, enabling tumor cells to evade immune detection  
and destruction. 

4.4 Exosomes 

Exosomes are small membrane-bound vesicles secreted by cells, carrying a 
range of biomolecules such as proteins, lipids, and genetic material, including 
DNA, mRNA, and miRNA. Exosomes serve as mediators of communication 
between tumor cells and astrocytes within the brain microenvironment. 
Through the transport of molecular cargo, exosomes enable intercellular 
signaling that can modulate cellular state in the local microenvironment [47]. 
Tumor-derived exosomes can induce reactive astrocyte reprogramming, 
leading to changes in their secretory profile that support tumor growth. For 
example, in vitro experiments co-culturing H1299-derived exosomes with SVG 
P12 astrocytes demonstrated significant changes in cytokine release [48]. 
Specifically, the exosome-treated astrocytes upregulated pro-tumorigenic 
cytokines such as GROα/CXCL1, IFN-γ, VEGF, and additional factors such as IL-
3, IL-5, and M-CSF, while downregulating IL-7 (Figure 2) [48]. These changes 
suggest a marked shift toward a reactive, pro-tumorigenic state that creates a 
supportive microenvironment for metastatic cells. 

In a positive feedback loop, reprogrammed astrocytes that secrete exosomes 
induce further tumor cell co-option of resident neural cells. Zhang et al. showed 
that astrocyte-derived exosomes were found to contain and transfer miR-19a 
to tumor cells, leading to downregulation of PTEN (phosphatase and tensin 
homolog), a known tumor suppressor gene (Figure 2) [49]. The loss of PTEN 
expression in these tumor cells resulted in the activation of the NF-κB signaling 
pathway, which subsequently upregulated the secretion of the chemokine 
CCL2 [49]. CCL2 has been shown in murine models of brain-metastatic breast 
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cancer to play a critical role in recruiting IBA1+ myeloid cells, such as 
macrophages and microglia, to the brain metastatic site, further acting to 
promote brain metastasis (Figure 2) [49]. 

4.5 Hyaluronic acid 

Tumor-associated astrocytes produce elevated levels of hyaluronic acid (HA), 
which interacts with various extracellular matrix (ECM) receptors, including 
hyaluronan-mediated motility receptors (HMMR) [50]. HMMR are expressed at 
high levels in tumor cells and are central to promoting micrometastatic 
outgrowth. By activating pathways such as ERK/MAPK, HMMR increases cell 
motility, facilitates ECM degradation, and drives metastatic progression. While 
HMMR is not required for the initial seeding of tumor cells in the brain, it plays 
a crucial role in the expansion of micrometastases [50]. Knockdown of HMMR 
in tumor cells significantly reduces cancer cell cluster formation and migration 
[50]. Co-culturing tumor cells with HA-producing reactive astrocytes further 
enhances the invasive phenotype of these cells, as measured by organoid 
outgrowth quantified through tumor cell luciferase activity [50]. HMMR-
mediated ECM degradation also releases growth factors such as VEGF, which 
promote angiogenesis and support tumor expansion [51]. 

 

Figure 2. Key Signaling Mechanisms of Astrocyte Reprogramming in the Tumor 
Microenvironment. Tumor-secreted factors induce astrocyte reprogramming into a 
pro-metastatic state, characterized by STAT3 and Notch signaling activation. 
Reprogrammed astrocytes promote tumor progression through immune module and 
paracrine signaling. This dynamic crosstalk between tumor cells and reprogrammed 
astrocytes establishes a microenvironment conducive to metastasis and tumor growth. 
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5. Role of Gap Junctions in Tumor-Astrocyte Interactions 

Brain metastatic tumor cells may exhibit increased expression of protocadherin 
7 (PCDH7) [52]. PCDH7 facilitates the preferential formation of gap junctions 
between cancer cells and astrocytes, with these junctions being composed 
primarily of Cx43 [32]. Through these connections, secondary messengers such 
as cGAMP are transferred from tumor cells to astrocytes, activating the STING 
pathway, an innate immune response pathway to cytosolic double-stranded 
DNA [32]. This stimulates astrocytes to produce inflammatory cytokines such 
as IFNα and TNFα. These cytokines, in turn, activate the STAT1 and NF-κB 
signaling pathways in tumor cells [32]. These activated pathways promote 
cancer growth, enhance resistance to external stressors, and drive further 
metastatic expansion. 

One major consequence of astrocyte-tumor gap junctions is the induction of 
therapeutic resistance. Lin et al. demonstrated that co-culturing reactive 
astrocytes with human brain metastatic melanoma cell line TXM-13 reduced 
chemotherapy-induced apoptosis by 70% [53]. This protective effect was not 
specific to the chemotherapeutic agent as similar results were observed using 
cytotoxic drugs such as cisplatin and paclitaxel [53]. The protective effect is 
attributed to the formation of Cx43 gap junction complexes, which facilitate 
calcium transfer between astrocytes and tumor cells. When melanoma cells 
were exposed to chemotherapy without astrocytes, increased cytoplasmic Ca²⁺ 
levels induced apoptosis. However, co-culturing with astrocytes significantly 
reduced Ca²⁺ levels in the tumor cells, suggesting that astrocytes shield tumor 
cells from chemotherapy by sequestering calcium via the Cx43 gap junctions [53]. 

Additional studies have corroborated this resistance to chemotherapy through 
the activation of alternative signaling pathways. Specifically, co-culturing tumor 
cells with astrocytes is protective from taxol-induced apoptosis, via upregulation 
of interleukin 6 (IL-6) and interleukin 8 (IL-8) [54]. IL-6 and IL-8 stimulate 
astrocytes to produce endothelin-1 (ET-1), which subsequently increases the 
expression of endothelin receptor A (ETAR) and endothelin receptor B (ETBR) 
on cancer cells [54]. Activation of ETAR and ETBR promotes the expression of 
survival genes such as BCL2L1, GSTA5, and TWIST1 via the AKT/MAPK pathway, 
further protecting cancer cells from taxol-induced apoptosis [54]. 

6. Therapeutic Implications of Astrocyte Reprogramming 

Targeting the interactions between tumor cells and astrocytes presents a 
significant biological challenge. The blood-brain barrier (BBB) remains a major 
obstacle in treating brain metastases [8]. Astrocytes, which form the outer layer of 
the BBB through their end feet, express glucose transporter proteins that actively 
pump drugs and neuroactive compounds out of the brain [55]. This limits the 
ability of therapeutic agents to reach the tumor microenvironment. Even when 
drugs are able to cross the BBB and enter the tumor microenvironment, astrocyte-
tumor interactions via direct communication (i.e., gap junctions), may persist. 

Astrocyte heterogeneity further complicates the design of TME-based therapeutic 
strategies. Astrocytes exhibit substantial heterogeneity in their expression of 
marker proteins, such as glial fibrillary acidic protein (GFAP) and excitatory amino 
acid transporter 1 (EAAT1/GLAST) [26]. Single-cell mRNA sequencing has revealed 
significant transcriptional heterogeneity among astrocytes, both across different 
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brain regions and within the same region [56]. This transcriptional diversity poses 
a challenge for identifying and targeting specific astrocyte-tumor interactions. 

Despite these challenges, several potential therapeutic targets have been 
identified (Table 1). Inhibitors targeting the key aforementioned pathways, 
including STAT3, Notch, and NF-κB, are currently being tested in clinical trials. 
Astrocyte-directed antitumor therapies must have a target that is specific to 
reprogrammed astrocytes, thereby sparing normal brain tissue, and must be 
penetrant to the blood-brain barrier. 

Table 1. Therapeutic Agents Targeting Reprogrammed Astrocytes in Brain Metastasis. 

Drug Name 
Molecular 

Target Therapeutic Effect References 

Macitentan Endothelin 
Receptor A and B 

Macitentan reduces brain metastasis and tumor burden when combined 
with paclitaxel. It has shown efficacy in lung and breast cancer brain 
metastasis models. It targets astrocytes and endothelial cells, reducing 
pAKT and pMAPK levels, which contributes to reduced metastasis. 

[57–59] 

Meclofenamate Cx43 Gap 
Junctions 

Meclofenamate disrupts gap junction mediated communication 
between astrocytes and cancer cells. It has shown to reduce lung and 
breast cancer brain metastases. It also renders brain metastatic 
melanoma cells more sensitive to chemotherapeutic drugs such as 
paclitaxel, cisplatin, and 5-FU. Its effects are specific to brain tissue 
and do not influence primary tumors in the breast or lung. 

[60–63] 

Tonabersat 
Cx43 Gap 
Junctions 

Tonabersat, similar to meclofenamate, disrupts Cx43-mediated gap 
junction communication. This disruption has shown to reduce tumor 
burden in brain tissue models of metastasis. Its efficacy is specific to 
brain metastases, with no observed impact on primary tumors. 

[60–63] 

Pazopanib 
VEGFR1-3, 
PDGFRα-β,  
c-kit, B-Raf 

Pazopanib, a multi-target tyrosine kinase inhibitor, has been 
correlated with reducing the proliferative capacity of immortalized 
astrocyte cell lines in vitro. It has demonstrated efficacy in preventing 
brain metastasis in HER2+ brain metastasis models. 

[64,65] 

Compound E JAG1-Notch 

Compound E is a gamma-secretase inhibitor that blocks JAG1-Notch 
signaling, resulting in reduced HES5 expression. It has been shown 
to suppress the cancer stem-like phenotype in brain metastasis 
models and significantly decreases the growth of brain metastatic 
breast cancer cells in vivo. 

[37] 

Lenalidomide FN14 
Lenalidomide disrupts FN14/TWEAK signaling, reducing astrocyte 
reactivity. Its primary application is in treating inflammatory CNS 
conditions like multiple sclerosis. 

[66–68] 

Legasil STAT3 

Legasil, containing silibinin, inhibits STAT3 activation in reactive astrocytes. 
It has demonstrated significant clinical and radiological improvements in 
patients with brain metastases from non-small-cell lung cancer who 
progressed after whole-brain radiotherapy and chemotherapy. 

[69] 

7. Analogies to Cancer-Associated Fibroblasts 

Fibroblasts are interstitial mesenchymal cells responsible for synthesizing 
collagen and maintaining the structural integrity of tissues. These cells, like 
astrocytes, exhibit substantial phenotypic and functional heterogeneity across 
different tissues and conditions. When activated within the tumor 
microenvironment, fibroblasts transform into cancer-associated fibroblasts 
(CAFs), which promote tumor progression through extracellular matrix (ECM) 
remodeling, immune evasion, and paracrine signaling (Figure 3) [70]. As with 
reprogrammed astrocytes, CAFs engage in complex, bidirectional 
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communication with tumor cells by secreting growth factors and cytokines 
such as HGF, VEGF, and TGF-β (Figure 3). CAFs also contribute to ECM 
remodeling by producing matrix metalloproteinases (MMPs) [70]. 

 

Figure 3. Analogies between cancer-associated Fibroblasts (CAFs) and reprogrammed 
astrocytes in the tumor microenvironment. Fibroblasts and astrocytes, upon exposure 
to tumor-derived factors, undergo reprogramming within the tumor microenvironment 
to transition into cancer-associated fibroblasts (CAFs) and reprogrammed astrocytes, 
respectively. Both cell types contribute to tumor progression through extracellular 
matrix (ECM) remodeling, immune modulation, and paracrine signaling. 

To date, various subtypes of CAFs have been identified, including myofibroblastic, 
inflammatory, and antigen-presenting CAFs [71]. However, due to the plasticity 
of CAF phenotypes, these classifications can be somewhat misleading. This 
heterogeneity mirrors that of astrocytes, where no single marker can sufficiently 
identify all tumor-supportive astrocytes. Moreover, despite advances in 
understanding CAFs, therapeutic strategies targeting CAFs have yielded mixed 
results [72]. Some therapies have focused on disrupting the signaling pathways 
that drive CAF reprogramming—such as the TGF-β/SMAD and NF-κB pathways—
but the inherent heterogeneity and plasticity of CAFs have made it difficult to 
achieve consistent clinical success [73]. This highlights the need for therapies that 
can selectively target CAF subtypes. 

Astrocyte-targeted therapies face challenges analogous to those of CAF-targeted 
therapies. Given astrocytes’ vital roles in the central nervous system, any 
therapeutic approach must balance disrupting tumor-supportive signaling and 
preserving the essential functions of astrocytes. Like CAFs, astrocytes exhibit 
significant heterogeneity and plasticity, and their roles in brain metastases 
evolve as tumors progress [56]. Better defining astrocyte subpopulations in both 



Cancer Heterogeneity and Plasticity 2025;2(1):0002  Page 11 of 15 

healthy brain tissue and tumors will be essential for identifying therapeutic 
targets and developing more precise and effective treatments.  

8. Conclusions 

Brain metastases, primarily originating from lung cancer, breast cancer, and 
melanoma, outnumber primary malignancies tenfold. For metastatic tumor 
cells to colonize the brain, the cells must overcome the selective pressure of the 
blood-brain barrier and adapt to the unique brain microenvironment. Upon 
breaching the blood-brain barrier, metastatic cells encounter a challenging and 
plastic environment, which is ultimately transformed into a tumor-promoting 
microenvironment. Astrocytes, one of the most abundant cell types in the brain, 
are a key component of this transformation, as there is emerging evidence for 
their plasticity mediated by tumor cells to transition into a pro-metastatic 
phenotype. Tumor cells co-opt astrocytes by hijacking key signaling pathways 
and altering immune responses, converting astrocytes into facilitators of 
metastasis. This hijacking leads to increased proliferation of tumor cells and 
therapeutic resistance. 

The complexity of astrocyte-tumor cell interactions, compounded by the 
heterogeneous distribution and varied functions of astrocytes across different 
brain regions, presents significant challenges for developing targeted 
therapies aimed at reversing or halting astrocyte reprogramming. Future work 
will focus on elaborating a deeper understanding of the molecular and cellular 
mechanisms underlying astrocyte reprogramming. 

Declarations 

Abbreviations 

BBB: Blood-brain barrier 
BM: Brain metastases 
CAFs: Cancer-associated fibroblasts 
CCL2: Chemokine (C-C motif) ligand 2   
CSCs: Cancer stem cells 

ECM: Extracellular matrix 
ET-1: Endothelin-1 
FN14: Fibroblast growth factor-inducible 14 
GFAP: Glial fibrillary acidic protein 
HA: Hyaluronic acid 
HMMR: Hyaluronan-mediated motility receptors  
JAG1: Jagged-1 
JAK: Janus kinases 
MMP: Matrix metalloproteinase 
NICD: Notch intracellular domain 

STAT3: Signal transducer and activator of transcription-3 
STING: Stimulator of interferon genes 
TWEAK: Tumor necrosis factor-like weak inducer of apoptosis 

Competing Interests 

The authors have declared that no competing interests exist. 

  



Cancer Heterogeneity and Plasticity 2025;2(1):0002  Page 12 of 15 

Funding 

This work was supported by NIH T32 GM007250 (to R. K.) and NIH TL1 TR002549 (to R. K.). 

References 

1. Barnholtz-Sloan JS, Sloan AE, Davis FG, Vigneau FD, Lai P, Sawaya RE. Incidence Proportions of Brain Metastases in 
Patients Diagnosed (1973 to 2001) in the Metropolitan Detroit Cancer Surveillance System. J Clin Oncol. 
2004;22(14):2865–2872. DOI 

2. Campos S, Davey P, Hird A, Pressnail B, Bilbao J, Aviv RI, et al. Brain Metastasis from an Unknown Primary, or Primary 
Brain Tumour? A Diagnostic Dilemma. Curr Oncol. 2009;16(1):62–66. DOI 

3. Lin X, DeAngelis LM. Treatment of Brain Metastases. J Clin Oncol. 2015;33(30):3475–3484. DOI 
4. Cardinal T, Pangal D, Strickland BA, Newton P, Mahmoodifar S, Mason J, et al. Anatomical and topographical 

variations in the distribution of brain metastases based on primary cancer origin and molecular subtypes: a 
systematic review. Neuro-Oncol Adv. 2022;4(1):vdab170. DOI 

5. Stelzer K. Epidemiology and prognosis of brain metastases. Surg Neurol Int. 2013;4(5):192. DOI 
6. Au K, Meng Y, Suppiah S, Nater A, Jalali R, Zadeh G. Current Management of Brain Metastases: Overview and Teaching 

Cases. In: Morgan LR, editor. New Approaches to the Management of Primary and Secondary CNS Tumors [Internet]. 
InTech; 2017 [cited 2024 Oct 15]. Available from: http://www.intechopen.com/books/new-approaches-to-the-
management-of-primary-and-secondary-cns-tumors/current-management-of-brain-metastases-overview-and-
teaching-cases. DOI 

7. Dagogo-Jack I, Carter SL, Brastianos PK. Brain Metastasis: Clinical Implications of Branched Evolution. Trends Cancer. 
2016;2(7):332–327. DOI 

8. Mehta MP, Paleologos NA, Mikkelsen T, Robinson PD, Ammirati M, Andrews DW, et al. The role of chemotherapy in 
the management of newly diagnosed brain metastases: a systematic review and evidence-based clinical practice 
guideline. J Neurooncol. 2010;96(1):71–83. DOI 

9. Schulz M, Salamero-Boix A, Niesel K, Alekseeva T, Sevenich L. Microenvironmental Regulation of Tumor Progression 
and Therapeutic Response in Brain Metastasis. Front Immunol. 2019;10:1713. DOI 

10. Fiori ME, Di Franco S, Villanova L, Bianca P, Stassi G, De Maria R. Cancer-associated fibroblasts as abettors of tumor 
progression at the crossroads of EMT and therapy resistance. Mol Cancer. 2019;18:70. DOI 

11. Santi A, Kugeratski FG, Zanivan S. Cancer Associated Fibroblasts: The Architects of Stroma Remodeling. PROTEOMICS. 
2018;18(5–6):1700167. DOI 

12. Matias I, Morgado J, Gomes FCA. Astrocyte Heterogeneity: Impact to Brain Aging and Disease. Front Aging Neurosci. 
2019;11:59. DOI 

13. Pestana F, Edwards-Faret G, Belgard TG, Martirosyan A, Holt MG. No Longer Underappreciated: The Emerging 
Concept of Astrocyte Heterogeneity in Neuroscience. Brain Sci. 2020;10(3):168. DOI 

14. David W, Wasilewski D, Neibla P, Priego N, Coral F-T, Fustero-Torre C, et al. Reactive Astrocytes in Brain Metastasis. 
Front Oncol. 2017;7:298. DOI 

15. Sofroniew MV, Vinters HV. Astrocytes: biology and pathology. Acta Neuropathol (Berl). 2010;119(1):7–35. DOI 
16. Gradisnik L, Velnar T. Astrocytes in the central nervous system and their functions in health and disease: A review. 

World J Clin Cases. 2023;11(15):3385–3394. DOI 
17. Dong W, Todd A, Bröer A, Hulme S, Bröer S, Billups B. PKC-Mediated Modulation of Astrocyte SNAT3 Glutamine 

Transporter Function at Synapses in Situ. Int J Mol Sci. 2018;19(4):924. DOI 
18. Liddelow SA, Barres BA. Reactive Astrocytes: Production, Function, and Therapeutic Potential. Immunity. 

2017;46(6):957–967. DOI 
19. Yu G, Zhang Y, Ning B. Reactive Astrocytes in Central Nervous System Injury: Subgroup and Potential Therapy. Front 

Cell Neurosci. 2021;15:792764. DOI 
20. Adams KL, Gallo V. The diversity and disparity of the glial scar. Nat Neurosci. 2018;21:9–15. DOI 
21. Alsabbagh R, Ahmed M, Alqudah MAY, Hamoudi R, Harati R. Insights into the Molecular Mechanisms Mediating 

Extravasation in Brain Metastasis of Breast Cancer, Melanoma, and Lung Cancer. Cancers. 2023;15(8):2258. DOI 
22. Sevenich L, Bowman RL, Mason SD, Quail DF, Rapaport F, Elie BT, et al. Analysis of tumour- and stroma-supplied 

proteolytic networks reveals a brain-metastasis-promoting role for cathepsin S. Nat Cell Biol. 2014;16(9):876–888. 
DOI 

23. Heyn C, Ronald JA, Ramadan SS, Snir JA, Barry AM, MacKenzie LT, et al. In vivo MRI of cancer cell fate at the single‐
cell level in a mouse model of breast cancer metastasis to the brain. Magn Reson Med. 2006;56(5):1001–1010. DOI 

https://doi.org/10.1200/jco.2004.12.149
https://doi.org/10.3747/co.v16i1.308
https://doi.org/10.1200/JCO.2015.60.9503
https://doi.org/10.1093/noajnl/vdab170
https://doi.org/10.4103/2152-7806.111296
https://doi.org/10.5772/66310
https://doi.org/10.1016/j.trecan.2016.06.005
https://doi.org/10.1007/s11060-009-0062-7
https://doi.org/10.3389/fimmu.2019.01713
https://doi.org/10.1186/s12943-019-0994-2
https://doi.org/10.1002/pmic.201700167
https://doi.org/10.3389/fnagi.2019.00059
https://doi.org/10.3390/brainsci10030168
https://doi.org/10.3389/fonc.2017.00298
https://doi.org/10.1007/s00401-009-0619-8
https://doi.org/10.12998/wjcc.v11.i15.3385
https://doi.org/10.3390/ijms19040924
https://doi.org/10.1016/j.immuni.2017.06.006
https://doi.org/10.3389/fncel.2021.792764
https://doi.org/10.1038/s41593-017-0033-9
https://doi.org/10.3390/cancers15082258
https://doi.org/10.1038/ncb3011
https://doi.org/10.1002/mrm.21029


Cancer Heterogeneity and Plasticity 2025;2(1):0002  Page 13 of 15 

24. Kienast Y, Von Baumgarten L, Fuhrmann M, Klinkert WEF, Goldbrunner R, Herms J, et al. Real-time imaging reveals 
the single steps of brain metastasis formation. Nat Med. 2010;16:116–122. DOI 

25. Carbonell WS, Ansorge O, Sibson N, Muschel R. The Vascular Basement Membrane as “Soil” in Brain Metastasis. PLoS 
ONE. 2009;4(6):e5857. DOI 

26. Lorger M, Felding-Habermann B. Capturing Changes in the Brain Microenvironment during Initial Steps of Breast 
Cancer Brain Metastasis. Am J Pathol. 2010;176(6):2958–2971. DOI 

27. Valiente M, Obenauf AC, Jin X, Chen Q, Zhang XHF, Lee DJ, et al. Serpins Promote Cancer Cell Survival and Vascular 
Co-Option in Brain Metastasis. Cell. 2014;156(5):1002–1016. DOI 

28. Klein A, Schwartz H, Sagi‐Assif O, Meshel T, Izraely S, Ben Menachem S, et al. Astrocytes facilitate melanoma brain 
metastasis via secretion of IL ‐23. J Pathol. 2015;236(1):116–127. DOI 

29. Kim J, Villadsen R, Sørlie T, Fogh L, Grønlund SZ, Fridriksdottir AJ, et al. Tumor initiating but differentiated luminal-
like breast cancer cells are highly invasive in the absence of basal-like activity. Proc Natl Acad Sci. 2012;109(16):6124–
6129. DOI 

30. Xing F, Liu Y, Sharma S, Wu K, Chan MD, Lo HW, et al. Activation of the c-Met Pathway Mobilizes an Inflammatory 
Network in the Brain Microenvironment to Promote Brain Metastasis of Breast Cancer. Cancer Res. 
2016;76(17):4970–4980. DOI 

31. Choy C, Ansari KI, Neman J, Hsu S, Duenas MJ, Li H, et al. Cooperation of neurotrophin receptor TrkB and Her2 in 
breast cancer cells facilitates brain metastases. Breast Cancer Res. 2017;19:51. DOI 

32. Chen Q, Boire A, Jin X, Valiente M, Er EE, Lopez-Soto A, et al. Carcinoma–astrocyte gap junctions promote brain 
metastasis by cGAMP transfer. Nature. 2016;533(7604):493–498. DOI 

33. Groner B, Lucks P, Borghouts C. The function of Stat3 in tumor cells and their microenvironment. Semin Cell Dev Biol. 
2008;19(4):341–350. DOI 

34. Priego N, Zhu L, Monteiro C, Mulders M, Wasilewski D, Bindeman W, et al. STAT3 labels a subpopulation of reactive 
astrocytes required for brain metastasis. Nat Med. 2018;24(7):1024–1035. DOI 

35. Sarmiento Soto M, Larkin JR, Martin C, Khrapitchev AA, Maczka M, Economopoulos V, et al. STAT3-Mediated Astrocyte 
Reactivity Associated with Brain Metastasis Contributes to Neurovascular Dysfunction. Cancer Res. 
2020;80(24):5642–5655. DOI 

36. Dontu G, Jackson KW, McNicholas E, Kawamura MJ, Abdallah WM, Wicha MS. Role of Notch signaling in cell-fate 
determination of human mammary stem/progenitor cells. Breast Cancer Res. 2004;6:R605. DOI 

37. Xing F, Kobayashi A, Okuda H, Watabe M, Pai SK, Pandey PR, et al. Reactive astrocytes promote the metastatic growth 
of breast cancer stem‐like cells by activating Notch signalling in brain. EMBO Mol Med. 2013;5(3):384–396. DOI 

38. Sethi N, Dai X, Winter CG, Kang Y. Tumor-Derived Jagged1 Promotes Osteolytic Bone Metastasis of Breast Cancer by 
Engaging Notch Signaling in Bone Cells. Cancer Cell. 2011;19(2):192–205. DOI 

39. Xiu M-X, Liu Y-M, Kuang B-H. The oncogenic role of Jagged1/Notch signaling in cancer. Biomed Pharmacother. 
2020;129:110416. DOI 

40. Borggrefe T, Lauth M, Zwijsen A, Huylebroeck D, Oswald F, Giaimo BD. The Notch intracellular domain integrates 
signals from Wnt, Hedgehog, TGFβ/BMP and hypoxia pathways. Biochim Biophys Acta BBA - Mol Cell Res. 
2016;1863(2):303–313. DOI 

41. Cabral-Pacheco GA, Garza-Veloz I, Castruita-De La Rosa C, Ramirez-Acuña JM, Perez-Romero BA, Guerrero-Rodriguez 
JF, et al. The Roles of Matrix Metalloproteinases and Their Inhibitors in Human Diseases. Int J Mol Sci. 
2020;21(24):9739. DOI 

42. Ni W, Chen W, Lu Y. Emerging findings into molecular mechanism of brain metastasis. Cancer Med. 2018;7(8):3820–
3833. DOI 

43. Gonzalez-Avila G, Sommer B, Mendoza-Posada DA, Ramos C, Garcia-Hernandez AA, Falfan-Valencia R. Matrix 
metalloproteinases participation in the metastatic process and their diagnostic and therapeutic applications in 
cancer. Crit Rev Oncol Hematol. 2019;137:57–83. DOI 

44. Mendes O, Kim HT, Lungu G, Stoica G. MMP2 role in breast cancer brain metastasis development and its regulation 
by TIMP2 and ERK1/2. Clin Exp Metastasis. 2007;24(5):341–351. DOI 

45. Wu K, Fukuda K, Xing F, Zhang Y, Sharma S, Liu Y, et al. Roles of the Cyclooxygenase 2 Matrix Metalloproteinase 1 
Pathway in Brain Metastasis of Breast Cancer. J Biol Chem. 2015;290(15):9842–9854. DOI 

46. Wang X, Khalil RA. Chapter Eight - Matrix Metalloproteinases, Vascular Remodeling, and Vascular Disease. Adv 
Pharmacol. 2018;81:241–330. DOI 

47. Ruivo CF, Adem B, Silva M, Melo SA. The Biology of Cancer Exosomes: Insights and New Perspectives. Cancer Res. 
2017;77(23):6480–6488. DOI 

48. Ye L, Wu Y, Zhou J, Xie M, Zhang Z, Su C. Influence of Exosomes on Astrocytes in the Pre-Metastatic Niche of Lung 
Cancer Brain Metastases. Biol Proced Online. 2023;25:5. DOI 

https://doi.org/10.1038/nm.2072
https://doi.org/10.1371/journal.pone.0005857
https://doi.org/10.2353/ajpath.2010.090838
https://doi.org/10.1016/j.cell.2014.01.040
https://doi.org/10.1002/path.4509
https://doi.org/10.1073/pnas.1203203109
https://doi.org/10.1158/0008-5472.can-15-3541
https://doi.org/10.1186/s13058-017-0844-3
https://doi.org/10.1038/nature18268
https://doi.org/10.1016/j.semcdb.2008.06.005
https://doi.org/10.1038/s41591-018-0044-4
https://doi.org/10.1158/0008-5472.c.6512421
https://doi.org/10.1186/bcr920
https://doi.org/10.1002/emmm.201201623
https://doi.org/10.1016/j.ccr.2010.12.022
https://doi.org/10.1016/j.biopha.2020.110416
https://doi.org/10.1016/j.bbamcr.2015.11.020
https://doi.org/10.3390/ijms21249739
https://doi.org/10.1002/cam4.1667
https://doi.org/10.1016/j.critrevonc.2019.04.017
https://doi.org/10.1007/s10585-007-9071-0
https://doi.org/10.1074/jbc.m114.602185
https://doi.org/10.1016/bs.apha.2017.08.002
https://doi.org/10.1158/0008-5472.can-17-0994
https://doi.org/10.1186/s12575-023-00192-4


Cancer Heterogeneity and Plasticity 2025;2(1):0002  Page 14 of 15 

49. Zhang L, Zhang S, Yao J, Lowery FJ, Zhang Q, Huang WC, et al. Microenvironment-induced PTEN loss by exosomal 
microRNA primes brain metastasis outgrowth. Nature. 2015;527(7576):100–104. DOI 

50. Stevens LE, Cheung WKC, Adua SJ, Arnal-Estapé A, Zhao M, Liu Z, et al. Extracellular Matrix Receptor Expression in 
Subtypes of Lung Adenocarcinoma Potentiates Outgrowth of Micrometastases. Cancer Res. 2017;77(8):1905–1917. 
DOI 

51. Quintero-Fabián S, Arreola R, Becerril-Villanueva E, Torres-Romero JC, Arana-Argáez V, Lara-Riegos J, et al. Role of 
Matrix Metalloproteinases in Angiogenesis and Cancer. Front Oncol. 2019;9:1370. DOI 

52. Ren D, Zhu X, Kong R, Zhao Z, Sheng J, Wang J, et al. Targeting Brain-Adaptive Cancer Stem Cells Prohibits Brain 
Metastatic Colonization of Triple-Negative Breast Cancer. Cancer Res. 2018;78(8):2052–2064. DOI 

53. Lin Q, Balasubramanian K, Fan D, Kim SJ, Guo L, Wang H, et al. Reactive Astrocytes Protect Melanoma Cells from 
Chemotherapy by Sequestering Intracellular Calcium through Gap Junction Communication Channels. Neoplasia. 
2010;12(9):748–754. DOI 

54. Kim SW, Choi HJ, Lee HJ, He J, Wu Q, Langley RR, et al. Role of the endothelin axis in astrocyte- and endothelial cell-
mediated chemoprotection of cancer cells. Neuro Oncol. 2014;16(12):1585–1598. DOI 

55. Loscher W, Potschka H. Blood-brain barrier active efflux transporters: ATP-binding cassette gene family. NeuroRx. 
2005;2:86–98. DOI 

56. Batiuk MY, Martirosyan A, Wahis J, De Vin F, Marneffe C, Kusserow C, et al. Identification of region-specific astrocyte 
subtypes at single cell resolution. Nat Commun. 2020;11:1220. DOI 

57. Lee HJ, Hanibuchi M, Kim SJ, Yu H, Kim MS, He J, et al. Treatment of experimental human breast cancer and lung 
cancer brain metastases in mice by macitentan, a dual antagonist of endothelin receptors, combined with paclitaxel. 
Neuro Oncol. 2016;18(4):486–496. DOI 

58. Clozel M. Endothelin research and the discovery of macitentan for the treatment of pulmonary arterial hypertension. 
Am J Physiol-Regul Integr Comp Physiol. 2016;311(4):R721–R726. DOI 

59. Kim SJ, Lee HJ, Kim MS, Choi HJ, He J, Wu Q, et al. Macitentan, a Dual Endothelin Receptor Antagonist, in Combination 
with Temozolomide Leads to Glioblastoma Regression and Long-term Survival in Mice. Clin Cancer Res. 
2015;21(20):4630–4641. DOI 

60. Chan WN, Evans JM, Hadley MS, Herdon HJ, Jerman JC, Parsons AA, et al. Identification of (−)-cis-6-acetyl-4S-(3-chloro-
4-fluoro-benzoylamino)-3,4-dihydro-2,2-dimethyl-2H-benzo[b]pyran-3S-ol as a potential antimigraine agent. Bioorg 
Med Chem Lett. 1999;9(2):285–290. DOI 

61. Herdon HJ, Jerman JC, Stean TO, Middlemiss DN, Chan WN, Vong AK, et al. Characterization of the binding of [3 H]‐
SB‐204269, a radiolabelled form of the new anticonvulsant SB‐204269, to a novel binding site in rat brain membranes. 
Br J Pharmacol. 1997;121(8):1687–1691. DOI 

62. Read S, Smith M, Hunter A, Upton N, Parsons A. SB-220453, A Potential Novel Antimigraine Agent, Inhibits Nitric 
Oxide Release Following Induction of Cortical Spreading Depression in the Anaesthetized Cat. Cephalalgia. 
2000;20(2):92–99. DOI 

63. Jin M, Dai Y, Xu C, Wang Y, Wang S, Chen Z. Effects of meclofenamic acid on limbic epileptogenesis in mice kindling 
models. Neurosci Lett. 2013;543:110–114. DOI 

64. Gril B, Palmieri D, Qian Y, Smart D, Ileva L, Liewehr DJ, et al. Pazopanib Reveals a Role for Tumor Cell B-Raf in the 
Prevention of HER2+ Breast Cancer Brain Metastasis. Clin Cancer Res. 2011;17(1):142–153. DOI 

65. Gril B, Palmieri D, Qian Y, Anwar T, Liewehr DJ, Steinberg SM, et al. Pazopanib Inhibits the Activation of PDGFRβ-
Expressing Astrocytes in the Brain Metastatic Microenvironment of Breast Cancer Cells. Am J Pathol. 
2013;182(6):2368–2379. DOI 

66. Martínez-Aranda A, Hernández V, Güney E, Muixí L, Foj R, Baixeras N, et al. FN14 and GRP94 expression are 
prognostic/predictive biomarkers of brain metastasis outcome that open up new therapeutic strategies. Oncotarget. 
2015;6(42):44254–44273. DOI 

67. Sanz-Pamplona R, Aragüés R, Driouch K, Martín B, Oliva B, Gil M, et al. Expression of Endoplasmic Reticulum Stress 
Proteins Is a Candidate Marker of Brain Metastasis in both ErbB-2+ and ErbB-2− Primary Breast Tumors. Am J Pathol. 
2011;179(2):564–579. DOI 

68. Desplat-Jégo S, Varriale S, Creidy R, Terra R, Bernard D, Khrestchatisky M, et al. TWEAK is expressed by glial cells, 
induces astrocyte proliferation and increases EAE severity. J Neuroimmunol. 2002;133(1–2):116–123. DOI 

69. Bosch-Barrera J, Queralt B, Menendez JA. Targeting STAT3 with silibinin to improve cancer therapeutics. Cancer Treat 
Rev. 2017;58:61–69. DOI 

70. Wright K, Ly T, Kriet M, Czirok A, Thomas SM. Cancer-Associated Fibroblasts: Master Tumor Microenvironment 
Modifiers. Cancers. 2023;15(6):1899. DOI 

71. Lavie D, Ben-Shmuel A, Erez N, Scherz-Shouval R. Cancer-associated fibroblasts in the single-cell era. Nat Cancer. 
2022;3(7):793–807. DOI 

https://doi.org/10.1038/nature15376
https://doi.org/10.1158/0008-5472.c.6509331
https://doi.org/10.3389/fonc.2019.01370
https://doi.org/10.1158/0008-5472.can-17-2994
https://doi.org/10.1593/neo.10602
https://doi.org/10.1093/neuonc/nou128
https://doi.org/10.1602/neurorx.2.1.86
https://doi.org/10.1038/s41467-019-14198-8
https://doi.org/10.1093/neuonc/now037
https://doi.org/10.1152/ajpregu.00475.2015
https://doi.org/10.1158/1078-0432.ccr-14-3195
https://doi.org/10.1016/s0960-894x(98)00728-8
https://doi.org/10.1038/sj.bjp.0701331
https://doi.org/10.1046/j.1468-2982.2000.00022.x
https://doi.org/10.1016/j.neulet.2013.03.029
https://doi.org/10.1158/1078-0432.ccr-10-1603
https://doi.org/10.1016/j.ajpath.2013.02.043
https://doi.org/10.18632/oncotarget.5471
https://doi.org/10.1016/j.ajpath.2011.04.037
https://doi.org/10.1016/s0165-5728(02)00368-5
https://doi.org/10.1016/j.ctrv.2017.06.003
https://doi.org/10.3390/cancers15061899
https://doi.org/10.1038/s43018-022-00411-z


Cancer Heterogeneity and Plasticity 2025;2(1):0002  Page 15 of 15 

72. Shintani Y, Kimura T, Funaki S, Ose N, Kanou T, Fukui E. Therapeutic Targeting of Cancer-Associated Fibroblasts in 
the Non-Small Cell Lung Cancer Tumor Microenvironment. Cancers. 2023;15(2):335. DOI 

73. Wu F, Yang J, Liu J, Wang Y, Mu J, Zeng Q, et al. Signaling pathways in cancer-associated fibroblasts and targeted 
therapy for cancer. Signal Transduct Target Ther. 2021;6(1):218. DOI 

 

https://doi.org/10.3390/cancers15020335
https://doi.org/10.1038/s41392-021-00641-0

