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Abstract 
Brain metastasis is one of the most severe complications of cancer, occurring ten times 

more frequently than primary brain tumours and affecting up to 40% of solid tumour 

patients. The blood-brain barrier, a complex tumour microenvironment, and the adaptive 

capabilities of tumour cells limit therapeutic strategies. This thesis aimed to investigate the 

role of tumour-derived extracellular vesicles in brain metastasis progression and explore 

alternative second-line therapies for brain metastasis. 

We investigated tumour-brain interactions and potential therapeutic strategies in melanoma 

brain metastases (MBM). Our findings reveal that extracellular vesicles (EVs) derived 

from MBM reprogram astrocytes through the delivery of miR-146a-5p, activating the 

Notch pathway and promoting a tumour-supportive environment. Targeting miR-146a-5p 

via genetic knockdown or deserpidine treatment reduced metastatic burden and improved 

survival in vivo. Additionally, we developed a novel method for labelling EVs from brain 

metastasis cell lines using superparamagnetic iron oxide nanoparticles, enabling their 

visualization through magnetic resonance imaging. Finally, we demonstrated that 

CCT196969, a pan-RAF and Src family kinase inhibitor (SFK), effectively suppressed 

growth in treatment naïve and BRAF inhibitor-resistant MBM cell lines, highlighting its 

potential as a therapeutic agent.  

Our findings not only shed light on intricate tumour-brain communication mechanisms but 

also introduce an innovative tool for further studying the role of EVs in the brain metastasis 

tumour microenvironment. Furthermore, we propose a promising second-line treatment 

strategy, highlighting the potential of a pan-RAF and SFK inhibitor to target resistant 

metastasis.  
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Sammendrag 

Hjernemetastaser er blant de mest alvorlige komplikasjonene ved kreft og forekommer ti 

ganger oftere enn primære hjernesvulster, og rammer opptil 40 % av pasienter med solide 

svulster. Blod-hjerne-barrieren, et komplekst tumormikromiljø og tumorcellers evne til 

tilpasning begrenser effekten av tilgjengelige terapeutiske strategier. Denne avhandlingen 

undersøker rollen tumor-deriverte ekstracellulære vesikler spiller i utviklingen av 

hjernemetastaser og utforsker alternative andrelinjebehandlinger for denne tilstanden. 

Vi har undersøkt tumor-hjerne-interaksjoner og potensielle terapeutiske tilnærminger ved 

melanom-hjernemetastaser (MHM). Våre funn viser at ekstracellulære vesikler (EV) fra 

MHM omprogrammerer astrocytter ved å levere miR-146a-5p, som aktiverer Notch-

signalveien og fremmer et tumor-vennlig mikromiljø. Ved å målrette miR-146a-5p 

gjennom genetisk nedregulering eller behandling med deserpidine, reduseres 

metastasebyrden og overlevelsen forbedres i dyremodeller. Videre utviklet vi en ny metode 

for merking av EV fra hjernemetastase-cellelinjer ved bruk av superparamagnetiske 

jernoksid-nanopartikler, som gjør det mulig å visualisere disse ved hjelp av magnetisk 

resonansavbildning. Til slutt viste vi at CCT196969, en hemmer av både pan-RAF og Src-

familiekinaser (SFK), effektivt hemmet vekst i både behandlingsnaive og BRAF-hemmer-

resistente MHM-cellelinjer, noe som understreker potensialet som terapeutisk middel. 

Gjennom dette arbeidet har vi ikke bare observert komplekse kommunikasjonsmekanismer 

mellom tumor og hjerne, men vi introduserer også et innovativt verktøy for å studere EVs 

sin rolle i tumormikromiljøet ved hjernemetastaser. Vi foreslår så videre en lovende 

andrelinjebehandlingsstrategi, som fremhever potensialet til en pan-RAF og SFK-hemmer 

for resistente metastaser. 
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1. Introduction 

1.1 Cancer and metastasis 

Cancer is one of the leading causes of death worldwide, accounting for one-sixth of all 

mortalities1. While often considered a singular disease, it refers to a group of diseases 

characterized by abnormal cell growth and invasion beyond tissue borders2. Although 

hundreds of cancer types from various cells and tissues of origin have been identified, 

genomic instability is a consistent and defining characteristic. The instability leads to the 

accumulation of ‘driver’ mutations, which confer a clonal growth advantage through two 

mechanisms. Activating mutations in oncogenes increase protein function and overactivate 

cellular growth pathways3. In contrast, tumour suppressor genes, which normally act to 

inhibit cell pathways and development, are often inactivated4.   

In 2000, Douglas Hanahan and Robert Weinberg introduced the "Hallmarks of Cancer," 

which outline the defining characteristics of cancer, including genomic instability5. These 

six traits were initially intended to summarize the complexity of how normal cells 

transform into cancerous cells and guide research and therapeutic targeting. Over the years, 

Figure 1: Hallmarks of Cancer from Hanahan 2022. Reprinted with permissions.  
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these hallmarks have been updated several times to incorporate additional hallmarks and 

enabling characteristics. The most recent update presents a comprehensive summary of 14 

hallmarks of cancer (Fig. 1)6–9.  

One of the key hallmarks of cancer that contributes directly to patient mortality is the 

activation of invasion and metastasis. This process enables cancer cells to spread beyond 

their primary site and establish tumours in distant organs, causing further illness. Primary 

tumours do not cause the majority of cancer-related deaths; rather, they result from the 

spread of cancer cells beyond their original site, colonizing distant organs and causing 

widespread complications, which is the leading cause of cancer-related mortality. In 

Norway, metastasis is responsible for 66.7% of solid cancer deaths, rising to 82.6% in the 

United States10,11.  

Common sites of metastasis include the lungs, liver, bone, lymph nodes and brain. The 

brain is a frequent and fatal site for metastasis in many cancers. Historically, 10-40% of 

patients with solid tumours may eventually develop brain metastasis, making it the most 

common type of neural malignancy—occurring at a rate 10 times higher than primary brain 

tumours12. Median survival typically ranges from 4 to 12 months, though this can vary 

significantly based on factors like age, the number of metastases, and the extent of 

extracranial disease. Patients present with neurological symptoms such as seizures, 

headaches, changes in speech or vision, nausea, ataxia, and drowsiness. Notably, up to 52% 

of brain metastasis (BM) patients will die of progressive neurologic dysfunction13,14. 

Treatment of BM remains a challenge due to the high risk associated with radiation and 

surgery in the brain, as well as poor penetration of systemic drugs through the blood-brain 

barrier (BBB)15. Despite recent advances in new therapeutic avenues, the 5-year survival 

rate remains below 10%16. Understanding the mechanisms behind BM and its clinical 

challenges is essential for developing new treatment options and improving patient 

outcomes.  
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1.2 Clinical perspectives on brain metastasis  

1.2.1 Incidence and risk factors 

 BM is the most common central nervous system (CNS) malignancy, yet data on its 

prevalence remains limited and less comprehensive than that of primary tumours. 

Historically, many countries have not mandated reporting secondary lesions in the brain, 

and accurate documentation of cases can be challenging, especially in late-stage patients 

with multiple secondary malignancies.  

 Annual diagnoses of BM in the United States are estimated to range from 70,000 to 

400,000 cancer patients, and approximately 12% of these patients are diagnosed with BM 

simultaneously with their primary cancer17–20. The incidence of BM is increasing for 

several reasons.  Improved reporting systems, such as the Surveillance, Epidemiology, and 

End Results program (SEER), systematic screening of cancer patients at high risk for BM, 

and improved imaging techniques, such as magnetic resonance imaging (MRI) and 

positron emission tomography (PET) scanning, have enhanced the detection and reporting 

of BM21,22. Additionally, advances in molecular profiling and systematic treatments have 

effectively controlled extracranial disease and increased life expectancy. This improved 

survival paradoxically creates more opportunity for intracranial disease to develop, as 

current therapies offer little protection against BM. Consequently, patients living longer 

with controlled systemic disease are more likely to develop BM23. Finally, the increasing 

incidence of primary tumours with a predilection for BMs further contributes to the 

growing number of cases24.  

Primary cancer type is the key determinant of BM risk, with three primary cancers 

accounting for most BM cases. These are melanoma (6, 16.4-28.2%), non-small cell lung 

cancer (NSCLC) and other lung cancers (43.2-52.4, 60%), and breast cancer (15.7, 11%), 

with colon cancer in fourth place and is increasing in incidence19,20,25,26. BMs in men are 

most commonly from lung cancer, although the spreading pattern appears to be similar 

across sexes. Women most frequently develop BMs from breast cancer, and those with 
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HER2+ or triple-negative receptor status are at a higher risk for BM than their 

progesterone+ and estrogen+ counterparts27. Certain mutational variants within each 

primary tumour source increase the risk for BM. For example, in NCSLC, mutations in the  

epidermal growth factor receptor (EGFR) or anaplastic lymphoma kinase (ALK) oncogenes 

elevate the risk28. In melanoma, mutations in the B-Raf proto-oncogene (BRAF) or 

neuroblastoma RAS viral oncogene homolog (NRAS) genes increase the risk of developing 

BM29. Regardless of the primary cancer site, advanced-staged primary cancers and 

increased age elevate the risk of developing BM30.   

Melanoma, a cancer originating in skin melanocytes and rarely in the eyes or mucosa, has 

the highest propensity for BM among all cancers31,32. While melanoma represents only 1-

5% of cancer cases, it accounts for over 10% of BM cases, with up to 50% of late-stage 

patients developing BM33. This neurotropism remains incompletely understood. NSCLC, 

comprising over 80% of lung cancer cases, includes several subtypes, with 

adenocarcinoma—affecting the lung's epithelial lining—being the most prevalent34. 

Although small cell lung cancer is considered more aggressive, NSCLC is responsible for 

over 50% of BM cases12,25. In summary, while NSCLC patients have the highest absolute 

number of BM cases, melanoma patients face the highest relative risk19. This thesis, 

therefore, focuses on both NSCLC-BM (LBM) and melanoma BM (MBM). 

1.2.2 Molecular characteristics in MBM and LBM   

Specific molecular subtypes, or mutations, found in primary tumours play a significant role 

in the development of BM, with certain signatures being more prevalent in BM than others. 

These mutations affect cell signalling pathways through two primary mechanisms: 

activating mutations that leave proteins constitutively 'on,' driving excessive proliferation, 

survival, and migration, or loss-of-function mutations that disable critical regulatory 

proteins, removing natural brakes on these pathways (Table 1).  
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Table 1: Overview of common oncogenic mutations in MBM and LBM patients. NF-κB, nuclear factor 

kappa-light-chain-enhancer of activated B cells. Compiled from13,22,28,32,35–38 

 

As shown in Fig. 2, the mitogen-activated protein kinase (MAPK) pathway is crucial in 

oncogenic signalling, driving uncontrolled proliferation, differentiation, and survival in 

cancer cells. This signalling cascade is initiated when growth factors bind to cell surface 

receptors, often receptor tyrosine kinases (RTK), and trigger activation events through 

phosphorylation or direct binding of adapter proteins. These subsequently activate key 

proteins rat sarcoma (RAS), rapidly accelerated fibrosarcoma (RAF), mitogen-activated 

protein kinase kinase (MEK) and extracellular signal-regulated kinase (1/2 ERK)39. This 

activation chain leads to transcription factors that induce the promotion of genes involved 

in tumour growth, cell death avoidance, and resistance to therapy40. In MBM, activating 

mutations in BRAF, NRAS, and c-KIT keep proteins perpetually ‘on,’ leading to 

upregulation29,41.  

Cancer Type Gene Prevalence (%) Pathway Mutation Type 
Overall 
Survival 
(months) 

Melanoma 

BRAF 51 MAPK Missense mutation, activating 9-30 

NRAS 22 MAPK Missense mutation, activating 10-14 
PI3K 

c-KIT 11 MAPK Missense, activating 9 
PI3K 

NSCLC 

EGFR 47-51 
MAPK 

Deletion, point mutation, activating 30 PI3K 
JAK/STAT 

ALK 7 
MAPK 

Translocation fusion protein, 
activating 50 PI3K 

JAK/STAT   

KRAS 16 

MAPK 

Point mutation, activating 22  
PI3K 
JAK/STAT 
NF-κB 
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In addition to MAPK, the phosphoinositide 3-kinase (PI3K) pathway also contributes to 

cancer progression and therapy resistance. In healthy cells, PI3K activation through an 

RTK leads to the activation of mammalian target of rapamycin (mTOR) and protein kinase 

B (AKT) and is mediated by phosphatase and tensin homolog (PTEN)42. PTEN, a 

phosphatase, normally acts as an inhibitor in the pathway and is, therefore, a tumour 

suppressor. Complete loss or inactivating mutations of PTEN are often accompanied by 

BRAF mutations, which drive tumorigenesis through aberrant signalling42,43. While MAPK 

mutations are more common and, therefore, more commonly targeted in clinical therapies, 

MAPK and PI3K have several nodes of overlap. PI3K and MAPK can stimulate and 

amplify each other in a bidirectional format, leading to a feedback loop with sustained 

signalling44.  

Figure 2: Simplified outline of upregulated pathways in MBM and LBM. MAPK, PI3K and JAK/STAT 
pathways with commonly mutated proteins marked in red with arrows indicating an activating (up) or 
deactivating (down) mutation. MAPK and PI3K pathways are canonically activated by RTKs, and 
JAK/STAT is activated by cytokine receptors. All pathways can be activated by the EML4-ALK fusion 
protein. Activation of effector proteins by phosphorylation or other activating events leads to upregulation 
of transcription factors initiating transcription of genes involved in important cell functions. Based on 
principles from references 39,42, 45 and Table 1. 
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The MAPK and PI3K pathways are also activated in LBM through KRAS, EGFR driver 

mutations, and ALK/EML4 fusion proteins. These oncogenic drivers further upregulate the 

Janus kinase/ signal transducer and activator of transcription pathway (JAK/STAT). In the 

canonical pathway, JAK proteins associate with cytokine receptors to phosphorylate STAT 

proteins, which act as nuclear transcription factors45. In LBM, constitutively active EGFR 

either indirectly activates JAKs via cytokine production or directly phosphorylates STAT, 

bypassing JAK46. The EML4-ALK fusion protein primarily signals through JAK by 

forming a complex with JAK proteins while promoting cytokine expression for autocrine 

pathway activation47. Phosphorylated STAT then dimerizes and translocates to the nucleus, 

regulating genes involved in cell survival, proliferation, differentiation, and immune 

evasion. 

1.2.3 Diagnosis, prognosis and clinical presentation 

In acute cases where patients present with neurological symptoms or at diagnoses of high-

risk primary cancers, an initial computed tomography (CT) scan is employed to rule out 

other intracerebral conditions and visualize larger tumours or hemorrhaging. CT is a rapid 

imaging technique that uses a rotating X-ray beam to produce cross-sectional tomographic 

images of the scanned area that can be combined to generate a 3D visualization of the 

brain48. MRI is the gold standard for imaging of BM, as it allows for precise soft tissue 

mapping that is not possible with CT49. MRI is used for non-invasive screening, diagnosis, 

treatment planning, and disease monitoring without ionizing radiation. For more 

information on the theory of MRI, please refer to Section 3.5.  

EANO recommends using contrast-enhanced T1 weighted MRI with gadolinium-based 

contrast agents to diagnose BM, improve detection, and strengthen differential diagnosis50. 

Similarly, the Response Assessment in Neuro-Oncology-Brain Metastases and the Brain 

Tumour Imaging Protocol for Glioma Research proposed a standardized imaging protocol 

to ensure consistency across patients and treatment centers51. This protocol includes pre- 

and post-contrast 3D T1-weighted scans and high-resolution T2-weighted fluid-attenuated 
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inversion recovery (FLAIR) imaging for better visualization of vasogenic edema, with 

example images shown in Fig. 3. 

BM exhibit distinct imaging characteristics in MR images that aid in diagnosis, though 

their appearance can vary based on primary tumour origin. These lesions often develop 

where vasculature is small, and blood flow is slow, particularly at grey-white matter 

junctions and in “watershed zones” between cerebral arteries52,53. While lung cancer and 

melanoma often spread as multiple lesions, breast cancer usually presents as a single 

metastasis54.  

On non-contrast T1-weighted MRI, most BMs appear darker (hypointense) than 

surrounding tissue, except for hemorrhagic and MBM, which appear bright (hyperintense) 

due to blood products and melanin content55,56.  Morphologically, BMs are typically well-

defined spherical lesions that may show central necrosis57. They predominantly occur in 

the cerebrum (80% of cases), followed by the cerebellum (15%) and basal ganglia 

(3%)54,55. A distinctive feature of BMs is their tendency to hemorrhage, causing significant 

vasogenic edema around the tumour. This edema appears bright on T2-weighted FLAIR 

images and is often disproportionately large compared to the tumour size – a key 

characteristic that helps distinguish BMs from primary brain tumours55,58,59.   

Figure 3: MRI of the brain showing MBM lesions. Axial scans of a patient presenting with multiple 
hemorrhagic MBM tumours. Case provided by Prof F. Gaillard, Radiopaedia.org rID: 29116.   
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1.2.4   Treatment strategies  

Given the brain's vital function and its distinctive nature, treatments for BMs require a 

delicate balance between therapeutic benefit and potential harm. The primary aim of 

treatment is generally not to cure but to prevent or delay neurological decline and to extend 

survival while maintaining an acceptable quality of life. To achieve this, a combination of 

surgery, radiotherapy and pharmacotherapy is employed, each with recommendations 

based on multiple factors. Generally, the tumours are resected surgically, followed by 

adjuvant radiation and pharmacotherapy, either targeted therapy or immunotherapy. 

Treatment regimens vary greatly, depending on individual circumstances. The following 

section will describe the recommendations from the North American (ASCO-SNO-

ASTRO) and the European (EANO–ESMO) Clinical Practice Guidelines, along with the 

challenges each strategy faces60,61.  

1.2.4.1 Physical and radiological strategies 

Surgery 

Surgical resection, whether partial or complete, is recommended for patients with large, 

solitary tumour masses and for patients with multiple BMs who develop acute neurological 

symptoms from increased intracranial pressure61. For long-term management, surgery has 

limited evidence of effectiveness in patients with poor performance status and extensive 

systemic disease. Still, it may be beneficial for relieving symptoms and prolonged survival 

in recurrent BMs62. Tumours located in inaccessible locations, such as the brain stem or 

the basal ganglia, are usually not resected due to a high risk of morbidity63.   

 

Radiotherapy  

Radiotherapy effectively treats BMs by delivering high-energy radiation to tumour sites. 

This treatment damages cancer cell DNA, disrupting their ability to proliferate and spread. 

Tumour cells are particularly vulnerable to radiation due to their high rates of proliferation 

and defective DNA repair mechanisms, but surrounding healthy tissue can also be affected. 
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Whole brain radiotherapy (WBRT) is the broad administration of radiation to the brain. It 

is fundamentally nonselective and, therefore, does not differentiate between healthy and 

tumour tissue, leading to severe neurologic side effects such as cognitive deficits, nausea, 

and vomiting64. Due to the high risk of radiation-related side effects, WBRT is mainly 

recommended for patients with advanced disease and multiple BMs due to its broad 

coverage in brain tissue60,61.  

Stereotactic radiosurgery (SRS) delivers high-dose radiation with sub-millimeter accuracy 

and a steep dose fall-off between tumour and normal brain tissue. A stereotactic frame 

attached to the head of the patient and image guidance enables precise targeting of lesions. 

SRS has become the standard of care due to its sound effects on BM and fewer radiation-

related side effects. The treatment is recommended for patients with up to four BMs and 

may be considered for patients with five to ten BMs if the combined tumour volume is less 

than 15 mL65. While SRS effectively treats visible metastases, new lesions can develop 

from a pre-existing microscopic disease that was undetectable at the time of treatment and 

should be combined with other therapies66.  

1.2.4.2 Pharmacotherapy 

Pharmacotherapy for BMs aims to control tumour growth and relieve symptoms through 

drug administration. However, the BBB (Section 1.3.1) is a highly selective barrier that 

protects the brain, preventing the penetration of almost all large-molecule drugs and up to 

98% of small-molecule drugs15,67. This presents a significant challenge for treating BMs. 

Despite this, emerging strategies are promising to improve the effectiveness and 

penetration of small-molecule drugs in BM patients. See Table 2 for current guidelines on 

pharmacotherapies.   

Corticosteroids 

Corticosteroids are commonly administered to patients not as a primary treatment but for 

symptom management. In cases of symptomatic BM, corticosteroids help reduce swelling 
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(edema) and intracranial pressure, alleviating symptoms such as headaches, nausea, and 

neurological deficits60,61. 

 

Immunotherapy  

Immunotherapy uses the body’s immune system to identify, target, and eliminate cancer 

cells. Immune checkpoint inhibitors (ICI) are antibodies designed to block proteins, such 

as cytotoxic T-lymphocyte-associated antigen 4 (CTLA-1) and programmed cell death 

protein 1 (PD-1), that suppress immune activity68. These proteins are often upregulated by 

tumour cells to evade immune detection. The clinical trial CheckMate evaluated the 

efficacy of combining the ICIs nivolumab (anti-PD-1) and ipilimumab (anti-CTLA-4) in 

treating various types of BMs. Remarkably, asymptomatic MBM patients had an 

impressive intracranial response of up to 60% and a 3-year progression-free survival rate 

of 54.1%, establishing this regimen as the first-line treatment for asymptomatic MBMs69,70. 

LBM patients evaluated in the same or similar studies had less impressive but still clinically 

meaningful response rates of around 28-40% and a 3-year progression-free survival of 

around 30%, leading to adopting the same regimen for LBM patients71,72. 

Unfortunately, response rates were much lower in symptomatic or advanced-stage patients. 

The reasons for this are still unknown, but they are likely linked to corticosteroid use, which 

suppresses the immune response for symptom management73. 

Tyrosine kinase inhibitor therapy  

Small molecule inhibitors like tyrosine kinase inhibitors (TKIs) can partially penetrate the 

BBB, while larger chemotherapeutic agents typically cannot. TKIs, developed following 

the discovery of oncogenic driver mutations, are widely used as first-line therapy in 

managing the majority of BM patients. These inhibitors selectively target overactive 

proteins and shut down upregulated signalling pathways that promote tumour growth. For 

MBM, a combination of BRAF (dabrafenib) and MEK (trametinib) inhibitors is used to 

address potential resistance60,61. However, despite frequent activation of the NRAS protein 
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and the PI3K pathway in MBM, no successful targeted therapies for these pathways have 

been established in clinical practice. MEK inhibitors are used as an indirect approach60,61.  

KRAS mutations are common in LBM but are not considered first-line actionable 

(targetable) mutations. The KRAS-targeting drugs sotorasib and adagrasib recently 

received approval for clinical use74,75. However, additional studies are needed before first-

line adoption76. Patients with activating EGFR mutations are typically treated with 

osimertinib or icotinib, and those with ALK rearrangements have several treatment options, 

including alectinib, brigatinib, and ceritinib61,76. 

Table 2: Outline of first-line treatment recommendations for LBM and MBM according to EANO-ESMO 

and ASCO-SNO-ASTRO Guidelines. Adapted from 60,61. 

 

Alternative and experimental therapies 

Traditional cytotoxic chemotherapy has historically shown poor effectiveness in treating 

BM, primarily due to poor BBB penetration. Cisplatin, temozolomide, and pemetrexed 

studies have disappointing clinical results in treating BM and are typically reserved for 

patients with extensive, refractive, treatment-resistant disease77,78.  

Cancer Type Treatment Recommendations 

Melanoma 

BRAF wild type and BRAF mutant patients: ipilimumab and nivolumab 
are preferred first-line treatment  

Patients with multiple symptomatic BRAF-mutated BMs or patients 
requiring 4 mg steroids or higher: dabrafenib plus trametinib 

NRAS - no clinically approved targeting therapies 

Lung 

KRAS most frequent activating mutation- no clinically approved first-
line targeting therapies  

NSCLC without targetable oncogenic driver mutations and PD-L1 
positivity: monotherapy with anti-PD-1 or PD-L1 immune checkpoint 
inhibitors  

Patients with NSCLC with targetable oncogenic driver mutations  
Osimertinib or icotinib for EGFR mutants 
Alectinib, brigatinib, or ceritinib for ALK rearrangements  
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Anti-angiogenesis drugs, such as bevacizumab targeting vascular endothelial growth 

factor A (VEGF-A), have proven successful in various cancers and shown efficacy in 

LBM but demonstrate limited effects in MBM79. Phase III trials have historically 

excluded BM patients for fear of intracranial bleeding, although this concern has been 

disputed79,80. Several ongoing Phase II/III trials are now evaluating bevacizumab's safety 

and efficacy in BM in combination with TKIs or immunotherapy81–83. 

Alternative TKI targets, such as PI3K and MET receptor tyrosine kinase, have been of 

interest due to the involvement of multiple pathways and activating mutations in signalling 

pathways in both MBM and LBM. Buparlisib, a pan-PI3K inhibitor, was initially an 

attractive potential therapy in LBM and MBM. As monotherapy in the clinic, no 

intracranial response was observed in MBM or LBM84. Combination studies in vitro are 

promising however have ahigh toxicity profile in the clinic 84–86. Therefore, further research 

is needed to determine its effectiveness and toxicity77. MET inhibitors are another novel 

option and are still in the experimental phase but show promise as a potential secondary 

target in preclinical studies88,89.  

 

1.2.4.3 Resistance in the treatment of brain metastasis  

While TKIs have significantly improved short-term response rates in patients, acquired 

resistance and subsequent progression are almost inevitable in MBM and LBM90. In MBM, 

secondary mutations in the BRAF gene, upregulation of compensatory pathways such as 

PI3K, and switching between RAF family proteins ultimately render TKI therapy 

ineffective90–93. In LBM, common mechanisms include MET amplification and secondary 

mutations such as EGFRT790M, which reduce the binding affinity of TKI due to protein 

structure change94,95. Efforts to overcome resistance by targeting secondary mutations can 

paradoxically result in the loss of the secondary mutation, leading to another treatment-

resistance stage96.   
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Current approaches rely on combining treatments while managing toxicities, extending 

survival by months. The path forward lies in early detection, prevention and a deeper 

understanding of the BM microenvironment to find better actionable targets. 

Understanding the temporal dynamics of brain colonization, stromal cell interactions, and 

treatment resistance mechanisms could enable more effective intervention. Progress 

demands better characterization of this complex biology to enable targeted prevention and 

treatment, ultimately improving outcomes. 

1.3 The healthy brain microenvironment  

1.3.1 Blood-brain barrier  

Circulating tumour cells (CTCs) must penetrate the BBB to successfully metastasize into 

the brain. The BBB is a specialized microvascular structure of the brain that strictly 

regulates both transcellular and paracellular passage of molecules and cells from the 

circulation system into the brain parenchyma. The BBB is built from a neurovascular unit 

comprised of specialized brain endothelial cells (BECs) anchored to a basement membrane 

and encircled by pericytes and astrocytic end-feet (Fig. 4). These components work 

together to efficiently remove toxic cellular waste, transport essential macromolecules and 

ions necessary for CNS function, and restrict entry of cells or pathogens that may cause 

harm to the neuroparenchyma97.  

The BECs of the BBB are characterized by their absence of gap junctions, connected 

exclusively through tight junctions formed by transmembrane proteins such as occludin, 

claudin, and junctional adhesion molecules. These proteins anchor to their counterparts on 

adjacent cells and connect to peripheral membrane proteins, such as zonula occludens 

(ZO), to maintain a robust connection between cells. BECs are classified as non-

fenestrated, as their membranes contain limited pores and pinocytosis capabilities, 

therefore transcellular movement across the BBB must be either vesicle-, receptor- or 

protein carrier-mediated98. BECs contain many ATP-binding cassette transporters that 

protect the brain by effluxing toxins. Unfortunately these efflux pumps recognize many 

therapeutic drugs as substrates, resulting in low drug delivery97. 
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Surrounding the layer of BECs is another layer of cells known as pericytes. These cells 

cover approximately 80% of brain microvasculature and play a critical role in regulating 

BBB permeability99. In addition to structural support, pericytes secrete glycoproteins that 

constitute the basal lamina surrounding the BBB and regulate the expression of transporters 

on the BECs100.  

Finally, astrocytes provide additional structural integrity to the BBB by covering a large 

portion of the abluminal surface with protrusions called end-feet and secreting extracellular 

matrix proteins97. In addition to directly supporting the vasculature, astrocytes act as a 

bridge between blood vessels and neurons, ensuring the exchange of nutrients and waste 

products between the bloodstream and neurons to facilitate homeostasis within the 

brain101,102. 

The highly specialized and efficient BBB is crucial for maintaining neuronal homeostasis 

and protecting the brain by tightly regulating the movement of essential molecules and 

blocking harmful substances. However, while vital for brain health, the BBB is a 

formidable obstacle in the treatment of brain tumours, as it severely restricts the delivery 

of potentially life-saving therapies. 

Figure 4: Cell types and structure of blood-brain barrier. Brain endothelial cells are connected to each 
other through tight junctions made up of occludins, claudins and junctional adhesion proteins (JAMs), and 
surrounded by a layer of pericytes. A basement membrane made up of ECM proteins surrounds endothelial 
cell layer, pericytes and associates with astrocyte-end feet. Based on principles from reference 97. 
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1.3.2 Cell types of the brain 

The brain microenvironment consists of two primary groups of cells: neurons and glial 

cells, which include microglia, astrocytes, ependymal cells and oligodendrocytes. Glial 

cells are vital for supporting neuronal function and maintaining brain health. 

Neurons are the fundamental units of the brain. They transmit information and enable 

communication over long distances through action potentials that propagate along axons, 

projections that extend from the neuronal cell body103. Together, neurons form the intricate 

neural network of the brain, which is essential for cognitive processes. There is a diverse 

range of specialized types, and each neuron plays a unique role in functions like memory, 

learning, sensory processing, motor control, and cognition103.  

Ependymal cells are ciliated neuroepithelial cells that line cerebrospinal fluid (CSF)-filled 

ventricles and the central canal of the spinal cord. They help maintain CSF circulation 

through ciliary movement and are an essential component of the brain-CSF barrier104.   

Oligodendrocytes insulate and protect neuronal axons by wrapping their processes around 

them, forming the myelin sheath essential for efficient signal transmission105.  

Astrocytes are the most abundant and versatile glial cells, providing structural support to 

the BBB through their end feet and maintaining homeostasis within the parenchyma. Their 

membranes contain high amounts of aquaporins and ion transporters to aid fluid transport. 

They supply nutrients to neurons via the lactate shuttle, regulate extracellular ion and pH 

balance, and secrete factors to support endothelial cells106. Using calcium signalling 

networks, astrocytes communicate with other astrocytes and neurons to mediate synaptic 

plasticity while maintaining synaptic function by recycling excess glutamate into 

glutamine for neuronal reuse106. In response to damage-associated molecular patterns 

(DAMPs) or pathogen-associated molecular patterns (PAMPs), which are released during 

cell death, damage, or tissue injury, astrocytes can undergo reactive astrogliosis. These 

reactive astrocytes, characterized by increased glial fibrillary acidic protein in combination 
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with other protein markers and an increased proliferation potential, form glial scars at sites 

of injury, phagocytose synapses and secrete pro- or anti-inflammatory cytokines and 

neurotrophins107,108.  

Microglia, described as the brain's resident macrophages, are distributed throughout the 

brain parenchyma. They patrol and migrate to injury sites to promote repair and modulate 

synaptic signalling by pruning damaged or unnecessary synapses109. Like astrocytes, 

microglia undergo reactive microgliosis in response to DAMPs and PAMPs. Reactive 

microglia clear pathological or dead cell debris through phagocytosis, secrete cytokines to 

recruit immune cells and promote healing, present antigens to T cells, and release 

neurotrophic factors supporting neuronal repair110. 

The roles of reactive astrocytes and microglia often overlap, as their activation frequently 

occurs in tandem111. Microglia are typically activated first, triggering astrocytes, which can 

be followed by additional astrocyte-mediated stimulation of distant microglia111,112. 

Moreover, recent research reveals that astrocyte and microglial activation states exist along 

a spectrum rather than as discrete phases, further blurring the distinction between their 

roles107,113. If the glial cell response to damage is insufficient or becomes excessive, 

sustained activation can lead to peripheral immune cell infiltration and prolonged 

neuroinflammation, hindering recovery and contributing to various neurological 

conditions114.  

Immune System  

While the brain parenchyma lacks resident immune cells other than microglia, recent 

research has challenged the long-held belief that the CNS and brain are ‘immuno-

privileged.’ Studies have identified lymphatic vessels within the meninges, particularly 

around the dural sinuses, which facilitate the transport of antigens from the brain 

parenchyma through CSF and the lymphatic system to cervical lymph nodes115. The 

choroid plexus, CSF, and meninges contain a small but dispersed population of border-

associated immune cells, including monocytes, neutrophils, natural killer (NK) cells, B 



30 

cells, regulatory T cells, conventional T cells, and border-associated macrophages116. 

Under normal conditions, the blood-meningeal barrier maintains control over restricting 

these immune cells to areas outside the parenchyma. During pathological events, signalling 

through chemokines, cytokine, and complement proteins enables their infiltration into the 

brain parenchyma, interacting with reactive microglia and astrocytes to coordinate an 

immune response117. 

These specialized cells and mechanisms work to maintain the brain as a highly functional 

and protected environment. However, in the context of cancer, profound alterations in the 

brain's microenvironment reshape the brain parenchyma, changing its role from supporting 

neural health to promoting tumour growth and progression. 

1.4 The metastatic cascade 

Metastasizing tumour cells employ various cancer hallmarks to increase motility and 

establish secondary tumours.  From unlocking cell plasticity to accessing vasculature, 

metastasizing cancer cells take full advantage of their chromosomal instability to invade 

and disseminate throughout the body. The metastatic cascade is a complex, multi-step 

process that follows a consistent sequence across solid tumours (Fig. 5)118,119.  

The formation of the primary tumour represents the first step towards potential 

metastasis. Tumour cells accumulate mutations that enhance their growth potential, trigger 

a process of uncontrolled proliferation and survival, and lead to the development of a 

primary tumour with invasive properties. While it is still not determined what triggers 

cancer cell dissemination from the initial tumour, it is hypothesized that stress from nutrient 

and oxygen deficiencies may play a role once the tumour outgrows its location119. Notably, 

tumour cells have been shown to disseminate even during the early stages of primary 

tumour development, so there may be alternative factors120.  

 



31 

Cancer cells must undergo epithelial to mesenchymal transition/plasticity (EMT/EMP) 
to begin dissemination from the primary tumour mass. This process enables tumour cells 

with invasive potential to acquire stem-like properties, weakening cell-cell connections and 

increasing their migrational capabilities121. Transcription factors such as Snail, FOXC2, 

Slug and Twist drive the downregulation of epithelial markers involved in cell adhesion 

and structural integrity, such as E-cadherin, occludin, and cytokeratin122–125. These are 

replaced by mesenchymal markers such as N-cadherin and vimentin, which drive 

motility126,127. Research has suggested that this process is not strictly unidirectional, and 

metastatic cells may often exist in a transitional state, giving rise to the concept of epithelial 

to mesenchymal plasticity (EMP)128. These hybrid cell populations have higher metastatic 

potential, tumour-initiating capacity, and therapeutic resistance 129,130. 

Figure 5: Metastatic cascade to the brain. The metastatic cascade from primary tumour to brain metastasis 
follows a defined progression. Step 1: Primary tumour establishment. Step 2: Select tumour cells undergo 
epithelial-mesenchymal plasticity, enhancing their motility and migratory capacity. Step 3: Cells breach 
the basement membrane and extracellular matrix through MMP secretion to access the circulation. Step 4: 
As CTCs navigate the vasculature, they form platelet associations for immune evasion and mechanical 
protection, while shifting to adenosine triphosphate (ATP) production through pyruvate metabolism rather 
than glucose-dependent proliferation. Step 5: Cells arrest at the secondary site, adhere to specific proteins, 
and traverse the BBB through enzymatic secretion. Step 6: Resulting micrometastases enter a dormant 
state, characterized by immunologic, metabolic, and proliferative quiescence. Step 7: Local cell support 
enables tumour cells to resume proliferation, establishing an expanding metastatic lesion. Based on 
principles described in reference117,118. 
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These motile cells then begin invasion and intravasation through the extracellular matrix 

(ECM) and into the vasculature, which may occur in either a single-cell or collective 

fashion toward blood vessels, guided by nutrient and growth factor gradients128. Collective 

invasion involves a group of heterogeneous cells adhering to each other through cadherins. 

A mesenchymal-like leading edge remodels the ECM through matrix metalloproteases 

(MMPs) secretion. It rearranges the cytoskeleton through integrin-β1, while the epithelial-

like follower cells maintain polarity and structured intermediate filaments that withstand 

the mechanical stress of migration131. In contrast, single-cell invasion typically involves 

only mesenchymal-type cells that manage structural support and ECM reorganization. 

These cells utilize flexible stress fibres composed of laminin and vimentin to resist 

mechanical stress as they enzymatically degrade the ECM132,133. 

The circulation of the tumour cells through the vasculature is the most selective step in 

the metastatic process. A combination of immune detection, sheer stress, metabolic 

deficiencies, and the risk of anoikis-cell death following detachment from the ECM- leads 

to fewer than 0.01% of CTCs successfully exiting the vasculature into secondary organs134. 

To mediate this, CTCs undergo a metabolic switch, prioritizing ATP production for energy 

production through pyruvate metabolism, in contrast to actively proliferating tumour cells, 

which focus on growth and depend on glucose metabolism135. CTCs also associate with 

platelets for structural protection and to shield from NK cells. They release soluble factors 

such as VEGF, interleukin (IL)-10 and transforming growth factor (TGF) β to recruit 

tumour-associated dendritic cells and macrophages, thereby avoiding detection136.  

The challenge of extravasation takes place for the small population of cells that survive 

the journey through the vasculature and arrest at a secondary site. In the brain, CTCs must 

cross the BBB, the most selective and restrictive barrier in the human body, as detailed in 

Section 1.3.1. The extravasation of CTCs is not a random process. These resilient cells 

arrest within the narrow capillaries and interact with BECs through cell adhesion molecules 

such as integrins and selectins. They then proteolytically disrupt the tight junctions between 

endothelial cells and migrate through the endothelial layer137,138.   
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The invasive cells then form micrometastases, which often enter a state of dormancy. This 

can be related to cellular dormancy, where proliferative mechanisms remain suppressed; 

angiogenic dormancy, where the angiogenic switch remains ‘off,’ or immune dormancy, 

influenced by immunological factors to evade the immune system128. The micrometastases 

may remain dormant for extended periods or, under suitable conditions, progress to form 

established metastases.  

The local environment must evolve into a supportive niche for cancer cells to thrive. 

Tumour cells recruit and modify local cells through signalling pathways to promote 

angiogenesis, enhance nutrient availability, and suppress immune responses. This creates 

what is known as the pre-metastatic niche (PMN) and metastatic niche (MN), which are 

essential for the successful establishment and progression of metastasis139. This process is 

hypothesized to lead to organotropic metastasis, where certain cancers are directed to 

specific secondary organs. 

1.5 The tumour microenvironment  

The BM tumour microenvironment (TME) can be categorized into two temporal phases: 

the PMN and the MN. These phases refer to the microenvironment of the metastatic site 

before and after the arrival of tumour cells, respectively. The PMN primarily aid CTCs by 

promoting access, anchorage, and initial survival at the metastatic site and in contrast, the 

MN supports prolonged survival, protection, and proliferation of established metastases140. 

Although well-characterized in the literature, distinguishing these phases is challenging 

clinically and experimentally, especially in the brain, due to technical limitations139. The 

PMN and MN are influenced by paracrine signalling mediated by tumour-secreted factors, 

including cytokines, chemokines, growth factors, proteases, and extracellular vesicles 

(EVs).  

1.5.1 Extracellular vesicles 

EVs are a key component when discussing the PMN. They play a critical role in 

intercellular signalling under healthy and pathological conditions. EVs are lipid bilayer 
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structures released from cells and are highly heterogeneous in composition and size, 

ranging from approximately 20 nm to 1 µm. While terms like exosomes, microvesicles and 

apoptotic bodies are historically the main components of EV populations, many additional 

kinds of EVs, including oncosomes, ectosomes, supermeres and exomeres, have been 

described141. According to recent guidelines from the International Society for 

Extracellular Vesicles (ISEV), the more generic term EV is now recommended in studies 

to avoid attributing functions to specific EV populations without definite confirmation of 

their origin142.  

1.5.1.1 Biogenesis of extracellular vesicles 

Under both physiological and pathophysiological conditions, EVs are typically produced 

by two main mechanisms, as shown in Fig. 6. 

EVs known as exosomes are formed through the endosomal pathway. Here, an early 

endosome is generated through the inward budding of the plasma membrane, facilitated 

by endosomal sorting complex required for transport (ESCRT) proteins. The endosome 

then undergoes a second inward budding, forming intraluminal vesicles (ILVs) within a 

late endosome/multivesicular body (MVB). These MVBs are then transported to the cell 

Figure 6: Cellular vesicle formation mechanisms. The left panel shows the endosomal pathway, where 
an early endosome forms through inward budding from the cellular membrane. A second inward budding 
leads to the formation of ILVs of 30-150nm contained in a MVB or late endosome. This then fuses with the 
cellular membrane to release the EVs into the extracellular space. The right panel illustrates plasma 
membrane budding, where vesicles of 150nm-1μm form through outward budding from the cell surface. 
Based on principles described in references 143-145. 
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surface, fusing with the plasma membrane, mediated by Rab GTPases. Then, the EVs are 

released into the extracellular space143.  

Larger EVs (including microvesicles, ectosomes, microparticles or endosomes) are created 

independently of MVBs through outward budding of the plasma membrane144. The 

genesis of these particles typically involves the shuffling of lipid components at the plasma 

membrane and the rearrangement of the actin cytoskeleton mediated by small GTPases. 

During this process, the plasma membrane buds outwards, pinches off, and releases the 

vesicle into the extracellular space145. 

Once formed, EVs exert their function primarily through their cargo. Target cells interact 

with EVs through membrane-bound receptors, initiating signalling through receptor-ligand 

interactions. These interactions can also facilitate the internalization of EV through 

mechanisms such as clathrin-mediated endocytosis, other forms of endocytosis, 

phagocytosis, or membrane fusion145. These processes enable EVs to efficiently and 

precisely alter the physiological state of the recipient cells by delivering their cargo. 

1.5.1.2 Extracellular vesicle cargo 

During biogenesis, EVs are selectively enriched with bioactive cargo, including 

transmembrane and cytosolic proteins, RNA, DNA, and lipids. While the composition of 

EVs often reflects their parent cells—for instance, EVs derived from mesenchymal stem 

cells exhibit intrinsic therapeutic properties and are being explored for applications in 

wound healing and immunosuppression—the cargo is selectively packaged for specific 

functions146. Certain molecules found abundantly in EVs may only be present at low levels 

in their parent cells, underscoring the active sorting mechanisms involved in EV formation. 

Proteins in EVs are often related to their biogenesis, making them valuable markers for 

EV characterization141,142. ESCRT or ESCRT-associated proteins (ALIX, TSG101, FLOT-

1/2), release-regulating proteins (RAB27a), and membrane tetraspanins (CD81, CD63, and 

CD9) are commonly found in EVs144. EVs from malignant cells have distinct profiles based 
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on the cancer of origin, containing oncoproteins contributing to tumour progression 

through the initiation of tumour-related signalling, adhesion, and cell motility147,148.  

The lipid composition of EVs resembles that of their parent cells but is enriched in certain 

lipids including sphingomyelin, cholesterol, and phosphatidylserine. The lipid signature on 

EVs tends to reflect their origin through either the endosomal or membrane budding 

process. For example, MVB-derived vesicles have more phosphatidylserine on their outer 

surface, which helps them be taken up by other cells143,149.  

While DNA is packaged into EVs, its mechanics and biological role remain understudied. 

It has been shown that EVs, specifically tumour-derived EVs, contain single stranded 

DNA, genomic DNA, and mitochondrial DNA, although their purpose has yet to be fully 

described150,151.  

Finally, RNA represents one of the most enriched cargos in EVs152. Many assortments of 

RNAs, primarily small RNAs, have been characterized by next-generation sequencing. 

microRNA (miRNA), ribosomal (rRNA), long and short non-coding (lnRNA and snRNA), 

transfer (tRNA) fragments and other less well-known short RNAs have been described144. 

The majority of RNAs found in EVs are under 200 nucleotides in length, but longer 

messenger (mRNA) and lncRNAs are also present. RNA cargo is often stabilized by 

proteins such as argonaute 2 (AGO2) or lipoproteins. Through the delivery of RNA, EVs 

can modulate the post-transcriptional regulation of receptor cells and enact significant 

alterations in the physiology of the cell. miRNAs are of particular interest in cancer 

research as they regulate upwards of 60% of protein-coding genes in the human genome153. 

Due to their stability in human biofluids within EVs and association with tumour 

progression, tumour-delivered miRNAs represent a potential biomarker or actionable 

target for therapeutics154.   

1.5.1.3 Extracellular vesicles in cancer 

There is overwhelming evidence that EVs are a major contributor to cancer establishment, 

metastasis, and other related processes148,155–157. EVs are produced in larger amounts by 
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cancer cells than healthy cells, and some proteins involved in EV biogenesis and release, 

such as RAB proteins, are found to be upregulated in cancer cells158,159. Crosstalk between 

cancer cells and their environment is critical in cancer progression, as manipulating the 

conditions around them is a prerequisite to ensure their survival and progression. Tumour-

derived EVs have been shown to induce angiogenesis, promote cell migration, reprogram 

bone marrow-derived myeloid cells (BMDCs) and other immune cells to suppress the 

immune response, trigger differentiation of cancer-associated fibroblasts and even 

determine organotropic-directed metastasis148,160–165. It is, therefore, no surprise that these 

EVs are involved in constructing the PMN and facilitating the MN, given their ability to 

travel long distances in the body and enact alterations on recipient cells. Consequently, 

their potential in therapeutic interventions is a large topic of study, in addition to 

mechanistic insight. Drug delivery, discovery of biomarkers, and inhibition studies are of 

interest for potential alternative routes of therapy148,166.   

1.5.2 The pre-metastatic niche  

In 1889, Stephen Paget introduced the concept of preferential cancer spread in The Lancet, 

postulating why metastases target specific organs. Observing that breast cancer frequently 

spreads to specific organs, Paget proposed the "seed and soil" theory,  suggesting that both 

cancer cells (the "seed") and the organ environment (the "soil") determine the pattern of 

metastasis167. His theory was challenged by James Ewing, who suggested that metastatic 

spread was entirely related to hematogenous and lymphatic spread168. While not entirely 

incorrect, Ewing’s view accounts for only part of the process. Paget’s theory laid the 

groundwork for the modern concept of the PMN, and it remains a subject of study and has 

been well-established for over a century. In modern research, the PMN refers to an 

abnormal, tumour-supportive microenvironment distant from the primary tumour. In this 

niche, the local cells are altered to facilitate metastatic growth, even in the absence of 

tumour cells139. These alterations are driven by the systemic release of factors secreted by 

the primary tumour, which promote the molecular and cellular changes responsible for the 

establishment of the PMN.  
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1.5.2.1 General characteristics of the pre-metastatic niche 

The first proof-of-principle study that established that tumours can induce the distant 

formation of a tumour-supporting microenvironment via non-neoplastic cells was 

published in 2005. Here, Kaplan et al. described that clusters of VEGFR1+ expressing 

hematopoietic stem cells interacted with resident fibroblasts at a secondary site, stimulating 

the production of fibronectin and MMP9. This, in turn, created a leaky vasculature and a 

PMN for disseminating C-X-C chemokine receptor type (CXCR) 4 positive tumour 

cells169. Since then, a set of defining characteristics of a PMN have been determined across 

multiple sites of metastasis170.  

Like the metastatic cascade, the formation of the PMN is thought to be a stepwise process, 

beginning with the induction of vascular leakiness and angiogenesis. Cancer cells 

secrete factors like TGF-α, TGF-β and VEGF to induce distant upregulation of proteins 

that break down cell-cell junctions and basement membranes to increase the extravasation 

ability of incoming CTCs directly171,172.  Following this, cancer-derived factors and EVs 

initiate stromal remodelling at the metastatic site, a highly specific process to the target 

organ and cell types. Finally, a hallmark of PMN establishment is the recruitment of 
immune cells to the pre-metastatic sites to induce a supporting environment for the arriving 

CTCs139. While these hallmarks are typically common to all sites of a PMN, it should be 

noted that a large portion of PMN studies describe the process in the lungs, given the 

frequency of metastases in vivo and the clinic173.  

1.5.2.2 Pre-metastatic niche in the brain  

While the PMN is an established concept in commonly metastasized organs such as the 

lungs, lymph nodes, bone, and liver, the brain PMN (bPMN) remains one of the least 

studied, with limited empirical evidence supporting its existence139,173–177. Unlike other at-

risk organs that can be easily biopsied, obtaining pre-colonized brain tissue from patients 

is unfeasible. The brain’s specialized access to the lymphatic and immune system, complex 

vasculature, and unique cell types make the bPMN a distinct and challenging frontier in 
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metastatic research, requiring the adaptation of PMN hallmarks to the brain’s specific 

characteristics115. Due to the limited evidence on the bPMN, the mechanisms discussed 

here and described and Fig. 7 draw from combined findings in melanoma, lung, and breast 

cancer studies.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The pre-metastatic blood-brain barrier  

The BBB presents significant challenges for both research and treatment. Yet, its role as 

the primary gateway into the brain makes it an evident focus for understanding and 

studying the bPMN. Evidence from multiple primary cancer types has demonstrated 

Figure 7: The brain pre-metastatic niche. Tumour-derived cytokines, chemokines, and growth factors 
shape a pro-metastatic environment in the brain by modulating immune responses, disrupting the BBB, and 
altering glial and neuronal function. Based on information from references178-192. 
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mechanisms that enhance BBB permeability and promote cellular adhesion as part of 

bPMN formation to aid CTCs in extravasation.  

Several EV-delivered ncRNAs have been implicated in compromising BBB integrity 

through distinct mechanisms, primarily through targeting tight junctions. In animal models 

using brain trophic breast cancer cell lines (BTBC), EV-delivered miRNAs disrupted tight 

junctions by directly downregulating tight junction protein expression or inducing 

abnormal localization through actin fibre dysregulation178,179. In an LBM model, lnc-

MMP2-2 delivered by tumour EVs was found to sequester the tight junction stabilizer, 

miR-1207-5p, resulting in dysregulated cell-cell adhesion in BECs180.  

In addition to compromising the structural stability of the BBB to facilitate the 

transmigration of CTCs, clotting and adhesion protein expression is altered and 

upregulated in the bPMN to aid in arresting CTCs. For example, in a mouse model of 

MBM, Von Willebrand factor (VWF) accumulation was observed, produced by both 

platelets and BECs. These VWF fibres promoted platelet clustering and microthrombi that 

support CTC retention within blood vessels. Notably, similar levels of VWF expression 

were found in metastatic and peri-metastatic regions and in the brains of tumour-bearing 

mice without established BM181. Studies in breast cancer BM (BrBM) mouse models have 

shown that specific adhesion molecules, such as activated leukocyte cell adhesion molecule 

(ALCAM) and vascular cell adhesion molecule-1 (VCAM-1), are upregulated on BECs. 

These proteins are critical for the early seeding of metastases and may also promote 

interactions between tumour cells and monocytes, contributing to immune evasion and 

further supporting metastatic progression182. 

Glial cell alterations  

In the brain microenvironment, BMDC infiltration and immune changes are tightly linked 

to stromal remodelling due to the interplay between glial cells and the immune system183. 

Neuroinflammation through reactive gliosis was traditionally considered a defensive 

response aimed at eliminating tumour cells. However, tumour cells orchestrate a dynamic 

reprogramming of neuroinflammation throughout the metastatic process, balancing pro-
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inflammatory BBB disruption with immunosuppressive immune evasion before ultimately 

hijacking inflammatory pathways to promote growth183. To achieve this complex 

reprogramming, tumours strategically activate and exploit glial cells within the bPMN140. 

MBM and LBM models have shown that paracrine signaling and tumour secreted-EVs can 

activate astrocytes in vivo and in vitro184,185. In response, reactive astrocytes overproduce 

chemokines and cytokines that contribute to immune cell recruitment (CXCL1), 

angiogenesis (VEGF, platelet-derived growth factor; PDGF), tumour survival 

(macrophage colony-stimulating factor; M-CSF), and resistance to immune responses 

(interferon-γ; IFN-γ, IL-15)185–187. Reactive astrocytes also overexpress chemokine C-X-C 

motif ligand (CXCL) 10 in vitro and in vivo, which acts as a homing signal to chemoattract 

melanoma cells expressing the CXCR3 receptor to the brain188. Furthermore, after guiding 

CTCs to the brain, increased secretion of IL-23 by reactive astrocytes was also shown to 

upregulate MMP2 production in CTCs upon arrival, aiding in their ECM degradation and 

extravasation189. 

Microglia undergo activation similar to astrocytes in the bPMN, though evidence of this 

remains somewhat contradictory. In a BrBM model, tumour EVs enriched with cell 

migration-inducing and hyaluronan-binding protein (CEMIP) were taken up by BECs and 

microglia, triggering a pro-inflammatory response and contributing to neuroinflammation 

and vascular leakiness190. In an LBM model, EVs carried LINC00482, promoting an ‘M2’ 

microglial phenotype, which is more anti-inflammatory in vitro and in vivo by inducing 

TGF-β1 overexpression. These ‘M2’ microglia were shown to enhance the growth of lung 

cancer cells by secreting cytokines that enhanced proliferation, colony formation, 

migration, and invasion of LBM cells in vitro191.  

While alterations in glial cells within the bPMN destabilize the BBB or drive 

neuroinflammation, tumour cells have also been shown to manipulate the metabolic 

environment in the bPMN to suit their needs. EVs from a BrBM model delivered miR-122, 

which suppressed glucose uptake by astrocytes and neurons by downregulating pyruvate 

kinase, a process found to be reversible by miR-122 inhibition in vivo. This created an 
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abundance of glucose to meet the high energy demands of incoming tumour cells, without 

which tumour cells would likely remain in dormancy upon arrival192.  

1.5.3 The metastatic niche  

 The conceptual distinction between the bPMN and the brain MN (bMN) lies in the 

timing-with bPMN preceding bMN- and the presence of tumour cells. In practice, there is 

an overlap in mechanisms. The bPMN primes the brain microenvironment to support the 

entry, initial survival, and establishment of CTCs, while the bMN primarily facilitates the 

sustained survival, growth, and expansion of established metastases140. Given this, a 

defining characteristic of the bMN is bidirectional tumour-stromal interactions, by which 

the tumour cells continuously communicate with the local environment to modify it to suit 

their needs. 

1.5.3.1 The blood-tumour barrier  

Once a metastasis has established itself, the compromised, heterogeneous and leaky 

remnants of the BBB are referred to as the blood-tumour barrier (BTB)34. Arriving CTCs 

utilize cell surface ligands and proteases, such as cathepsin S and MMPs, to mediate 

transmigration and disrupt junctional complexes, which further implements damage193,194. 

High energy demand from expanding tumours results in hijacking the vasculature, often 

through vessel co-option instead of sprouting angiogenesis, to meet the metabolic 

requirements of the tumour cells195,196.  Ever-expanding tumours physically disrupt the 

BBB and compromise the connections between the BECs, astrocytes and neural cells97.  

In BrBM, BTB vessels are dilated and contain high levels of VEGF, activated astrocytes, 

and microglia197. Astrocytic end-feed supporting the BTB lack aquaporin channels, which 

disrupts their polarization, and notably197. Unfortunately, although the BTB seems to be 

leaky to pharmacotherapeutics and contrast agents in experimental models, the BTB is 

highly heterogeneous in terms of permeability, and experimental results most often fail to 

translate into the clinics198. Leakage is insufficient for a meaningful clinical response to 

drugs, especially given the enhanced pro-survival signalling in BM cells198–201.   
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1.5.3.2 Tumour-neuronal interactions 

There is limited evidence to suggest that neuronal cells are anything other than passive 

bystanders in metastasis. Neuronal cell death often occurs due to extended 

neuroinflammation, lack of nutrients, and reduced blood flow, serving as collateral damage 

to the growth of tumour cells202. In BrBM tissue samples, tumour cells had a phenotype 

similar to that of GABAergic neurons and expressed several of the same receptors to confer 

a proliferative advantage203. This suggests that tumour cells gain more from co-opting 

resources essential to neurons than from any direct support the neurons could provide.  

Interestingly, a similar perspective was held regarding interactions between tumours and 

nerves outside the brain. Recent research has suggested that neural progenitor cells may 

contribute to cancer cell aggressiveness in tumours outside the brain, although this 

phenomenon is relatively unexplored in the CNS204,205. Oligodendrocytes are also 

compromised in the bMN, leading to further neuronal dysfunction and subsequent cell 

death through loss of the myelin sheath111. 

1.5.3.3 Neuroinflammation and tumour-immune interactions  

Myeloid cells 

In established BMs, it has been estimated that up to 30% of the tumour mass consists of 

macrophages and microglia, making them the most abundant non-neoplastic cell type in 

the tumours193. These cells have been found to form a boundary around the tumour mass, 

both in animal experiments and in patient brain slices117,206,207.  

Upon detection of even a single circulating tumour cell, microglia mount an initial defence 

response through rapid recruitment and activation. However, tumour cell mechanisms 

quickly shut down the anti-tumour response and recruit the macrophages into a tumour-

supporting phenotype208. In BrBM cell lines, toll-like receptor (TLR) and Wnt signalling 

can interfere with microglia's DAMP responses while increasing the BM progression 

marker CXCR4 expression to recruit more cancer cells and promote their proliferation209. 

In MBM, reciprocal communication between tumour cells and microglia decreases their 
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phagocytic response through c-Jun N-terminal kinase (JNK) dephosphorylation, while 

upregulating ERK and STAT3 signaling in tumour cells to increase proliferation210.  

Lymphocytes 

The role of lymphocytes in BM is complex and contradictory. Tumour-infiltrating 

lymphocytes have been identified in BM from all common primary cancers, with the 

highest frequencies observed in renal cell carcinoma and melanoma211. Increased density 

of specific CD3+ or CD8+ T cell populations has been correlated with improved overall 

survival. However, certain T cell subsets paradoxically promote BM progression through 

immunosuppression25,212,213.  Regulatory T cells infiltrate both MBM and LBM, mediating 

immunosuppressive functions214. Though the precise mechanisms of lymphocyte-tumour 

cell crosstalk require further investigation, their presence and dysregulation in the brain 

metastatic microenvironment has been demonstrated.  

 

1.5.3.4 Tumour-astrocyte interactions  

Reactive astrocytes initially defend against extravasating CTCs by producing plasminogen 

activators (PAs), which generate plasmin to trigger cell death in invading CTCs. However, 

CTCs can circumvent this defence through the production of anti-PA serpins196. If 

successful in avoiding the defence mechanisms, tumour cells engage with astrocytes to 

induce a cancer-promoting phenotype. These tumour-promoting astrocytes localize around 

metastasizing cells to create a protective niche for secondary tumour formation215. This 

initial interaction evolves into a complex bidirectional relationship, where direct cell-cell 

contact and secreted factors facilitate metastatic progression216. Through this reciprocal 

exchange, tumour cells activate astrocytes to enhance chemoprotection, proliferative 

signalling, and immune evasion. 

Gap junctions between activated astrocytes in both LBM and BrBM models transfer 

cGAMP, triggering IFNα and TNF release from astrocytes. This activation of STAT and 

NF-κB pathways enhances tumour growth and chemoresistance217. Notch signalling to 
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promote self-renewal of tumour cells is stimulated by direct signalling to activated 

astrocytes by IL-1β secretion from tumour cells218. These direct cell interactions can also 

contribute to survival, whereby in MBM mouse models, gap junctions formed between 

astrocytes and tumour cells transfer intracellular calcium from tumour cells, preventing 

pro-apoptotic signalling219.       

Beyond direct cellular interactions, astrocyte-derived factors significantly influence 

metastatic progression. In an impressive paper by Zhang et al., it was discovered that 

human and mouse BM cells lost tumour suppressor PTEN expression after dissemination 

to the brain. This loss was mediated by EVs released from the reactive astrocytes 

containing miR-19a, targeting PTEN mRNA for degradation. This subsequently increased 

C-C motif chemokine ligand (CCL) 2 expression in tumour cells to recruit myeloid cells, 

enhancing tumour cell proliferation220. Recent research suggests that BMs from lung, 

melanoma and breast cancer are surrounded by a subpopulation of BM-induced pSTAT3 

positive reactive astrocytes in patient brains221. These astrocytes influence various immune 

system components, including the innate immune system (microglia/macrophages) and the 

acquired immune system (T cells).  The subpopulation of pSTAT3+ astrocytes was reduced 

in vivo upon blocking STAT3 signaling221.  

As summarized, evidence demonstrates that tumour cells influence the brain 

microenvironment before and during metastatic spread. While research has elucidated 

some key mechanisms in this process, significant knowledge gaps remain in our 

understanding of how the bPMN and bMN are established and persist. Given the impact of 

BM and its resistance to current therapies, further investigation of the tumour 

microenvironment and how cancer adapts to ensure its survival is warranted.  
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2. Aims 
This thesis aims to deepen our understanding of BM establishment and progression by 

investigating tumour influence on the metastatic site and tumour-mediated signalling 

pathways. This will encompass mechanistic studies of EV-mediated tumour 

microenvironment alterations and therapeutic intervention strategies. 

 

1) To investigate the functional impact of MBM-EV-derived miRNAs on astrocytes 

and their subsequent contribution to MBM progression.  

 

2) To establish an in vivo tracking system by loading BM-EVs with superparamagnetic 

iron oxide particles (SPIONs) to understand their biodistribution patterns and 

cellular targets within the brain during the pre-metastatic phase 

 

3) To evaluate the therapeutic potential of a combined pan-RAF and Src family kinase 

(SFK) inhibitor as a novel second-line treatment strategy for MBM.    
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3. Methodological Considerations 

3.1 Cell culture: patient-derived cell lines  

We use in vitro cell culture in Papers I-III for various mechanistic, functional and drug 

studies. Our research group collaborates with neurosurgeons in the Department of 

Neurosurgery at Haukeland University Hospital, who provide brain tumour samples from 

patients with written consent for research. From here, our lab has generated around 30 BM 

patient-derived cell lines (PDCs) from varying primary tumour types. PDCs offer a more 

representative in vitro model than commercially available cell lines and, therefore, are the 

main cell culture models used in Papers I-III. 

Cell culture, in general, is not always straightforward in translation to clinical or in vivo 

studies but is a worthy starting point for mechanistic and drug studies. Commercial cell 

lines provide a standardized, ethical research tool that enables consistent comparison and, 

thus, reproducibility across different studies and laboratories. However, despite their 

widespread use, they can have significant limitations. Such cell lines typically have high 

passage numbers and numerous cell divisions, resulting in accumulated mutations that 

deviate from the original tumour cells. They frequently fail to accurately reflect human 

cancer characteristics, with documented issues including misalignment with actual cancer 

behaviours, reduced drug sensitivity, potential cell line contamination, and even 

misdiagnosis of original cancer types222.  

In contrast, PDCs derived from resected tumour material and used at consistent and limited 

passages maintain the original tumour's driver mutations. This unique characteristic 

enables more reliable anti-cancer drug testing, comprehensive tumour mutation 

sequencing, and personalized medicine approaches through individual tumour sample 

screening223,224. PDC culture remains challenging, with a low percentage of tumour 

samples successfully establishing in vitro cell lines and an even smaller percentage 

producing reliable mouse models. Despite their advantages, both commercial and PDCs 
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have a critical limitation: 2D cultures lack the complex cell interactions and environment 

in 3D models224. 

Several PDCs generated in our laboratory were used in Papers I-III. Their driver 

mutations and characteristics are listed below in Table 3. Majority of MBM cell lines 

contain a BRAF mutation, with all but two harbouring a V600E mutation, which helps in 

clinical translation for drug studies.  

Table 3: Summary of cell lines used in Papers I-III.  

Melanoma Origin 
Cell line Site of Metastasis Driver mutation status Origin Papers  

H1/H1_Dl2  Brain  BRAFV600E Patient-derived I, III 

H2 Brain  BRAFV600E Patient-derived I,III 

H3 Brain  BRAFL577F Patient-derived I, III 

H6 Brain  BRAFV600E Patient-derived III 

H10 Brain  BRAFV600E Patient-derived I, III 
H16 Brain  BRAFwild-type Patient-derived II 

Melmet 1 Subcutaneous   BRAFV600E Patient-derived I, III 

Melmet 5 Lymph node  BRAFV600E Patient-derived I, III 

Wm3248 Not metastasis, cutaneous BRAFV600E Purchased cell line III 
NCSLC Origin 

Cell line Site of Metastasis Driver mutation status Origin Papers  
LBM1 Brain  KRASG12C Patient-derived II 

Normal cells 
Cell line Origin Papers  
Human astrocytes Purchased cell line I 
Human melanocytes Purchased cell line I 

3.2 In vivo models BM research 

Current in vivo research on BM commonly uses three model systems: syngeneic mouse 

models, cell/tissue xenografts, and genetically engineered mouse models (GEMMs)223,225. 

It should be noted that humanized mice models, where human peripheral cells are 

implanted into immunodeficient mice strains, are an exciting way to model patient-derived 
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cells or tissues combined with an intact immune system. However, it has yet to be fully 

introduced into BM research226.  

Syngeneic mouse models utilize tumour cells that share genetic identities with the host 

organism. The B16 melanoma line and its brain-seeking variants, which naturally 

metastasize to the lung and brain, serve as one of the most widely used experimental models 

in BM research. Originally derived from C57BL/6 mice, these cells have proven 

particularly valuable for studying the mechanisms of melanoma brain tropism227. Others 

include spontaneous, transgenic, and carcinogen-induced systems. These models are ideal 

for immunological studies as they maintain intact immune responses. However, the rapid 

development of brain lesions and extracranial tumours restrict their utility for studying 

early colonization events, and limited mutational diversity hinders their translational 

potential225. 

GEMMs are models in which oncogenic mutations are introduced into mice to allow for 

the spontaneous generation of tumours. For example, a BRAFV600E/Cdkn2aNull melanoma 

model has a 17% chance of developing BMs228. These models accurately represent BM, 

following the metastatic process and including an intact immune system. However, they 

also present significant challenges227,229. Slow secondary tumour development can conflict 

with rapid primary tumour growth, leading to premature endpoint requirements before 

meaningful data can be collected230. Additionally, developing the models is costly and 

time-consuming, and the low BM generation in current models does not align well with 

the Replacement, Reduction and Refinement (3R) principles of in vivo research231. 

 

Patient-derived cell or tissue xenografts- as employed in Papers I and II - involve 

implanting human tumour cells or tissue into immunocompromised mice, most commonly 

non-obese diabetic/severe combined immunodeficiency (NOD/SCID) or NOD SCID 

gamma (NSG) mice. These models maintain genetic stability and tumour heterogeneity 

while providing realistic microenvironments with physiologically relevant nutrient and 
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hormone levels. Their high predictive value for therapeutic responses to anti-cancer agents 

bridges preclinical and clinical research and often complements in vitro experiments232.  

In this thesis, PDC xenograft models complement PDC data and translate our in vitro work 

into in vivo applications.  

Intracardiac Injections   

For this thesis, an ultrasound-guided intracardiac injection of PDCs was employed in 

Papers I and II. This approach enables direct translation of in vitro PDC findings into an 

in vivo model. Intracardiac injection provides reliable and consistent brain colonization; 

tumour cells undergo the demanding process of circulation and extravasation while 

avoiding the limitations of intravenous and orthotopic methods where extracranial lung 

tumours often cause premature mortality (Fig. 8 A,B) 233. 

While intracarotid injections offer similar reliability and a more direct route to the brain, 

they require invasive surgery and, thus, the additional risk for failure and extended recovery 

for the mice (Fig. 8B). In contrast, our ultrasound-guided approach ensures precise 

injection into the left cardiac ventricle through a cross-sectional overview of the heart 

chambers. Using H1 cells, as detailed in Paper I, this technique consistently achieves 

Figure 8: Routes of administration for BM models. (A) Intravenous cell injection via the tail vein leads cells 
through the venous system, right ventricle, and lungs before entering arterial circulation to reach the brain. 
(B) Both intracarotid (surgical) and intracardiac (non-surgical) injections deliver cells directly into the 
arterial circulation, allowing them circulate through the brain before entering the venous and pulmonary 
systems.  
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100% brain colonization when properly executed. The intracardiac route directs cells 

through the cerebral vasculature, circumventing initial lung circulation and effectively 

facilitating BM establishment. Mice are followed up with MRI, and initial tumours can be 

detected as early as four weeks post-injection.  

3.3 Separating extracellular vesicles from cell culture media  

In Papers I and II, we isolated EVs derived from MBM or LBM cell lines for mechanistic, 

characterization, functional, and disease modelling studies. EVs can be separated from cell 

culture media using various techniques. In this thesis, we employed differential 

ultracentrifugation (Paper I) and size exclusion chromatography (SEC) (Paper II), 

adhering to the ‘Minimal information for studies of extracellular vesicles’ (MISEV) 

recommendations for EV isolation for both studies141,142.  

Regardless of the separation method, certain precautions must be taken while culturing 

cells to successfully separate a clean and pure EV sample. Standard fetal bovine serum 

(FBS) or serum derivatives contain bovine EVs that contaminate isolates. Cells must be 

cultured in serum-free conditions or EV-depleted FBS to avoid this. Both serum-free media 

and EV-depleted FBS are commercially available at premium costs. Therefore, we depleted 

FBS of EVs in-house by ultracentrifugation (18h at 120,000 × g) followed by filtration 

through a 0.22 µm membrane.  

Differential ultracentrifugation is a method that involves centrifuging the cell-

conditioned media (CCM) at various speeds to sequentially collect populations of particles 

of different sizes (Fig. 9). Initial low-speed centrifugation at 2,000 × g removes cell debris 

and apoptotic bodies, followed by 20,000 × g for larger EVs (>200nm) and ultra-speeds of 

120,000 × g for smaller vesicles (<200nm). While ultracentrifugation is cost-effective and 

straightforward when equipment is available, it has limitations. This technique co-isolates 

large proteins like BSA, yields lower quantities of EVs, and is time-intensive for processing 
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large volumes of CCM. It is suboptimal for low-volume samples, such as patient-derived 

serum, plasma, or CSF. 

As used in Paper II, SEC separates particles based on size using a gel matrix column. 

Larger particles elute in earlier fractions, while smaller particles, such as proteins and 

molecules, become trapped in the matrix pores, eluting in later fractions (Fig. 10). This 

method offers flexibility in collecting high-purity individual EV-rich fractions or pooled 

populations to improve yield. Our lab demonstrated nearly 10-fold higher yields compared 

to DUC. The technique can be scaled up for multiple separations per day, unlike DUC, 

which is limited by rotor tube capacity and processing time.  

In Paper II, the Izon Automatic Fractionator was used for EV separation from CCM. This 

instrument is optimized for EV separation and can be tailored for various sample types and 

volumes. We utilized 0.5 mL columns for CCM separation after concentrating samples 

using centrifugal filters, allowing for scalability. This system proved particularly effective 

Figure 9: Principle of Differential Ultracentrifugation for isolating small EVs. Cell-conditioned media 
(CCM) is collected and spun at low speed, pelleting larger apoptotic bodies and debris. This is discarded 
before spinning a second time at 16 000 x g, pelleting larger EVs, which are again discarded. A final spin 
at 100 000 x g pellets small EVs under 200mm. This is resuspended in filtered 1x PBS for further use.   
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for removing excess SPIONs (5 nm) from EV samples through size-based fractionation, 

ensuring high-purity EV isolates.  

3.4 Labeling extracellular vesicles with superparamagnetic iron oxide nanoparticles 

Different imaging modalities require specific EV labelling approaches, with each method 

optimized for research objectives. In Paper II, we developed a strategy enabling nanoscale 

and in vivo visualization. 

Lipophilic membrane dyes, such as PKH67, are among the most common methods for EV 

labelling. These dyes are cost-effective and easy to use in, for instance, cellular uptake 

studies by confocal microscopy. However, their limitations - such as non-specific binding, 

aggregate formation, and signal loss within 24-48 hours - make them unsuitable for in vivo 

applications234. More robust alternatives include fluorescent-fusion proteins (CD63-GFP) 

or metabolic labelling with tagged lipids, providing specific, sustained tracking 

capabilities. Despite being an effective labelling method, fluorescent imaging in vivo 

Figure 10: Principe of Size exclusion chromatography for isolation of small EVs. A Gel beads in a 
column contain pores that cause smaller particles (proteins) to travel slowly through the column, while 
larger particles (EVs) bypass the pores and travel down the column faster. B CCM is spun at 2000 x g to 
remove debris before being concentrated in a centrifugal filter. Concentrated CCM is added to the column 
where the EVs move through the beads faster. EV-rich fractions are collected earlier than protein-rich 
fractions, allowing the collection of fractions containing the highest yield of EVs while avoiding 
contamination from larger proteins.  
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remains restricted by tissue penetration depth (1-2 mm) unless invasive techniques such as 

intravital microscopy through cranial windows are used235,236. 

In Paper II, SPIONs were identified as the optimal choice for EV labelling due to their 

compatibility with our established BM mouse model, access to MRI facilities, and 

availability of transmission electron microscopy (TEM) instrumentation. These particles 

offer versatile, multimodal visualization capabilities: Prussian blue staining for light 

microscopy, electron-dense properties for nanoscale TEM analysis, and superparamagnetic 

characteristics that provide stable, biocompatible T2-weighted MRI contrast. 

Our lab has previously successfully labelled MBM cells with SPIONs to study brain 

colonization237. Building on this, we wanted to adopt a similar strategy for labelling and 

tracking EVs. We implemented passive loading over electroporation to preserve membrane 

integrity and prevent aggregation. Although passive loading - where cells naturally 

incorporate SPIONs into EVs – can exhibit variable loading efficiency and potentially 

modify EV properties, its broad applicability across cell lines makes it particularly valuable 

for our PDC models in vitro and in vivo.  Size-based separation through SEC removes free 

SPIONs (5nm) from EVs (50-200nm), ensuring high sample purity for cell culture studies 

and animal experiments. 

3.5 Magnetic resonance imaging 

MRI is the gold standard for brain tumour imaging in clinical and preclinical studies. MRI 

provides high-resolution visualization of fine structures in soft tissues as a non-invasive 

imaging modality, making it particularly well-suited for detailed brain imaging. MRI 

provides sub-millimetre resolution, can differentiate between healthy tissue, tumours and 

edemas, and does not require radioactive tracers, allowing frequent imaging49. In Papers I 

and II, MRI was used to visualize our BM mouse model to assess and quantify tumour 

burden. In Paper II MRI was used to visualize SPION-loaded EVs in mouse tissues.  
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MRI exploits the magnetic properties of water molecules in the body, particularly the 

hydrogen atoms within them. A hydrogen nucleus, consisting of a single proton, behaves 

like a tiny magnet with a north and south pole. This is due to its spin, which generates a 

magnetic field238. Usually, these protons spin in random orientations (Fig. 11). However, 

when an object is placed in the strong magnetic field (B0) of an MR scanner, its protons 

align either parallel (the lower energy state) or anti-parallel to B0. This alignment generates 

a net magnetization in the direction of B0. By applying brief radio frequency (RF) pulses 

at 90o, these aligned protons are knocked into the transverse plane (B1), commonly at a 90o 

angle to their original position, and synchronize their spin238. 

After the RF pulse, protons realign with B0 and release energy in two independent and 

measurable processes: T1 and T2 relaxation. During the relaxation process, the protons 

return to their original state, and their changing magnetic fields induce signals in a receiver 

coil. These signals are processed to create an MR image. Stronger signals produce brighter 

areas in the final image. These different modalities are used based on which tissues you 

want to highlight.  

Figure 11: Overview of MRI theory, proton alignment. Under normal conditions in the body, hydrogen 
atoms (protons) will spin in random directions and orientations. Under magnetic alignment in the MRI, 
protons will align either parallel or anti-parallel with magnetic field B0. During 90o RF pulses, protons will 
briefly align at a 90o angle to B0 before realigning. Based on principles described in reference 238. 
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In T1-weighted imaging, the recovery of longitudinal magnetization along the B0  

magnetic field is measured (Fig. 12A). The T1 time constant represents the time required 

for the recovery of 63% of the longitudinal magnetization energy239. Tissues with shorter 

T1 relaxation times (such as fat and protein-rich tissues) efficiently transfer energy to their 

surroundings, resulting in a brighter appearance on T1 images240. On the other hand, water 

molecules found in CSF move too rapidly to transfer energy efficiently, resulting in a 

darker appearance in these regions. 

In T2-weighted MRI, the loss of transverse magnetization, which is perpendicular to B0, 

is measured (Fig. 12B). The T2 time constant is taken when 37% of the original transverse 

magnetization remains (or 63% has decayed)239. Tissues with short T2 relaxation times 

(muscle or liver) appear darker on T2-weighted images. This effect is due to water 

molecules in these tissues being highly constrained and frequently interacting with 

surrounding structures or substances that create magnetic field inhomogeneities, causing 

Figure 12: Principle of T1 and T2 imaging modalities. A T1 measures the relaxation time constant (in 
milliseconds) required for protons in tissue to recover 63% of their longitudinal magnetization. 
Following a 90° radiofrequency pulse that directs protons to the transverse plane along the Y-axis, the 
protons gradually return to the longitudinal plane along the Z-axis. B T2 measures the relaxation time 
constant (in milliseconds) required for protons in tissue to lose 63% of their transverse magnetization. 
Following a 90° radiofrequency pulse that directs protons to the transverse plane along the Y-axis. 
Protons initially spin together in phase but gradually dephase and lose their coherent spin while 
remaining in the transverse plane, resulting in the decay of the transverse magnetization. C Mouse brain 
with tumours with either T1- or T2-weighted imaging. Based on principles described in references239, 240. 
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the molecules to lose synchronization quickly239. For our mouse BM models, T2-weighted 

imaging is used, as tumours may be easily differentiated from healthy tissue compared to 

in T1-weighted imaging (Fig. 12C). Tumours often have high water content due to 

vascularization and edema and thus appear as bright areas.   

In some cases, contrast agents are used to enhance tissue differentiation. In Paper II, we 

used SPIONs as a contrast agent to visualize EVs in vivo, as it complements our T2-

weighted imaging of BMs in mice. SPIONs act as a potent negative contrast agent in T2-

weighted images, creating dark regions of signal loss. When subjected to RF pulses, their 

superparamagnetic properties create magnetic field inhomogeneities, influencing nearby 

protons by shortening their T2 relaxation times241. This effect reduces the signal intensity, 

resulting in darker (hypointense) areas and facilitating precise visualization of SPION-

labeled EVs. T2*-weighted imaging is an even more effective modality for visualizing iron 

as it accounts for both T2 decay and magnetic field inhomogeneities and, therefore, is 

especially sensitive to visualizing iron; however, due to its sensitivity, imaging requires 

extensive optimization. 

3.6 Ethical approvals 

For patient-derived material utilized in Papers I-III, patients provided written consent for 

collecting tumour samples and using them to develop cell lines. The Regional Ethical 

Committee (REC) approved all aspects of this process, including tissue collection, biobank 

storage of tumour biopsies, and the development and use of cell lines. REC Approvals: 

2013/720 and 2020/65185. For animal work done in Paper I, The Norwegian National 

Animal Research Authority (Application #14751, approved Feb 6th, 2018, and Application 

#28740, approved Dec 21st, 2021) and The Institutional Animal Care and Use Committee 

(IACUC) of Shandong University, Jinan, China (Approval number: KYLL-2020(KS)-515) 

approved all animal procedures before all experiments. For animal work done in Paper II, 

The Norwegian National Animal Research Authority approved all procedures prior to 

performing experiments (Application #30011, approved May 10th, 2023).  
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4. Results 
Paper I 

This study examined the impact of EVs from MBM cells on BM development by 

exploring their effects on astrocytes in the brain. We found that MBM-derived EVs 

contain high levels of miR-146a-5p, which is transferred to brain astrocytes. Once taken 

up by astrocytes, miR-146a-5p targets and inhibits NUMB mRNA, upregulating the 

Notch signalling pathway. This activates astrocytes and triggers production of high 

levels of tumour-promoting cytokines, including IL-6, IL-8, CCL2 (MCP-1), and 

CXCL1. MiR-146a-5p was highly expressed in MBM cell lines and EVs, and patients’ 

MBM samples. When miR-146a-5p was inhibited in mice, either through genetic 

knockdown or treatment with the drug deserpidine, we observed reduced formation of 

MBM and improved animal survival. The study demonstrates that MBM cells use EV-

packaged miR-146a-5p to establish a favourable environment for metastasis by 

reprogramming normal brain astrocytes. Further, we show that deserpidine is a 

promising therapeutic candidate for preventing or treating MBM by targeting this 

pathway. 

Paper II 

This study established a method to visualize BM-EVs in vivo via SPIONs as the labelling 

and MRI contrast agent. Uncoated 5 nm SPIONs showed optimal cellular uptake without 

toxicity, while dextran-coated SPIONs showed signs of cell death, and carboxyl-coated 

variants showed poor uptake. Iron content within SPION-EVs derived from labelled 

LBM and MBM was validated using electron microscopy, colorimetric assays and 

nanoparticle tracking analysis (Nanospacer). Dynamic light scattering and Nanospacer 

analysis confirmed EV size population was unchanged after SPION labelling. The 

SPION-EVs remained biologically active, successfully transferring iron to brain 

organoids. Furthermore, MRI detected these EVs in both agar phantoms and mouse 
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muscle tissue, presenting a cost-effective and reliable approach for tracking EVs and 

investigating PMN formation. 

Paper III 

This study investigated the effects of CCT196969, an SRC family kinase (SFK) and pan-

RAF inhibitor, on MBM cells. The findings revealed that CCT196969 effectively 

inhibited MBM cell growth, migration, and survival across multiple MBM cell lines, 

with IC50 doses for viability ranging from 0.2-2.6 μM. The drug worked through various 

mechanisms: decreased expression of key signalling proteins (p-ERK, p-MEK, p-

STAT3, and STAT3), induced apoptosis in 90-95% of cells at 4 μM concentration, and 

reduced cell migration. Importantly, CCT196969 was also effective against BRAF 

inhibitor-resistant cell lines, suggesting its potential as a second-line treatment for 

patients who develop resistance to standard BRAF inhibitors. The drug was particularly 

effective in 3D tumour sphere models, showing 15-47 times higher effectiveness than in 

2D cultures. While these in vitro results are promising, further studies are needed to 

evaluate the therapeutic potential of CCT196969, particularly regarding its ability to 

cross the BBB. 
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5. Discussion 
Treatment strategies for BM remain inadequate. Although immunotherapy has shown 

promising results in asymptomatic patients, the prognosis for those with established BM 

remains poor. First-line therapies frequently prove ineffective, and second-line treatment 

options are limited. The primary challenges in treating BM include the complex TME and 

the frequent development of drug resistance. Thus, research has shifted focus toward 

understanding the microenvironment beyond tumour cells and exploring alternative 

therapeutic approaches.  

In this thesis, we investigated novel mechanistic aspects of the BM process, primarily in 

melanoma, to identify potential therapeutic interventions. We describe a mechanism 

through which MBM-EVs influence the brain metastatic environment by altering local 

astrocytes (Paper I) and present a model that could advance our understanding of BM-EV 

routing and uptake (Paper II). Finally, we propose a novel approach to second-line MBM 

intervention (Paper III). 

5.1 Mediators of the pre-metastatic and metastatic niche 

Since Kaplan's seminal work in 2005 introduced the concept of the PMN, extensive 

research has characterized its key components and underlying mechanisms169. While PMN 

formation in organs such as the liver, lymph nodes, omentum, and lungs has been well 

described, our understanding of PMN development in the brain remains limited. 

Nevertheless, studies have identified common underlying mechanisms across different 

metastatic sites, including the brain microenvironment, alongside brain-specific 

pathways242. These shared mechanisms include vascular disruption, clot formation, 

extracellular matrix and glial cell remodelling, and neuroinflammation, all collectively 

transforming the pre-metastatic environment into a permissive niche that facilitates tumour 

cell extravasation and metastatic colonization139. In the brain, these processes are uniquely 

modified by the presence of the BBB and the distinct responses mediated by resident glial 
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cells. These brain-specific adaptations present unique challenges for studying the brain 

PMN in preclinical and clinical contexts. 

5.1.1 Tumour-derived extracellular vesicles in brain metastasis development 

PMN formation can be studied through complementary biopsy samples in ‘high-risk’ pre-

metastatic tissues to identify distinct pre-metastatic signatures compared to healthy 

samples243. However, similar investigations in the brain are particularly challenging due to 

the lack of access to clinical brain samples for pre-metastatic analysis. Tumour-derived 

EVs have emerged as key mediators in PMN formation, orchestrating nearly all hallmarks 

of PMN establishment through multiple mechanisms. These mechanisms include 

metabolic reprogramming, organ-specific targeting, BMDC recruitment, glial cell 

alteration, and extracellular matrix and vascular remodelling160,161,180,192. Given the 

demonstrated ability of EVs to cross the BBB, there is little doubt about their contribution 

to bPMN transformation. Therefore, we focused our investigation in Paper I on the role 

of tumour-derived EVs in modulating the brain environment throughout the metastatic 

process. 

We demonstrate for the first time that mice preconditioned with MBM-EVs resulted in 

increased BM burden, both in number and size, suggesting that EVs contribute to 

colonization and subsequent proliferation. These findings align with previous studies 

where EVs from brain-seeking MDA-MB-231-BR cells enhanced BM formation after 

retro-orbital injections. Notably, EVs from the parental MDA-MB-231 cell line, which has 

only moderate brain metastatic potential, did not affect metastasis sizes compared to 

untreated controls244. The BM efficiency of our H1 cell line, comparable to the brain-

seeking MDA-MB-231-BR variant, suggests the presence of a brain-tropic signature in the 

EVs inherited from parent cells with organotropic potential. This phenomenon was also 

confirmed in our own BM cell lines in the brain organoid co-culture study in Paper II. 

These findings led us to investigate the specific molecular mechanisms, focusing on EV-

miRNA cargo, driving this process. 
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5.1.2 Extracellular vesicle-delivered miR-146a-5p in the bPMN and MN 

Astrocytes play a critical regulatory role in the brain, maintaining BBB integrity, recycling 

neurotransmitters, maintaining ion and nutrient balance, and responding to injury. 

Therefore, it is unsurprising that cancer cells hijack these functions in the tumour 

environment for their own purposes220,245,246. Given this, we focused in Paper I on the 

effects of MBM-EVs on astrocytes and the specific cargo within the EVs targeting them. 

MiRNAs regulate up to 60% of protein-coding genes in humans and are implicated as 

major regulators in cancer154. Given this, we investigated the miRNA cargo of our MBM-

EVs in Paper I to identify potential miRNA candidates affecting astrocytic phenotype and 

behaviour. We found that MBM-EVs containing high levels of miR-146a-5p are uptaken 

into astrocytes, directly driving them into a reactive phenotype that promotes melanoma 

establishment and progression. Literature indicates that miR-146a-5p is highly expressed 

in primary melanoma and that its expression is induced by oncogenic NRAS and BRAF 

mutations247. However, its levels decrease in CTCs but increase again in the metastatic 

sites248. In Paper I, we found MBM patients had significantly less expression of miR-146a-

5p in serum EVs than healthy controls, corroborating that its expression is dynamically 

regulated throughout metastasis. As further confirmation, we found that patient MBM 

tumour samples had a significantly higher miR-146a-5p expression than healthy brain 

slices. However, we were unable to compare to matched primary samples. 

We found that MBM-derived EVs activated astrocytes through miR-146a-5p delivery, 

leading to upregulated Notch signalling via NUMB inhibition. This activation triggered 

astrocytes to upregulate the production of IL-6, IL-8, CCL2 (MCP-1), and CXCL1. 

Interestingly, these same cytokines are typically expressed by melanoma and MBM cells 

themselves, suggesting a potential amplification of their effects in the TME249,250.  

These cytokines have the potential to promote BM through multiple mechanisms. IL-6 and 

CCL2 from reactive astrocytes can disrupt endothelial cell adhesion, increasing BBB 

permeability and enhancing CTC transmigration251. CCL2 further enhances this effect by 
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recruiting CCR2-expressing cells, including peripheral monocytes, tumour-associated 

macrophages, and even MBM cells themselves243,244. Previous research has shown that 

CCL2 release from MBM cells can be induced by loss of PTEN253. Interestingly, tumour-

activated astrocytes have been shown to induce PTEN loss in tumour cells220. Combining 

these two mechanisms, there is the potential for a ‘feed-forward’ mechanism where the 

initial activation of astrocytes could eventually lead to increased expression of CCL2 from 

both astrocytes and MBM cells. However, this complex mechanism would have to be 

confirmed in its entirety.  

These cytokines promote tumor proliferation through distinct mechanisms. IL-8 can 

establish a feedback loop by enhancing Notch signaling in MBM through interactions with 

VEGF receptors, while CXCL1 drives tumor progression via activation of the NF-κB 

pathway 250,254. All four cytokines can activate important pathways in MBM, including 

PI3K, MAPK and JAK/STAT210,255–257. 

Although miR-146a-5p levels are lower in MBM patient serum compared to healthy 

controls, its high expression in patient tumors suggests significant effects on the brain 

microenvironment. Our findings indicate that astrocyte modification, hypothesized to be 

an early event in bPMN establishment, contributes to PMN formation through cytokine 

secretion and thus can promote CTC extravasation, vasculature/oxygen demands, and 

recruiting BMDCs184. The direct growth-promoting effects of IL-6 and IL-8 on MBM cells 

further emphasize their role in sustained tumour proliferation. Given the demonstrated 

influence of MBM-EVs on BBB permeability, immune modulation, and vascular 

remodelling, our results suggest that MBM-EVs and miR-146a-5p initially contribute to 

establishing a pre-metastatic niche through astrocyte activation and likely continue to 

facilitate the transition into a supportive metastatic environment. 

5.2 Advanced strategies for investigating extracellular vesicles in brain metastasis  

Experimental modelling of BM involves several challenges. The limited availability of 

commercial cell lines often requires artificial brain-seeking selection, potentially altering 
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their original properties, and hospital partnerships are required for access to human cell 

lines. The rapid disease progression and the occurrence of secondary metastases in mouse 

models restrict study windows, complicating mechanistic research. Even BM models in 

vivo all come with certain disadvantages. Studying specific stages of the disease, such as 

PMN formation, adds yet another layer of complexity. In this thesis, we addressed 

experimental challenges by developing a novel experimental model for studying these 

specific aspects of BM. In Papers I and II, we focused on the role of EVs and studied their 

effects on healthy brain cells.   

5.2.1 Visualization and tracking of extracellular vesicles 

In Paper I, we focused on the role of MBM-derived EVs on astrocytes in the brain. While 

this approach provided valuable insights into astrocyte-specific responses, understanding 

the broader potential of these EVs in the metastatic process requires comprehensive 

knowledge of their biodistribution, temporal dynamics, and cell-type uptake patterns. To 

address these knowledge gaps, we developed a labelling protocol in Paper II to visualize 

and track BM-EVs in vitro and in vivo. After evaluating various tracking methods, we 

selected SPIONs for labelling due to their versatility in multimodal imaging. With SPIONs, 

we can track BM-EVs in vivo with MRI, with Prussian blue for light microscopy and TEM 

for detailed cellular localization studies. 

EV tracking methodologies can be broadly classified into direct and indirect labelling 

approaches. Direct labelling involves the modification of isolated EVs, which is 

particularly valuable for clinical applications where parent cell manipulation is 

undesirable234. Indirect labelling involves modifying parent cells that subsequently release 

labelled EVs. As employed in our study, this can be achieved by utilizing techniques such 

as transduced fluorescent proteins, reporter genes, or SPION incubation234. Our aim in 

Paper II was to develop a model system that simulates BM-EVs in their native state. 

Therefore, we employed an indirect approach where parent cells internalized SPIONs and 
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incorporated them during natural EV biogenesis to avoid possible disruption of EV 

integrity and properties.  

 We faced several interrelated challenges when developing methods to label EVs with 

SPIONs. The primary concern was maintaining cell health throughout the labelling 

process. Although SPIONs are generally considered non-toxic, higher concentrations can 

induce cell stress by producing reactive oxygen species258. Our studies revealed that SPION 

size, concentration, and coating significantly influenced cell viability and uptake 

efficiency. Cells treated with 5 nm particles maintained over 90% viability compared to 

controls, while 35nm particles showed significant cytotoxicity at similar concentrations.  

The size of SPIONs also affects purity after EV isolation, as larger SPIONs can co-

sediment with EVs during isolation, a limitation demonstrated in Toomangian et al. seen 

with TEM imaging of free SPIONs alongside EVs259. Although cytotoxicity varies 

depending on the cell line, SPION size, and coating, concentrations below 100 μg/mL 

generally proved safe across literature reports260,261. This is similarly reflected in our MBM 

and LBM cells. However, reducing SPION concentration to minimize toxicity directly 

decreased EV-SPION yields, highlighting a fundamental challenge: achieving adequate 

labelling while minimizing biological interference. 

Our EV size population remained consistent after SPION labelling, suggesting that the 

basic physical properties were preserved. This is supported by other reports showing that 

fundamental EV characteristics are largely maintained across labelling methods234. 

However, most studies focus on standard characterization techniques when comparing 

labelled and native EVs. Comprehensive proteomic and transcriptomic analyses are needed 

to fully understand potential changes in EV cargo and function after labelling. Beyond 

physicochemical properties, managing the impact of labelling on EV biological function is 

essential for functional applications. A previous study by Sancho-Albero et al. showed that 

cell-targeting mechanisms remain intact post-labeling EVs with gold nanoparticles, and 

that the parent cell signature dictating EV targeting is preserved262. We verified this in 
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Paper II, where the H16 cell line, previously shown to not produce tumours in mouse 

brains, had no EV uptake in brain organoids. In contrast, the brain-tropic signature of 

LBM1-EVs was maintained, as evidenced by their uptake into brain organoids, indicating 

the preservation of parental cell tropism after SPION labelling. 

In vivo imaging of EVs is challenging across all imaging modalities due to their ultrasmall 

size. For MRI, several inherent limitations must be considered when analyzing images. 

Paper II shows that SPION-loaded EVs produce a dark, hypointense signal on MRI. This 

is called ‘indirect’ contrast, as dark areas could also be interpreted as artifacts, noise or 

other structures with a low signal, such as bone or air-filled cavities.  

Our SPION-EVs were visible in agar phantoms and bulk injections into the thighs of mice, 

confirming the success of our SPION-loading into EVs and subsequent imaging. The brain 

is a much more complicated tissue. Therefore, extensive dosing, timing, and toxicity 

optimization must be performed with proper controls to ensure that brain scans are 

interpreted correctly. The findings must also be corroborated with ex vivo techniques, such 

as Prussian blue staining, to validate MRI findings.    

5.3 Novel strategies for therapeutic intervention in brain metastasis 

5.3.1 Targeting alternative pathways  

Melanoma is highly chemoresistant. Around 20% of patients have tumours with intrinsic 

resistance, while those who initially respond to treatment typically acquire BRAF-inhibitor 

resistance within months of starting TKI therapy90. Cancer cells exploit several 

mechanisms to develop resistance, many of which reactivate the MAPK/ERK pathway. 

These include the acquisition of secondary amplifying or activating mutations in RTKs 

such as NRAS, alternative splicing of BRAF mRNA, and activating mutations of MEK90. In 

BRAF wild-type tumours, including both primary and metastatic melanoma, BRAF 

inhibitors can paradoxically upregulate MAPK/ERK signalling by inducing dimerization 

between drug-bound BRAF and drug-free CRAF, thus stimulating further signalling 
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through MEK and ERK263–265. Due to these escape mechanisms, the first-line treatment for 

MBM patients shifted from single BRAF inhibition to dual BRAF and MEK inhibition. 

However, relapse still occurs after an average of  9 months, often through acquired MEK2 

mutations266. There is a severe need for second-line treatment options when TKI therapy 

or immunotherapy fails. In Paper III, we tested CCT196969, a novel pan-RAF and SRK 

inhibitor, as a potential second-line therapy for tumours with acquired BRAF-inhibitor 

resistance.   

CCT196969 was developed through a drug discovery program at The Institute of Cancer 

Research in London, which holds the patent267. However, no drug approval or clinical trial 

information is available to date. Initially tested in metastatic melanoma patient xenografts 

and cell lines, CCT196969 was found to target and inhibit the activity of pan-RAF proteins 

and SFKs, both of which are regulators of both MAPK and PI3K signalling pathways. This 

dual inhibition significantly suppressed tumour growth in patient-derived samples 

previously treated with vemurafenib, effectively overcoming resistance mechanisms such 

as intrinsic resistance and acquired mutations mediated by RTK/SFK signalling and 

NRAS. Building on the success of CCT196969 in metastatic melanomas, we tested its 

efficacy in our MBM cell lines. We found that pMEK and pERK were significantly 

downregulated at concentrations as low as 1 μM.  

Interestingly, CCT196969 demonstrated equivalent efficacy against the H3 cell line, which 

harbours a novel BRAFL577F mutation in a rare combination with an NRASQ61H mutation 

and our BRAFV600E cell lines. Our results confirm that pan-RAF and SFK inhibition can 

counteract even complex mutation patterns and effectively inhibit the growth of drug-

resistant cell lines. 

We also discovered that CCT196969 effectively downregulated STAT3 phosphorylation 

and expression, a mechanism which had not been previously explored. JAK/STAT 

signalling in cancer is involved in proliferation, immunomodulation, and survival268. 

STAT3 is activated by the membrane receptor JAK or non-receptor tyrosine kinases such 
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as SRC269. Often upregulated in primary melanoma, STAT3 plays a particularly critical 

role in the progression of MBM, with higher activity in MBM cells compared to cutaneous 

melanoma255. STAT3 activation promotes MBM by inducing the expression of VEGF and 

MMP-2, with a strong correlation between STAT3 activity and brain metastatic 

potential255,270. Although mutations in the STAT3 gene are rare in MBM, the pathway itself 

is often upregulated by upstream signals, particularly SRC family kinases271. This suggests 

that targeting upstream regulators like SRC could provide an effective strategy for 

modulating STAT3 signalling in melanoma, as demonstrated in Paper III. 

STAT signalling is dysregulated in MBM cells and has been shown to be important in the 

TME. STAT3+ reactive astrocytes are subpopulations that contribute to MBM cell survival 

by modulating the immune response221. In neurodegenerative diseases, Notch signalling 

has been shown to influence the JAK/STAT pathway, particularly STAT3 activation, 

although the precise mechanisms remain unclear272. In Paper I, we demonstrate a clear 

relationship between astrocyte reactivity, Notch signalling, and MBM progression, 

although we did not investigate this with STAT3 activity. 

Cytokines like IL-6 can trigger STAT3 signalling182. Although we did not investigate the 

JAK/STAT3 pathway in this context, we did see an MBM-mediated increase of IL-6 

expression in astrocytes in Paper I. While IL-6 predominantly activates STAT3 via JAK, 

constitutive SRC activation and dual JAK/SRC activation of STAT3 have been reported in 

some cancers, suggesting that SRC inhibition could potentially impact this pathway45,273. 

Given this, Papers I and III results indicate that CCT196969 could indirectly suppress 

tumour growth by downregulating critical pathways in MBM and potentially in non-

tumour cells like astrocytes. However, further studies, especially in vivo, are necessary to 

confirm these findings. 
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5.3.2 Crossing the blood-brain barrier 

A significant challenge in treating any brain cancer is overcoming the BBB. To cross this 

barrier, drug compounds typically must be lipophilic (Log P 1–4) and have a low molecular 

weight of under 400–600 Da274. Even with these properties, some drugs fail to penetrate 

the BBB or are removed from the brain by efflux pumps. In this thesis, we tested two 

potential drugs targeting BM, deserpidine in Paper I and CCT196969 in Paper III.  

Deserpidine is a small molecule drug previously used as an antipsychotic and 

antihypertensive agent, with a molecular weight of 578 Da and a Log P of 3.7–4.25275. It 

is an analogue of reserpine, modified by removing a methoxy group to reduce harmful side 

effects while maintaining potency276. While there is no direct experimental evidence 

proving the ability of deserpidine to penetrate the BBB, its parent compound, reserpine, is 

confirmed to do so277. Computational predictions about the BBB penetration ability of 

deserpidine are conflicting.  Saini et al. (2022) predicted that the drug would not cross the 

BBB, while in Paper I, our drug docking study suggested otherwise, highlighting the 

limitations of computational approaches278. The successful reduction of brain tumour size 

by deserpidine in vivo in Paper I indicates sufficient brain availability for therapeutic 

effect. However, this could be further verified using radiolabeling and PET imaging 

techniques. 

The molecular weight of  CCT196969 is 513.52Da, and a predicted Log P value of 5.5 

indicates high lipophilicity279. In a study evaluating the distribution and efflux of 

CCT196969 in the mouse brain, the delivery of the drug was limited. However, the oral 

bioavailability of the drug was relatively high at 70%, and the brain plasma ratio was 

slightly higher than that of vemurafenib (0.006 CCT196969 to 0.004 vemurafenib)279. 

Given that the IC50 doses of our H1 cell line are 0.679 μM for vemurafenib vs 0.705 μM 

for CCT196969, it does not entirely rule out the possibility of the drug being effective in 

MBM, even if the uptake through the BBB is limited280. This has notably not been tested 

in animals with established tumours where the permeability of the BBB may be 
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compromised. However, the permeability of the BTB is heterogeneous, and consensus on 

drug uptake in established metastases is unclear281.   

BBB penetration is critical for therapies targeting BM and should always be considered 

when undertaking preclinical drug investigations. While both drugs tested in this thesis 

show effectiveness (Paper I) or potential effectiveness (Paper II) in the brain, 

experimental confirmation of their ability to cross the BBB is required. Additionally, 

strategies such as ligand conjugation, membrane coating, BBB disruption, and 

nanoparticle-based delivery could enable drugs that do not typically penetrate the BBB to 

reach the brain274. 

5.3.3 Extracellular vesicles as a clinical tool  

EVs are present in all human bodily fluids, making them particularly attractive as potential 

biomarkers due to cancer's ability to spread through these fluids. Their utility spans a range 

of clinical applications, including early cancer detection, metastasis monitoring, therapy 

response assessment, and prognosis evaluation. Cancer cells produce significantly more 

EVs than healthy cells, further supporting their potential as liquid biopsy candidates. 

Building on their role in fundamental cancer processes, researchers have identified several 

promising EV-based biomarkers. For instance, up- or downregulation of certain EV-

derived miRNAs have been used as diagnostic and prognostic markers in various cancers, 

such as oral cancer, hepatic carcinoma, NCSLC, and colon cancer282–284. In head and neck 

squamous cell carcinoma, EV quantity and cargo composition are reliable indicators of 

therapeutic response285–287. These examples represent just a fraction of the growing 

evidence supporting EVs' diagnostic and prognostic potential288. In Paper I, we 

investigated whether miR-146a-5p could serve as a liquid biopsy candidate to determine 

the risk or presence of a BM from melanoma using patient serum EVs. We found that miR-

146a-5p expression in serum EVs was higher in healthy controls compared to MBM 

patients but was significantly expressed in patient MBM samples vs healthy brain sections, 
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confirming its clinical importance. This led us to shift our focus from exploring miR-146a-

5p as a diagnostic or prognostic marker to investigating its potential as a therapeutic target. 

Targeting the biogenesis and release of EVs has been investigated from several angles to 

prevent their function and inhibit cancer growth. This includes inhibiting components in 

the endosomal pathway that prevent biogenesis and release of cancer-derived EVs 288,289. 

Recent innovative approaches have expanded the therapeutic potential of EVs, such as 

novel strategies designed to capture and remove cancerous EVs. However, these broad 

treatments could interfere with fundamental cellular processes, raising concerns about 

potential side effects. Thus, we pursued a more targeted approach in Paper I, focusing on 

specific mechanisms and molecules involved in EV-mediated cancer progression. 

5.3.4 MiRNA as a clinical target 

Targeting miRNA as an anti-cancer therapy is still in its infancy in the clinic but is gaining 

momentum in preclinical research. Cobomarsen is currently one of the few approved anti-

cancer miRNA inhibitor drugs on the market, inhibiting miR-155 for various rare forms of 

T-cell lymphoma290. While cobomarsen demonstrated low toxicity and reduced lesion size 

in Phase I trials, the Phase II trial was unfortunately cancelled due to financing issues291,292. 

Most anti-miRNA therapeutics are variants of antisense oligonucleotides designed to 

inhibit miRNA function, commonly called antagomirs.  

In Paper I, we employed a drug repurposing strategy to find a compound capable of 

binding mirR-146a-5p to prevent its activity without going through the lengthy process of 

a new drug application if successful. Additionally, we aimed to avoid possible off-target 

effects associated with antagomirs293. Deserpidine was predicted to bind to the structure of 

miR-146a-5p and was shown to effectively reduce the expression of miR-146a-5p in MBM 

cells in vitro. Moreover, the amount of miR-146a-5p present in the EVs derived from the 

MBM was decreased to an even greater extent, suggesting that drug-bound miR-146a-5p 

was not loaded into the EVs. In vivo, deserpidine treatment reduced the number of 
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metastases in the mice, increased survival, and altered the astrocyte behaviour in the brain. 

Thus, we were able to target the intrinsic effects of miR-146-5pa on the cancer cells and 

suppress the supportive role astrocytes play in promoting tumour growth and progression.  

Interestingly, TTX-MC138, another clinically available miR-10b inhibitor, is an antagomir 

conjugated to dextran-coated iron oxide nanoparticles designed to enhance targeted 

delivery to tumour sites294. The drug has completed Phase 0 testing and is undergoing Phase 

1 trials to assess its safety profile294. If successful, this therapeutic approach represents an 

innovative application of results from Papers I and II.  To further enhance specificity and 

potential BBB penetration, loading these inhibitors into EVs is a promising future research 

direction. While loading EVs with anti-cancer drugs to improve delivery has been explored 

in previous studies, the potential for creating a targeted treatment with an integrated 

tracking system remains an exciting avenue for investigation295. 
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6. Conclusions 

This thesis has explored two critical aspects of brain metastasis: the microenvironment and 

aberrant signalling pathways, both of which present significant treatment challenges. Our 

findings contribute to a better understanding of the complexities and mechanisms 

throughout the metastatic process and offer potential strategies for intervention. 

1. In Paper I, we demonstrated that MBM-EV priming increases tumour burden in 

mice. We identified a key mechanism in which MBM-EVs deliver miR-146a-5p to 

astrocytes, enhancing Notch signalling and inducing a tumour-supportive reactive 

phenotype. 

2. We further showed that targeting miR-146a-5p, either through genetic knockdown 

or pharmacological approaches, effectively reduces tumour burden, highlighting its 

potential as a therapeutic target. 

3. In Paper II, we developed a reliable and reproducible protocol for loading BM-EVs 

with trackable SPIONs, enabling their visualization and tracking in vivo. 

4. Additionally, we demonstrated the efficacy of CCT196969 in drug-naïve and -

resistant MBM cells and underscored the potential of targeting alternative signalling 

pathways as a second-line treatment for MBM in Paper III. 
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7. Future Perspectives 

By understanding the bPMN and bMN, clinical strategies for BM patients could be shifted 

from reactive treatment to predictive intervention. Our research has revealed how 

melanoma primes brain astrocytes to promote metastatic growth, but this represents only 

one facet of the complex communication networks between primary tumours, CTCs, and 

the brain microenvironment. The relative success of immunotherapy in early-stage patients 

underscores the importance of understanding bPMN development and formation and 

identifying biomarkers that could predict BM before clinical manifestation. 

Moving forward, we propose a comprehensive temporal and spatial mapping of how the 

brain microenvironment evolves from healthy to pre-metastatic to fully colonized states. 

This requires integrating cutting-edge technologies like spatial transcriptomics and single-

cell sequencing to capture the dynamic interplay between all cell types within the TME. 

However, these approaches alone cannot differentiate between the direct effects of MBM 

and secondary signals from cells already modified by tumour-derived EVs. Our 

development of SPION-labeled EVs for in vivo tracking provides a foundation for 

understanding specific targeting and distribution patterns, but requires optimization of 

dosing regimens, imaging windows, and MRI protocols. Complementary validation 

approaches combining Prussian blue staining with immunohistochemistry will be essential 

to confirm target cell identity. Advancing this technology alongside other biomarker 

detection methods could transform our ability to detect BM before clinical manifestation. 

The BBB and adaptive resistance present fundamental challenges for therapeutic 

intervention. While our work with CCT196969 shows promising in vitro efficacy as a 

second-line therapy for resistant disease, translating these findings requires determining 

whether sufficient drug concentrations can accumulate in brain tissue. The development of 

effective second-line treatments represents a critical unmet need, as most BM patients 

inevitably develop resistance to first-line therapies. Our identification of CCT196969's 
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efficacy against resistant MBM contributes vital knowledge to the limited arsenal of 

treatment options. Future studies must focus on drug distribution and pharmacokinetics. 

Additionally, medicinal chemistry approaches could optimize CCT196969's properties 

through structure-activity relationship studies, potentially yielding analogues with 

enhanced brain penetration while preserving inhibitory activity. 

Ultimately, our goal is to transform BM from a devastating complication into a 

manageable, or even preventable, condition. This vision builds upon our findings while 

addressing fundamental challenges in early detection and effective treatment if early 

detection is not possible. By understanding how tumour cells manipulate the brain 

microenvironment and evolve themselves, and developing strategies to counteract these 

processes, we aim to disrupt the metastatic cascade before clinical manifestation—

potentially sparing patients the devastating consequences of established brain metastases.  
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Abstract
Melanoma has the highest propensity of all cancers to metastasize to the brain with
a large percentage of late-stage patients developing metastases in the central ner-
vous system (CNS). It is well known that metastasis establishment, cell survival, and
progression are a+ected by tumour-host cell interactions where changes in the host
cellular compartments likely play an important role. In this context, miRNAs trans-
ferred by tumour derived extracellular vesicles (EVs) have previously been shown
to create a favourable tumour microenvironment. Here, we show that miR-1&6a-
5p is highly expressed in human melanoma brain metastasis (MBM) EVs, both
in MBM cell lines as well as in biopsies, thereby modulating the brain metastatic
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niche. Mechanistically, miR-1&6a-5p was transferred to astrocytes via EV delivery
and inhibited NUMB in the Notch signalling pathway. This resulted in activation
of tumour-promoting cytokines (IL-6, IL-), MCP-1 and CXCL1). Brain metastases
were signi0cantly reduced following miR-1&6a-5p knockdown. Corroborating these
0ndings, miR-1&6a-5p inhibition led to a reduction of IL-6, IL-), MCP-1 and CXCL1
in astrocytes. Following molecular docking analysis, deserpidine was identi0ed as a
functional miR-1&6a-5p inhibitor, both in vitro and in vivo. Our results highlight the
pro-metastatic function ofmiR-1&6a-5p in EVs and identi0es deserpidine for targeted
adjuvant treatment.

KEYWORDS
brain metastasis, deserpidine, extracellular vesicles, melanoma, miR-1&6a-5p, normal human astrocytes
(NHA)

 INTRODUCTION

The incidence of cutaneous melanoma is increasing world-wide where up to 60% of the patients with advanced disease will
eventually be diagnosed with brain metastasis (Rishi & Yu, 2020). These patients often develop multiple metastases and even
with modern therapies, the average survival is still quanti0ed in months following diagnosis (Anvari et al., 2021). Treatment of
melanoma brain metastasis (MBM) has proven to be a formidable clinical challenge. Tumours consistently acquire resistance
to targeted therapies and immune checkpoint inhibitors. While having a good intracranial response in asymptomatic MBM
patients, minimal e+ectiveness is seen in patients who are symptomatic (Boire et al., 2020; Larkin et al., 201*; Rishi & Yu, 2020;
Tawbi et al., 201*). Given the role of putative tumour-host cell interactions, investigation into the MBM microenvironment is
necessary to understand why current treatments are not working, and for the development of new and e+ective clinical treatment
strategies.
The brain microenvironment (BME) consists of neurons and glial cells, in addition to extracellular matrix components. In

brain metastasis, molecular interactions between tumour cells and the normal brain forms the brain metastatic niche. Dur-
ing niche establishment, the brain changes from being a hostile environment to one that promotes metastasis formation and
growth.
Astrocytes are the most abundant cell type in the central nervous system (CNS), where they exert vital roles in glial-neuronal

homeostasis and blood-brain barrier (BBB) maintenance (Cacho-Diaz et al., 2020). In the case of metastasis, astrocytes can be
regarded as the 0rst cell type that the extravasated tumour cells encounter, forming an activated phenotype that may promote
MBM growth. This includes altered cytokine release, translational and transcriptional remodelling, as well as increased prolifer-
ative capacities (Placone et al., 2016). Thus, activated astrocytes have been found to surround brain metastases where they most
likely contribute to tumour progression (Wasilewski et al., 201().
A major contributing factor to niche remodelling is the transfer of small extracellular vesicles (EVs) of endocytic origin from

tumour cells (Peinado et al., 201(; Tamas et al., 2022). The EVs shuttle proteins, DNA, and RNA,mostly in the form ofmiRNAs, to
both local and distant cells (Cesi et al., 2016; Valadi et al., 200(). In brainmetastasis, EV cargo has been found to both break down
the BBB and alter the vascular environment to promote establishment of a secondary tumour (Rodrigues et al., 201*; Tominaga
et al., 2015). It has been shown that EVs-delivered miRNAs from primary tumour cells can have important role in tumorigenesis,
angiogenesis, metastasis, and drug resistance (Bartel, 201); Cesi et al., 201)). However, their targets, transcriptional networks
and direct role in BM development are unclear (Hanniford et al., 2015). It is known that miRNAs regulate %0% of the human
genes and a majority of these have been found to be tumour-associated (Si et al., 201*). Therefore, a further understanding on
how MBM EVs contributes to MBM niche establishment is warranted, as the mechanisms related to metastasis remain largely
unknown.
Here, we show that MBM-EVs play a major role in the progression of MBM through upregulation of miR-1&6a-5p. We iden-

ti0ed the mRNA NUMB as a direct binding partner of miR-1&6a-5p. This is important since Numb is an inhibitor protein in
the Notch signalling pathway, known to be implicated in melanoma pathogenesis (Hristova et al., 2021). Therefore, our 0nd-
ings strongly suggest that miR-1&6a-5p is important in MBM development and thus represents a therapeutic target. We further
identi0ed, through molecular docking analysis, deserpidine, an antipsychotic and antihypertensive drug, to be a functional
miR-1&6a-5p inhibitor, both in vitro and in vivo.
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 MATERIALS ANDMETHODS

. Cell lines and cell culture conditions

Written consent was obtained from the patients before tumourmaterial was collected and subsequently used to prepare cell lines.
The Regional Ethical Committee (REC) approved tissue collection, biobank storage of tumour biopsies, as well as development
and use of cell lines (REC Approvals 201%/(20 and 2020/651)5). Cell line authentication was veri0ed by short tandem repeat
(STR) 0ngerprinting and the cells were regularly tested formycoplasma. TheH1, H2, H% andH10 cell lines were established in our
laboratory frompatient biopsies of humanMBM. The BRAFmutation status of theH1, H2, H% andH10 cell lines was investigated
by performing massive parallel sequencing of the tumour DNA, according to published protocols (Bischof et al., 201*). The H1,
H2 andH10 cell lines are BRAFV600E mutated, while the H% cells are BRAFL5((F mutated. Normal human astrocytes (NHA) were
purchased from ABM (Applied Biological Materials, Vancouver, Canada) and human melanocytes were obtained from ATCC
(American Type Culture Collection, Manassas, VA, USA).
The H1 cells were transduced with two lentiviral vectors, encoding Dendra (a green 1uorescent protein (GFP) variant) and

luciferase to obtain the H1_DL2 cell line. Flow cytometric isolation of cells by GFP expression was performed (BD FACS Aria,
Becton Dickinson, Franklin Lakes, NJ, USA). All cell lines were grown in Dulbecco’s Modi0ed Eagle′s medium (DMEM; Sigma-
Aldrich Inc., St. Louis, MO, USA), supplemented with 10% heat-inactivated new-born calf serum (Thermo Fischer Scienti0c,
Waltham, MA, USA), 5 mg/mL plasmocin (Invivogen, Toulouse, France), 2% L-glutamine (BioWhittaker, Verviers, Belgium),
penicillin (100 IU/mL) and streptomycin (100 mL/mL) (BioWhittaker). The cells were cultured in a standard tissue incuba-
tor at %(◦C, 100% humidity and 5% CO2, and trypsinated once they attained (5% con1uency using 0.25% Trypsin/EDTA
(BioWhittaker).

. EV isolation and characterization

All EVs were isolated and characterized according to MISEV 201) guidelines (Théry et al., 201)). The H1, H2, H%, NHA and
melanocyte cell lines were seeded in eight T1(5 1asks per isolation in DMEM growthmedium as described above, supplemented
with EV-depleted fetal bovine serum (FBS). FBS was depleted of EVs by centrifuging at 120,000 g for 1) h at &◦C. Conditioned
medium (CM) was collected by pipetting after &) h, and cells were reseeded for further EV production. The isolation of EVs was
performed as previously described (Lunavat et al., 201(). Brie1y, CM was centrifuged at %00 g for 5 min to remove cell debris.
The collected supernatant was centrifuged again at 2000 g for 20min at &◦C to remove apoptotic bodies, and then transferred to
ultracentrifuge tubes and centrifuged at 16,500 g for 20min to remove microvesicles. Finally, the supernatant was centrifuged at
120,000 g for 2 h to pellet exosomes termed as EVs and the supernatant was discarded. The remaining EV pellet was resuspended
in 100–500mL sterile-0ltered PBS and frozen at −)0◦C until further use.
For particle size determination, EVs were diluted with 0ltered PBS at 1:100−1:1000. The sizes and relative intensities of EVs

were quanti0ed using a Zetasizer Nano ZS (Malvern Panalytical, Worcestershire, UK) or a Multiple–Laser ZetaView® f-NTA
Nanoparticle Tracking Analyzer (Particle Metrix GmbH, Inning am Ammersee, Germany).
To visualize the cup-shaped morphology and the membrane structure of isolated EVs, transmission electron microscopy

(TEM)was used. Approximately 10µg of EVsweremounted on formvar carbon coated copper grids and post-0xedwith 2.5%glu-
taraldehyde, followed by staining with 2% of uranyl acetate. Grids were dried and imaged using a Hitachi HT()00 transmission
electron microscope (Hitachi High-Tech Corporation, Tokyo, Japan).
Other materials and methods used in this study are provided in the Supplementary materials.

 RESULTS

. EVs penetrate the mouse brain and increase brain metastatic growth

We0rst isolated EVs from twohumanMBMcell lines (H1, H2) as well as fromnormal human astrocytes (NHA) andmelanocytes.
Nanoparticle tracking revealed a mean EV diameter and concentration between )0 and 200 nm from NHA, H1, H2 and
melanocytes (Figure 1a, Figure S1a), and the lipid bilayer membranes were veri0ed by TEM(Figure 1a, Figure S1b). Addition-
ally, Western blot (WB) analysis showed that the standard EVmarkers TSG101, CD* and 1otillin-1were positive, whereas the ER
marker calnexin, which is known to be absent in EVs (Zhao et al., 2022), was negative (Figure 1b, Figure S1c). These data thus
con0rm the isolation of EVs.
To study whether tumour MBM-EVs were taken up by the brain parenchyma in vivo, Cy( labelled H1-EVs were injected

intracardially (i.c.) into the left cardiac ventricle of one female nude mouse. After 2& h, 1uorescence imaging both in vivo and in
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F IGURE  MBM-EVs contribute to increased metastatic burden. (a) Representative nanoparticle tracking analysis using Malvern Nanosight and
transmission electron microscopy of H1-EVs. Size range 50–200 nm. Scale bar= 100 nm. (b) Western blot analysis of EV-characteristic markers on H1 cells and
corresponding EVs. (c) In vivo and ex vivo NIR imaging of mice and harvested major organs after injection of Cy( (excitation/emission: (&5/)20 nm) H1-EVs
or PBS control. (d) Schematic work1ow of the exosome-primed in vivo metastatic model. (e) Development of brain metastasis assessed by T2 weighted MRI at
week & after priming with MBM-derived EVs or PBS prior to intracardial injection of MBMH1_DL2 cells. Scale bar = 2mm. (f) Quanti0cation of the total
number and volume of brain metastasis at week & in exosome-primed animals compared to the control PBS group. n.s. = not signi0cant, *p < 0.05, **p < 0.01.

organs ex vivo showed Cy(-labelled EVs to be incorporated into major organs including the brain (Figure 1c). To assess the role
of the MBM-EVs in brain metastatic niche development, 5.0 × 10* H1-EVs were injected i.c into female NOD/SCIDmice at 2& h
intervals for % days (Figure 1d). &) h after the 0nal EV injection, 5.0 × 105 H1_DL2 cells were injected i.c. andMBM development
was monitored by magnetic resonance imaging (MRI; Figure 1e). Mice pretreated with H1-EVs showed a signi0cantly higher
number of brain metastatic lesions at week & as well as signi0cantly larger tumour volumes, compared to the control mice who
received PBS pretreatment (Figure 1f).
These data show that circulating EVs fromhumanMBMcells creates a brainmetastatic niche that favours both brainmetastatic

initiation (number of brain metastases observed) as well as tumour growth.

. EVs derived from humanMBM cells activate NHAs and elevate cytokine production

Astrocytes have major functions in maintaining BBB integrity and they consequently represent the 0rst cells that the extravasat-
ing tumour cells will encounter within the CNS. Reactive astrocytes have been shown to be involved in numerous reciprocal
interactions that brain metastatic cells require for their initiation and growth (Zhang et al., 2015). Therefore, we assessed to what
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F IGURE  MBM-derived EVs induce activation in NHA. (a) NHA cultured with 5.0 × 10* EVs of PKH6(-stained (green) NHA- or H1-EVs for &) h to
show uptake. Nuclei stained with DAPI (blue), membrane stained with WGA-Texas Red (red). Magni0cation (100X). Scale bar = 10 µm. (b) Representative
images of ICC-stained NHA cells cultured with H1-EVs or PBS control for &) h. Merged images of DAPI (blue) and GFAP (red). Magni0cation 20X. Scale
bar = 20 µm. (c) Western blot analysis of GFAP in NHA cells after culturing with 5.0 × 10* H1-EVs or PBS for &) h and subsequent quanti0cation. (d) CCK)
proliferation assay of NHA cells cultured with 5.0 × 10* NHA- or H1-EVs over &) h. (e) Representative micrographs at the start and completion of a *6 h NHA
wound healing assay co-cultured with 5.0 × 10* NHA- or H1-EVs. Scale bar: %00 µm. (f) Quanti0cation of wound healing assay as percentage wound closure
after *6 h. (g) Heatmap of a cytokine array of NHA conditioned media after culturing with 5.0 × 10* H1-EVs or PBS for &) h. (h) ELISA validation performed
on NHA conditioned media after co-culture with 5.0 × 10* H1-EVs. ELISA of top four upregulated cytokines from cytokine array, IL-6, IL-), MCP-1 and
CXCL1, were used. n.s.= not signi0cant *p < 0.05, ***p < 0.001, ****p < 0.0001.

extent MBM-EVs could be taken up by NHAs and if they were activated. For this purpose, we labelled the NHA with Texas red-
conjugated wheat germ agglutinin (WGA-Texas red) and the MBM-EVs with the membrane stain PKH6( (green). As shown in
Figure 2(a) and Figure S2(a,b), the EVs derived from H1 and H2MBM cells, as well as from NHAs, were taken up by the NHA
cells. To assess a putative NHA activation, the cells were stained for the glial acidic 0brillary acidic protein (GFAP) known to be
over-expressed in reactive astrocytes (Escartin et al., 2021). As shown in Figure 2(b,c), an exposure to H1-EVs led to an elevated
expression of GFAP in the NHAs. This also resulted in an increased NHA cell proliferation (Figure 2d) as well as cell migration
(Figure 2e,f). Interestingly, NHA EVs did not cause a stimulation of the NHAs (Figure 2d–f). NHA cells that were activated by H1
EVs where then co-cultured with H1_DL2 green, 1uorescent cells. By counting the 1uorescent cells, we observed an increased
H1_DL2 cell proliferation (Figure S%a,b).
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Previous studies have shown that activated astrocytes display altered cytokine expression levels in the brain (Zhang et al., 201)),
which may contribute to MBM progression (Wasilewski et al., 201(). This, however, has not been determined in the context of
EVs exposure and the establishment of the brain metastatic niche in melanoma. Therefore, we performed a cytokine array on
conditioned media from NHAs that were activated by MBM-EVs. As shown in Figure 2(g), NHAs exposed to H1-EVs led to an
upregulation of several cytokines that support MBM growth such as IL-6, IL-), MCP-1 (CCL2) and CXCL1 (Dhawan & Rich-
mond, 2002; Fares et al., 2021). These cytokines were also veri0ed by enzyme-linked immunosorbent assays (ELISA, Figure 2h,
Figure S&). Speci0cally, we found that neutralizing IL-) and IL-6 activity signi0cantly reversed the increased proliferation in H1
cells (Figure S5). Interestingly, these cytokines have previously been shown to increase melanoma cell migration and invasion
through an activation of themitogen-activated protein kinase (MAPK) andNotch signalling pathways (Alles et al., 201*; Dhawan
& Richmond, 2002).
In conclusion, we show that MBM-EVs are taken up and activates NHAs, leading to increased proliferation and migration.

Moreover, the activated NHAs show an increased expression of cytokines known to support MBM growth.

. MiR-a-p is expressed at high levels in EVs derived fromMBMs and has a functional role
in NHA activation

MiRNAs are known to be the most abundant RNA cargo in EVs, and it has been con0rmed that EV packaged-miRNAs from
tumour cells are involved in a microenvironmental modulation that may support tumour cell proliferation, metastasis, angio-
genesis, chemoresistance and immune regulation (Kulkarni et al., 201*; Sun et al., 201)). Detailed knowledge of the EVs cargo
provides an avenue for novel clinical biomarker discovery and potential therapeutic intervention. Therefore, we aimed to identify
the miRNAs in MBM-EVs that could be responsible for the observed NHA stimulation.
For this purpose, we performed an A+ymetrix array pro0ling on EVs collected from three MBM cell lines (H1, H2, H%), a cell

line derived from a subcutaneous melanoma metastasis (Melmet 1), a lymph node metastasis from melanoma (Melmet 5), and
NHA and melanocytes.
A detailed analysis of di+erentially expressed miRNAs (MBM-EVs vs. normal cell-EVs) revealed that miR-1&6a-5p was by far

the most signi0cantly upregulated miRNA across all MBM cell lines (Figure %a,b).
In patient-derived cell lines derived from melanoma skin and lymph node metastases (Melmet 1 and Melmet 5), miR-1&6a-

5p was elevated compared to the normal samples, but not to the same extent as observed in the MBMs (Figure S6a). RT-qPCR
con0rmed a 20-fold increase ofmiR-1&6a-5p in threeMBMcell lines, and over 10-fold in their EVs, compared toNHA (Figure %c).
Comparison of miR-1&6a-5p expression between healthy melanocytes and NHA cells showed relatively low expression in both
healthy cell types as well as EVs (Figure S6b). Furthermore, an RNA protection assay was performed to assess if miR-1&6a-5p
was loaded inside the EVs. Over 65% of miR-1&6a-5p was retained following RNase treatment (Figure S6c).
We initially investigated miR-1&6a-5p by evaluating expression levels in EVs from blood serum from nine healthy volunteers,

26melanoma patients withoutMBM and ninemelanoma patients with con0rmedMBM.No increase of miR-1&6a-5p expression
was found inMBMpatients versus healthy volunteers, and in fact healthy participants had the highestmiR-1&6a-5p in their serum
EVs compared to MBM patients (Figure S(a,b).
However, investigating further to con0rm a putative role of miR-1&6a-5p in MBMs, in situ hybridization (ISH) was used to

assess the expression levels of miR-1&6a-5p in 20 human MBM biopsies. Here, all tumour samples showed elevated expression
levels compared to normal brain tissue. Moreover, 1) of the 20 clinical samples revealed a signi0cantly higher expression of
miR-1&6a-5p compared to healthy normal brain tissue (Figure %d,e, Figure S)).

MiR-1&6a-5p has previously been shown to be implicated in melanoma growth and metastasis (Forloni et al., 201&; Pu et al.,
201); Raimo et al., 2016; Zhang et al., 2020); however, its role in EV delivery and niche establishment has not been determined.
To determine if miR-1&6a-5p was responsible for the NHA activation mediated by the MBM EVs, NHAs were simultaneously
co-cultured with H1-EVs and a single stranded RNA-miR-1&6a-5p inhibitor.We con0rmed uptake of the inhibitor into NHAs by
confocal microscopy (Figure S*). As shown in Figure %(f), the inhibitor caused a reduced GFAP expression in NHAs following
H1-EV exposure. Moreover, the inhibitor also reduced the e+ect of EVs on NHA cell proliferation and migration (Figure %g–i,
Figure S10a). By ELISA, we further show thatmiR-1&6a-5p inhibition caused reduced expression of IL-6, IL-), MCP-1 andCXCL1
following exposure of H1-and H2-EVs to NHAs (Figure %j, Figure S10b).
In conclusion, miR-1&6a-5p is expressed in human MBMs and MBM EVs and has a major role in the functional activation of

NHAs following MBM EVs exposure.

. MiR-a-p increases Notch signalling through downregulation of NUMB expression

To assess how miR-1&6a-5p a+ects NHA activation at the transcription level, mRNA sequencing was performed on NHA cells
exposed either to miR-1&6a-5p mimics or a scrambled control. MiR-1&6a-5p overexpression via a miRNA mimic led to 2%%0
di+erentially upregulated and 25*1 di+erentially downregulated mRNAs (Figure &a). We then performed online queries using
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F IGURE  mir-1&6a-5p is signi0cantly upregulated in H1-EVs compared to normal melanocytes and astrocytes and induces similar responses in NHA
cells as H1-EVs. (a/b) Heatmap of the standardized expression for the top 15 up- and down-regulated miRNAs (a) and a volcano-plot (b) of di+erential miRNA
expression in EVs derived from healthy (melanocytes and astrocytes) compared to MBM cell lines (H1, H2, H%). miR-1&6a-5p shows stable overexpression in
MBM cell lines. (c) qPCR of miR-1&6a-5p expression in EVs and cells across multiple MBM cell lines (H1, H2, H%, H10) and normal cells (NHA). Cells
normalized to endogenous control miR-10%, and EVs normalized to spike-in C-elegansmiR-%*-%p. (d) MiRNAscope in situ hybridization assay of miR-1&6a-5p
expression in patient MBM samples compared to healthy brain controls. Red dots indicate successful binding of the miR-1&6a-5p probe, tissues counterstained
with haematoxylin (purple). (e) Quanti0cation of miR-1&6a-5p expression across patient samples compared to three pooled healthy brain controls. Data

(Continues)
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F IGURE  (Continued)
represented as mean 1uorescence of 10 representative equal sized areas from each sample ± SE. (f) Representative images of ICC-stained NHA cells cultured
with H1-EVs treated with miR-1&6a-5p inhibitor or miR-NC (negative control). Merged images of DAPI (blue) and GFAP (red). Magni0cation 20X. Scale
bar = 20 µm. (g) CCK) proliferation assay of NHA cells after co-culture with 5.0 × 10* H1-EVs in the presence or absence of a miR-1&6a-5p inhibitor. (h)
Representative micrographs at the beginning and completion of a *6 h NHA wound healing assay co-cultured with H1-EVs with or without miR-1&6a-5p or
scramble inhibitor. Scale bar = %00 µm. (i) Quanti0cation of wound healing assay as percentage wound closure after *6 h. J ELISA of IL-6, IL-), MCP-1 and
CXCL1 levels from NHA cell conditioned media after co-culture with 5.0 × 10* H1-derived EVs in the presence or absence of miR-1&6a-5p inhibitor. *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001.

databases predicting potential biological targets of miR-1&6a-5p (TargetScan, miRDB and microT-CDS online tools; Figure S11).
By combining the downregulated sequencing datawith the online queries, we identi0ed 1) overlapping potential binding partners
of miR-1&6a-5p (Figure &b). A pulldown assay of NHA lysates followed by RT-qPCR was performed to quantify the enrichment
of mRNA-miR-1&6a-5p complexes. As shown in Figure &(c), NUMB was the most abundant binding partner, having around
6-fold more bound complexes compared to the scrambled control.
The Numb protein is an inhibitor in the Notch signalling pathway where it acts as a tumour suppressor. It has previously

been shown that miR-1&6a-5p down-regulates NUMB leading to melanoma initiation and progression by activating the Notch
signalling pathway (Forloni et al., 201&). Furthermore, data from The Cancer Genome Atlas (TCGA) also show a correlation
between poor survival in melanoma patients and low NUMB expression levels (Hristova et al., 2021).
Based on this information, we aimed to study the putative role of EV enrichedmiR-1&6a-5p inNUMB inhibition in the context

of MBM. As shown in Figure &(d), RT-qPCR analysis revealed a signi0cant down-regulation of Numb mRNA expression in
NHA cells following a co-culture with H1-, H2- and H%-EVs. In contrast, EVs from melanocytes and NHAs did not have any
e+ect. These 0ndings were further substantiated at the protein level byWB analysis (Figure &e). Moreover, the same results were
observed by RT-qPCR and WB and in NHA cells after co-culture with a miR-1&6a-5p mimic (Figure &f,g) indicating a causal
relationship between miR-1&6a-5p and NUMB.
To further verify a putative target relationship between miR-1&6a-5p and NUMB, NHA cells were transfected with luciferase

constructs containing either wild-type (WT) NUMB or a mutated version (Mut) of the miR-1&6a-5p binding site (Figure &h). As
shown in Figure &(i), following an addition of miR-1&6a-5p mimic, luciferase activity was signi0cantly reduced. In comparison,
no signi0cant di+erence was found between miR-1&6a-5p and miR-NC in mutated %′ region samples, indicating a speci0c miR-
1&6a-5p to NUMB binding.
In NHA, we performed a NUMB overexpression (Figure S12a) to determine the e+ects of miR-1&6a-5p on the previously

studied cytokine production. An increased production of IL-6, IL-), MCP-1 and CXCL1 were observed in the wild type NHA
(NUMB-WT) when exposed to the miR-1&6a-5p mimic, whereas NHA overexpressing NUMB (NUMB-OE) did not show the
same e+ect (Figure &j) suggesting NUMB involvement in NHA activation/dysregulation.
In summary, NUMB is a direct miR-1&6a-5p target in NHAs, and its overexpression abrogates their cytokine production.

. MiR-a-p increases Notch expression levels and downstream proteins in NHAs

Next, we studied the expression of downstream proteins in theNotch signalling pathway. Expression levels of Notch, HES1, HEY2
and CCN1 increased in NHAs following addition of either H1-EVs or the miR-1&6-5pmimic (Figure 5a,b). NUMB inhibition via
siRNA (Figure S12b) veri0ed a causal relationship between NUMB and proteins of the Notch signalling pathway, as seen with
increased expression of Notch, HES1, HEY2, and CCN1, compared to vector control (Figure 5c). In NHA cells overexpressing
NUMB, the expression levels decreased, as assessed by qPCR (Figure 5d).
The γ-secretase inhibitorDAPT (N-[N-(%, 5-di1uorophenacetyl)-l-alanyl]-s-phenylglycinet-butyl ester) is known to indirectly

blockNotch signalling activity (Geling et al., 2002). To further assess the e+ect of Notch signalling followingmiR-1&6a-5pmimic-
inducedNHA activation (assessed by GFAP expression), the cells were exposed to DAPT. As shown in Figure 5(e), themiR-1&6a-
5p mimic increased GFAP expression levels signi0cantly, as compared to NHA exposed to a scrambled miR negative control
(miR-NC). DAPT treatment lowered GFAP levels regardless of whether miR-1&6a-5p mimic or a scrambled miR-NC control
was added to the cultures.
Thereafter, we determined the expression levels of cytokines (IL-6, IL-), MCP-1 and CXCL1) after miR-1&6a-5p and/or DAPT

exposure to NHA cells. As expected, all four cytokines were elevated following miR-1&6a-5p mimic exposure, while after treat-
ment with either DAPT alone or in combination with miR-1&6a-5p mimic cytokine expression remained the same as the control
(Figure 5f). NHA were activated after silencing NUMB, as seen by elevated GFAP expression. However, this e+ect was reversed
after treatment with DAPT alone or combined with si-NUMB (Figure 5g). The same e+ect was seen in a similar experiment
where silencing of NUMB was induced in NHA cells with or without DAPT treatment. Upon silencing of NUMB, increased
production of all four cytokines were observed, while combined treatment with DAPT decreased cytokine expression to normal
levels (Figure 5h).
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F IGURE  miR-1&6a-5p increased NOTCH signalling through interaction with and downregulation of NUMB expression. (a) Heatmap of signi0cantly
di+erentially expressed mRNA (FDR < 0.05) from NHA cells treated with a miR-1&6a-5p mimic for &) h and compared to a scrambled control (miR-NC). (b)
Signi0cantly down-regulated mRNA results were compared to three databases (TargetScan (.1, miRBD and microT-CDS) and 1) common genes were found as
in situ projected binding partners. (c) mRNA-pulldown assay followed by qPCR quanti0cation of bound mRNA-miR-1&6a-5p complexes from the common 1)
binding partners. (d) qPCR of NUMB expression in NHA cells after co-culture with 5.0 × 10* EVs frommelanocytes, NHA or MBM cell lines (H1, H2 and H%),
normalized with U6 expression. (e) WB of Numb protein expression in NHA cells after co-culture with 5.0 × 10* EVs from melanocytes, NHA or MBM cell
lines (H1, H2 and H%). (f) qPCR of NUMB expression in NHA cells after co-culture with miR-1&6a-5p mimic or a scrambled control, normalized to U6
expression. (g) Western blot of Numb protein expression in NHA cells after co-culture with miR-1&6a-5p mimic or a scrambled control. (h) Sequence of
miR-1&6a-5p %p binding site, and the comparison of NUMB %′UTR-wild type (WT) and mutated (MUT) region. (i) Dual luciferase assay on the WT or MUT
%′UTR region with miR-1&6a-5p or a scrambled control in NHA cells, represented as the relative 0re1y to Renilla luciferase activity. (j) ELISA of top four
upregulated cytokines released by NHA cells with WT or overexpression of NUMB in the presence of miR-1&6a-5p mimic or control. n.s.= not signi0cant,
**p < 0.01, ***p < 0.001, ****p < 0.0001.
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F IGURE  miR-1&6a-5p in1uences the activation of astrocytes through the upregulation of the Notch pathway via NUMB inhibition. (a–d) qPCR of
relative mRNA expression of proteins involved in the Notch pathway from NHA cells after treatment with H1-derived EVs or PBS control, miR-1&6a-5p mimic
or a scrambled control, NUMB siRNA or a scrambled control, and NUMB OE or WT control. (e) Western blot analysis of GFAP expression in NHA cells after
treatment with miR-1&6a-5p mimic and/or Notch inhibitor DAPT and associated quanti0cation. (f) ELISA of top four upregulated cytokines released by NHA
cells after treatment with miR-1&6a-5p mimic with and without the Notch pathway inhibitor DAPT. (g) Western blot analysis of GFAP expression in NHA cells
after treatment with NUMB siRNA and/or DAPT associated quanti0cation. (h) ELISA of top four up regulated cytokines released by NHA cells after treatment
with NUMB siRNA and/or DAPT. All data displayed from three independent experiments. n.s.= not signi0cant, *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001.

In summary, miR-1&6a-5p alters cytokine expression via NUMB silencing and dysregulates downstream proteins in the Notch
signalling pathway including HES1, HEY2 and CCN1 suggesting a dysregulation of the overall Notch pathway.

. Mir-a-p knockdown (KD) in MBM cells decreases tumour burden and increases animal
survival

A proof-of-concept study was performed with a miR-1&6a-5p knockdown model to investigate its e+ect on MBM development
in vivo. MiR-1&6a-5p was knocked down by lentiviral transduction of a spongemRNA inH1_DL2 cells (miR-1&6a-5p KD, Figure
S1%) and injected i.c. into female nude mice. As a control, mice were injected i.c. with H1_DL2 cells transduced with a scrambled
miR-NC vector. Bioluminescence imaging showed a signi0cantly reduced MBM burden at weeks & and 6 in mice injected with
miR-1&6a-5p KD cells, as compared to control animals (Figure 6a,b). Furthermore, at week 6, a reduced tumour burden in the
body of mice injected with miR-1&6a-5p KD cells was observed (Figure 6b). miR-1&6a-5p KDmice survived signi0cantly longer
than control mice (Figure 6c), and the miR-1&6a-5p KD tumours displayed a lower Ki6( expression indicating less tumour
proliferation (Figure 6d,e).
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F IGURE  miR-1&6a-5p knockdown in MBM cells signi0cantly decreased tumour burden and increased survival in a mouse brain metastasis model. (a)
5 × 105 H1_DL2miR-NC KD (control) or H1_DL2miR-1&6a-5pKD cells were injected intracardially into mice. Tumour burden was evaluated at week & and 6
with IVIS bioluminescent imaging. n = 10mice per group. (b) Tumour distribution in head and body were quanti0ed at week & and 6 by the average radiance
in photons/s/cm2/steradia (p/s/cm2/sr). (c) Kaplan–Meier survival curves calculated for all animals in the treatment study. (d) Representative images of Ki6(
staining of FFPE sections of brain tumour tissue from animal test subjects after sacri0cing. Scale bar = 50 µm. (e) Quanti0cation of Ki6( staining as a
percentage of total cells in each tumour. n.s.= not signi0cant, *p < 0.05, **p < 0.01.

Taken together, miR-1&6a-5p KD reduced MBM tumour burden and increased survival in a mouse model of human MBM,
indicating its involvement in MBM development.

. Deserpidine inhibits miR-a-p activity and suppresses MBM development

In order to identify potential drugs that could suppress miR-1&6a-5p activity, we performed an in silico structure modelling
to predict the %-dimensional structure of the hairpin loop of the pre-miR-1&6a (Figure (a), followed by a virtual screening of
compounds with the potential to bind to themiR-1&6a-5p %D-modelled structure (Figure (b). The top three candidates predicted
to cross the BBBwere deserpidine, demecarium bromide (demecarium) and fosamprenavir. These drugs were chosen for further
functional in vitro experiments. Both deserpidine and demecarium reducedmiR-1&6a-5p levels signi0cantly in both H1 cells and
H1-EVs, while fosamprenavir did not alter the miRNA levels signi0cantly (Figure (c, Figure S1&a). A viability screening on H1,
H2, H% andH10 cells determined the IC50 doses to bemuch lower for deserpidine (16.56–2*.(6µM) (Figure (d) than demecarium
(*(.(*–2(1.%% µM) (Figure S1&b,c), thus deserpidine was chosen for subsequent experiments.

Deserpidine is an ester alkaloid derived from Rauwolfa canescens and has been used in the treatment of psychosis and
hypertension (Zhang et al., 200*). A dose-dependent inhibition of cell migration was observed in deserpidine-treated H1
cells (Figure (e), as well as a dose-dependent induction of apoptosis in H1 cells (Figure (f). Additionally, EVs derived from
deserpidine-treated H1 cells did not activate NHAs (Figure S15), further con0rming the role of MBM-EVs in NHA activation.

Here, deserpidine decreasedmiR-1&6a-5p expression levels inH1MBMcells and inH1-EVs, subsequently leading to induction
of apoptosis and inhibition of cell viability and migration in these cells.
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F IGURE  Deserpidine reduces the expression of miR-1&6a-5p in vitro and reduces the viability and proliferation of MBM cells. (a) Schematic
representation of the %D structure of the miR-1&6a-5p binding site for high-throughput molecular docking analysis. (b) Schematic representation of the top %
binding partners of miR-1&6a-5p available for purchase and predicted to cross the blood brain barrier. (c) qPCR analysis of miR-1&6a-5p expression in H1 cells
and EVs after deserpidine treatment. (d) Representative IC50 survival curve of H1 cells after treatment with increasing drug concentrations (0.01–150 µM) for
(2 h and corresponding deserpidine IC50 doses of all MBM cell lines and NHA. (e) Representative images from wound healing assay of H1 cells after treatment
with various concentrations of deserpidine and quanti0cation of % wound closure at (2 h. Scale bar = %00 µm. (f) Annexin V-FITC and PI staining to assess
apoptosis by 1ow cytometry in H1 cells treated with increasing concentrations of deserpidine for (2 h and corresponding quanti0cation of live cell and
apoptotic cell populations (Q2 + Q%) represented as percentage of total cell population. All data displayed from three independent experiments. Quadrant 1:
Live cells. Quadrant 2: Early apoptosis. Quadrant %: Late apoptosis. Quadrant &: Necrosis. n.s.= not signi0cant, *p < 0.05, **p < 0.01, ****p < 0.0001. N = %.

.( Deserpidine inhibits MBM tumour burden and increases animal survival

To determine the preclinical potential of deserpidine, female NOD/SCID mice were injected i.c. with 5.0 × 105 H1_DL2 cells
and treated with either deserpidine or solvent only as control for 6–( weeks. MRI showed that in mice treated with 0.15 mg/kg
deserpidine, the numbers and volumes of MBM tumours were signi0cantly reduced, compared to control mice (no treatment)
(Figure )a,b).
In a second experiment, bioluminescence imaging con0rmed that mice injected with 0.5mg/kg deserpidine had less tumour

burden, compared to the control animals. No e+ects were observed on extracranial metastasis (Figure )c,d). A Kaplan–Meyer
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F IGURE ( Deserpidine reduces tumour burden and increases mice overall survival in vivo. (a) Development of brain metastasis assessed by T2 weighted
MRI at week & and 6 after intracardial injection of MBMH1_DL2 cells. Mice were either treated with 0.15mg/kg deserpidine or solvent % days per week. n = 10
mice per group. (b) Quanti0cation of the numbers and volumes of brain metastasis in 0.15mg/kg deserpidine-treated and control animals. (c) Development of
tumour burden evaluated week & and 6 with IVIS bioluminescent imaging after i.c. injection of MBMH1_DL2 cells. Mice were either treated with 0.5mg/kg
deserpidine or solvent every % days. n = 10mice per group. (d) tumour distribution in head and body were quanti0ed by the average radiance in
photons/s/cm2/steradia (p/s/cm2/sr). (e) Kaplan–Meier survival curves calculated for all animals in the second treatment study. (f) Representative images of
Ki6( staining of formalin 0xed para2n embedded (FFPE) sections of brain tumour tissue from animal test subjects after sacri0cing. Scale bar: 50 µm. (g)
Quanti0cation of Ki6( staining as a percentage of total cells in each tumour. (h) Representative images of GFAP staining of FFPE sections of brain tumour
tissue and brain non-tumour tissues from animal test subjects after sacri0cing. Scale bar = 200 µm. (i) Quanti0cation of GFAP staining as a percentage of
intensity of GFAP in tumour edge, tumour core and non-tumour tissue areas. Data are displayed as mean ± SEM. Groups were compared using the Welch
t-test. *p < 0.05, **p < 0.01, ***p < 0.001.
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survival plot showed increased animal survival in deserpidine treated mice, compared to controls (Figure )e). Cell prolifera-
tion was reduced in MBM tumours from deserpidine treated mice compared to control mice, as indicated by Ki6( expression
(Figure )f,g). GFAP staining showed a signi0cant reduction of GFAP+ cells within the tumour mass and in normal brain tis-
sue after deserpidine treatment, as well as a trend towards reduction in normal tissue close to the tumour edge (Figure )h,i).
Taken together, these results suggest that deserpidine shows inhibition of tumour growth which further adds to inhibition of
miR1&6a-5p and therefore should be further exploited in a clinical context of MBM.

 DISCUSSION

Despite multimodal treatment, brain metastasis is a common complication in melanoma patients with advanced disease (Achrol
et al., 201*). Thus, an improved molecular understanding of the metastatic process with the aim of discovering new adjuvant
treatments is necessary. It has previously been shown that brain metastasis development is mediated by complex interactions
between tumour cells and normal cells, facilitated in part by the transfer of EVs to establish a metastasis-promoting environ-
ment (Gowda et al., 2020; Tamas et al., 2022). To our knowledge this is the 0rst study showing that MBM-EVs pretreatment
increases brain metastasis burden in mice (Figure 1e,f), possibly due to increased transmigration of tumour cells through the
BBB or improved survival of those cells already transmigrated. The importance of astrocytes in development of both primary
and secondary neuralmalignancies is well documented, but themolecularmechanisms of astrocyte-tumour interactions are only
just being discovered (Burn et al., 2021; Zou et al., 201*).
In the present study, we demonstrate that healthy astrocytes are remodelled via transfer of EV-packaged miR-1&6a-5p from

MBM cells, which increases Notch signalling, stimulating MBM development. We also show, in a biological and therapeutic
context, that a reduction of miR-1&6a-5p activity reduces MBM formation.
For melanomas, reports regarding the role of miR-1&6a-5p in metastatic development is con1icting. In a xenograft model by

Hwang and colleagues, a loss ofmiR-1&6a-5p expression was seen inmelanoma cells, where its overexpression reducedmigration
and invasion. In contrast, Pu and colleagues found thatmiR-1&6a-5p increased cellmigration and invasion inmelanomas (Hwang
et al., 2012; Pu et al., 201)). Here, we show that miR-1&6a-5p is highly expressed across a number of humanMBM cell lines, as well
as in their secreted EVs, compared to healthy astrocytes and melanocytes. In addition, signi0cantly higher miR-1&6a-5p levels
were seen in clinical MBM samples, compared to healthy brain tissue (Figure %i,j). In this context, prior clinical studies suggest
that miR-1&6a-5p is overexpressed in both primary and metastatic lesions, but according to an in vivo melanoma progression
model, it is reduced in circulating tumour cells (CTCs), indicating a site-speci0c mechanism of action (Dika et al., 2020; Raimo
et al., 2016). This is in line with our 0ndings, where we found low levels ofmiR-1&6a-5p in all melanoma patient blood EV samples
compared to healthy individuals, but increased miR-1&6a-5p levels in metastasis samples, with the highest expression levels seen
in MBM cell lines and clinical MBM samples. Our initial screening of human serum samples indicates that miR-1&6a-5p is not
a suitable candidate as a liquid biopsy biomarker; however, this would need to be evaluated in a larger panel of blood samples.
Given this, our data suggests that miR-1&6a-5p has a role in MBM-EVs by activating astrocytes that stimulates CTCs once they
have reached the secondary organ.
A crosstalk between activated astrocytes and tumour cells in the brain may stimulate the progression of both primary and

secondary brain tumours (Heiland et al., 201*; Zhang et al., 2015; Zou et al., 201*) through paracrine signalling as a main source
of communication where cancer-induced cytokine pro0les in astrocytes stimulate tumour growth and also protect them against
immune responses (Heiland et al., 201*). Here we show that an increased production of key cytokines (IL-6, IL-), MCP-1 and
CXCL1), known to facilitate transmigration of breast cancer cells across the BBB (Fares et al., 2021), were increased following
NHA exposure toMBM-EVs or miR-1&6a-5pmimic. In melanoma, these secreted factors have all been found to support growth
and dissemination, as corroborated by our 0ndings in Fig S5. IL-6 induced production of glutathione has been shown to stimulate
MBM (Obrador et al., 2011) by triggering MMP-2 enzymatic activity in the tumour microenvironment (Rossi et al., 201)). Aug-
mented IL-) levels have been shown to increase cell migration, invasion, and adhesion capacities of metastatic melanoma cells
by activating the MAPK signalling pathway (Liu et al., 2012). Compared to primary melanomas, MCP-1, and its correspond-
ing receptors CCR2 and CCR&, have been shown to be overexpressed in MBM. An evoked MCP-1 expression and an altered
astrocyte secretome has been reported to enhance MBM proliferation, migration, and invasion (Pozzi et al., 2022). Moreover,
increased astrocyte secretion of MCP-1 can also contribute to an increased BBB permeability that may facilitate MBM establish-
ment (Stamatovic et al., 200%; Weiss et al., 1**); Yao & Tsirka, 201&). Further, CXCL1 has been shown to constitutively increase
expression of NF-κB in melanoma which contribute to melanoma progression via angiogenesis (Dhawan & Richmond, 2002).
All these cytokines were triggered in NHAs following MBM-EV exposure, which suggest that they have a prominent role in
MBM formation. The exact mechanisms on how they stimulate MBM progression remains to be elucidated.
Mechanistically we show, using in silico and in vitro methods, that NUMB, an inhibitory protein in the Notch signalling

pathway, is a binding partner ofmiR-1&6a-5p inNHAs.MiR-1&6a-5p binding resulted in a targeted silencing of theNumbprotein,
with a subsequent activation of the several downstream signalling proteins and transcription factors associated with the Notch
signalling pathway. Increased Notch signalling can have several e+ects on cancer development. This includes, among others,
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apoptosis inhibition, angiogenesis, induction of epithelial to mesenchymal transition (EMT) and formation of brain metastasis
(Xing et al., 201%).
Numb has previously been described as a miR-1&6a-5p target in melanoma (Forloni et al., 201&; Raimo et al., 2016). Our

research importantly shows an upregulation of the Notch pathway in surrounding astrocytes in vitro via EV transfer of miR-
1&6a-5p from melanoma cells, that subsequently stimulates MBM development. To substantiate these results, we performed an
in vivo proof-of-concept study, by injecting miR-1&6a-5p KD MBM cells i.c. using a reproducible and predictive human MBM
animal model (Sundstrøm et al., 201%). A signi0cant decrease in the subsequent brain metastatic burden with increased animal
survival was observed after KD, supporting the important role of miR-1&6a-5p in MBM development.
Drugs targeting brain metastasis speci0cally are not available, and systemic therapies are usually ine+ective (Kim et al., 201)).

To 0nd such drugs is a challenging task due to, among others, problems associatedwith BBBpenetrance. From a therapeutic view-
point, repurposing of drugs is an attractive strategy, as the time needed to bring such drugs to the clinic is shorter, less investments
are needed, and the risk of failure is lower (Pushpakom et al., 201*). Using targeted in silico analysis, we screened commercially
available compounds that could potentially bind to the %D-modelled structure of miR-1&6a-5p, thus inhibiting its transcription.
Subsequent in vitro and in vivo studies showed that deserpidine reduced the brain metastatic tumour burden, resulting in an
inhibited MBM development and increased animal survival. Brain tumours dissected from these mice were found to have less
penetrance of GFAP+ cells into the tumour mass, and in the overall brain, possibly indicating a reduced migration/invasion
ability of the astrocytes via miR-1&6a-5p inhibition.
In conclusion, we show that MBM-EV-transferred miR-1&6a-5p is an important driver of MBM niche establishment, via the

induction of a cancer-promoting activated astrocyte phenotype where Notch signalling, and cytokine production are elevated,
leading to a feedback loop encouraging MBM growth. Through this novel discovery, we were able to inactivate the miRNA
through both KD or deserpidine treatment and thereby decrease MBM growth in vivo. These 0ndings encourage additional
assessment of the role of MBM-EVs-stromal interactions in metastasis, and a further evaluation of deserpidine as an adjuvant
treatment for patients with MBM or for melanoma patients at risk of developing brain metastasis.
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Tamas, F., Balasa, R., Manu, D., Gyorki, G., Chinezu, R., Tamas, C., & Bălașa, A. (2022). The importance of small extracellular vesicles in the cerebral metastatic
process. International Journal of Molecular Sciences, )&(%), 1&&*.

Tawbi, H. A.-H., Forsyth, P. A. J., Hodi, F. S., Lao, C. D., Moschos, S. J., Hamid, O., Atkins, M. B., Lewis, K., Thomas, R. P., Glaspy, J. A., Jang, S., Algazi, A.
P., Khushalani, N. I., Postow, M. A., Pavlick, A. C., Ernsto+, M. S., Reardon, D. A., Puzanov, I., Kudchadkar, R. R., … Margolin, K. A. (201*). E2cacy and
safety of the combination of nivolumab (NIVO) plus ipilimumab (IPI) in patients with symptomatic melanoma brain metastases (CheckMate 20&). Journal
of Clinical Oncology, &, *501.

Théry, C., Witwer, K. W., Aikawa, E., Alcaraz, M. J., Anderson, J. D., Andriantsitohaina, R., Antoniou, A., Arab, T., Archer, F., Atkin-Smith, G. K., Ayre, D.
C., Bach, J. M., Bachurski, D., Baharvand, H., Balaj, L., Baldacchino, S., Bauer, N. N., Baxter, A. A., … Zuba-Surma, E. K. (201)). Minimal information for
studies of extracellular vesicles 201) (MISEV201)): A position statement of the International Society for Extracellular Vesicles and update of the MISEV201&
guidelines. Journal of Extracellular Vesicles, , 15%5(50.

Tominaga, N., Kosaka, N., Ono, M., Katsuda, T., Yoshioka, Y., Tamura, K., Lötvall, J., Nakagama, H., & Ochiya, T. (2015). Brain metastatic cancer cells release
microRNA-1)1c-containing extracellular vesicles capable of destructing blood–brain barrier. Nature Communications, , 6(16.

Valadi, H., Ekström, K., Bossios, A., Sjöstrand, M., Lee, J. J., & Lötvall, J. O. (200(). Exosome-mediated transfer of mRNAs andmicroRNAs is a novel mechanism
of genetic exchange between cells. Nature Cell Biology, (, 65&–65*.

Wasilewski, D., Priego, N., Fustero-Torre, C., & Valiente, M. (201(). Reactive astrocytes in brain metastasis. Frontiers in Oncology, , 2*).
Weiss, J.M., Downie, S. A., Lyman,W.D., &Berman, J.W. (1**)). Astrocyte-derivedmonocyte-chemoattractant protein-1 directs the transmigrationof leukocytes

across a model of the human blood-brain barrier. Journal of Immunology, , 6)*6–6*0%.
Xing, F., Kobayashi, A., Okuda, H., Watabe, M., Pai, S. K., Pandey, P. R., Hirota, S., Wilber, A., Mo, Y. Y., Moore, B. E., Liu, W., Fukuda, K., Iiizumi, M., Sharma,

S., Liu, Y., Wu, K., Peralta, E., & Watabe, K. (201%). Reactive astrocytes promote the metastatic growth of breast cancer stem-like cells by activating Notch
signalling in brain. EMBOMolecular Medicine, , %)&–%*6.

Yao, Y., & Tsirka, S. E. (201&). Monocyte chemoattractant protein-1 and the blood-brain barrier. Cellular and Molecular Life Sciences, , 6)%–6*(.
Zhang, H., Zhong, D., Zhang, Z., Dai, X., & Chen, X. (200*). Liquid chromatography/tandem mass spectrometry method for the quanti0cation of deserpidine

in human plasma: Application to a pharmacokinetic study. Journal of Chromatography B, Analytical Technologies in the Biomedical and Life Sciences, ,
%221–%225.

Zhang, L., Xie, H., & Cui, L. (201)). Activation of astrocytes and expression of in1ammatory cytokines in rats with experimental autoimmune encephalomyelitis.
Experimental and Therapeutic Medicine, , &&01–&&06.

Zhang, L., Zhang, S., Yao, J., Lowery, F. J., Zhang, Q., Huang, W. C., Li, P., Li, M., Wang, X., Zhang, C., Wang, H., Ellis, K., Cheerathodi, M., McCarty, J. H.,
Palmieri, D., Saunus, J., Lakhani, S., Huang, S., Sahin, A. A., … Yu, D. (2015). Microenvironment-induced PTEN loss by exosomal microRNA primes brain
metastasis outgrowth. Nature, ), 100–10&.

Zhang, Y., Zhao, J., Ding, M., Su, Y., Cui, D., Jiang, C., Zhao, S., Jia, G., Wang, X., Ruan, Y., Jing, Y., Xia, S., & Han, B. (2020). Loss of exosomal miR-1&6a-5p
from cancer-associated 0broblasts after androgen deprivation therapy contributes to prostate cancer metastasis. Journal of Experimental & Clinical Cancer
Research, &(, 2)2.

Zhao, S., Mi, Y., Zheng, B., Wei, P., Gu, Y., Zhang, Z., Xu, Y., Cai, S., Li, X., & Li, D. (2022). Highly-metastatic colorectal cancer cell released miR-1)1a-5p-rich
extracellular vesicles promote liver metastasis by activating hepatic stellate cells and remodelling the tumour microenvironment. Journal of Extracellular
Vesicles, , e121)6.

Zou, Y., Watters, A., Cheng, N., Perry, C. E., Xu, K., Alicea, G. M., Parris, J. L. D., Baraban, E., Ray, P., Nayak, A., Xu, X., Herlyn, M., Murphy, M. E., Weeraratna,
A. T., Schug, Z. T., & Chen, Q. (201*). Polyunsaturated fatty acids from astrocytes activate PPARγ signaling in cancer cells to promote brain metastasis. Cancer
Discovery, (, 1(20–1(%5.

SUPPORTING INFORMATION
Additional supporting information can be found online in the Supporting Information section at the end of this article.



( of  RIGG ,- ./.

How to cite this article: Rigg, E., Wang, J., Xue, Z., Lunavat, T. R., Liu, G., Hoang, T., Parajuli, H., Han, M., Bjerkvig, R.,
Nazarov, P. V., Nicot, N., Kreis, S., Margue, C., Nomigni, M. T., Utikal, J., Miletic, H., Sundstrøm, T., Ystaas, L. A. R., Li,
X., & Thorsen, F. (202%). Inhibition of extracellular vesicle-derived miR-1&6a-5p decreases progression of melanoma
brain metastasis via Notch pathway dysregulation in astrocytes. Journal of Extracellular Vesicles, ), e12%6%.
https://doi.org/10.1002/jev2.12%6%

https://doi.org/10.1002/jev2.12363


 1 

Supplementary Materials and Methods  

 
2.3 Western blotting (WB)  

Cells and EV lysates were isolated with RIPA lysis buffer supplemented with 10X protease 

and phosphatase inhibitor cocktail (Roche, Basel, Switzerland). Protein 

concentrations were measured using a Pierce BCA assay (Life Technologies, San Diego, CA, 

USA). Equal amounts of protein were diluted in NuPAGE™ 4X LDS Sample Buffer (Invitrogen, 

Waltham, MA, USA) and 10X Sample Reducing Agent (Invitrogen) and electrophoresed on a 

10% or 12% Tris-Glycine SDS-polyacrylamide gel. Gels were run at 80V for stacking and 120V 

for separation until sample dye reached the bottom of the gel. Samples were transferred to 

a nitrocellulose membrane at 100 V for 1 h. Membranes were blocked for 1 h at room 

temperature (RT) with 5% skim milk in 1X TBS-T solution and incubated with primary 

immunoblotting antibodies: GAPDH (cat. no. 5174; Cell Signaling Technology, Inc., Danvers, 

MA, USA), GFAP (cat. no. 80788; Cell Signaling Technology), NUMB (cat. no. 2756; Cell 

Signaling Technology), CD9 (cat. no. 13118; Santa Cruz Biotechnology), Flotillin-1 (cat. no. 

74566; Santa Cruz Biotechnology), TSG-101 (cat. no. 7964; Santa Cruz Biotechnology), 

Calnexin (cat. no. 46669; Santa Cruz Biotechnology) overnight at 40C. Membranes were 

washed and incubated with secondary antibodies (HRP anti-rabbit IgG; HRP 1:10,000, anti-

mouse IgG 1:10 000; Santa Cruz Biotechnology, Inc, Dallas, TX, USA) for 2 h at room 

temperature. Signals were visualized with SuperSignal™ Pico/Femto Chemiluminescent 

Substrate (Thermo Fisher Scientific, Waltham, MA, USA) using a LAS-3000 imaging system 

(Fujifilm, Saitama, Japan). 

 

2.4 Animals 
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Female NOD/SCID mice or female nude mice (6-8 weeks old) were fed a standard pellet diet 

and provided water ad libitum. Anesthesia was induced with 3% isoflurane (Abbott 

Laboratories, Chicago, IL, USA) in oxygen and maintained with 1.5% isoflurane in oxygen 

during all procedures unless stated otherwise. The mice were monitored daily and sacrificed 

when significant morbidity symptoms were observed. The Norwegian National Animal 

Research Authority (Application #14751, approved Feb 6th, 2018, and Application #28740, 

approved Dec 21st, 2021) and The Institutional Animal Care and Use Committee (IACUC) of 

Shandong University, Jinan, China (Approval number: KYLL-2020(KS)-515) approved all 

animal procedures prior to all experiments. 

 

2.5 Visualization of EVs in vivo  

EVs and Cy7 NHS ester (cat. no. A8109; APExBIO, Houston, TX, USA) were mixed at a mass 

ratio of 100:1 and incubated at 370C for 15 min in the dark. Cy7-stained EVs and unstained 

EVs (as negative control) were then transferred to 300 kDa Vivaspin centrifugal concentrators 

(Sigma-Aldrich, St. Louis, MO, USA). The samples were centrifuged at 4,000g and checked in 

between to ensure that a small part of the sample remained on top of the filter.  Samples 

were washed with 5 ml PBS and the centrifugation procedure with subsequent washing step 

was repeated.  

5 x 109 Cy7-labeled EVs in 100 µL PBS was injected intracardially into a nude mouse. Mice 

were fluorescently imaged after 24 h using the IVIS-200 optical imaging (OI) system (Xenogen, 

Alameda, CA, USA). The mice were then sacrificed by perfusion of 0.9% saline solution into 

the left cardiac ventricle. Brains, hearts, lungs, livers, spleens, kidneys, and intestines were 

removed, and ex vivo fluorescence imaging was done on the organs, using the IVIS-200 OI 

system (Xenogen, Alameda, CA, USA). 
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2.6 Assessment of H1_DL2 growth cocultured with activated NHA  

NHA cells were seeded at 5.0 x 103 cells/well in 200 µL into each well of a 96 well dish (Nunc) 

and left for 24 h. Then, NHA were incubated with 5.0 x 109 EVs/mL from H1 or NHA cells or 

with PBS for 48 h, before being cocultured with H1_DL2 cells. Proliferation of H1_DL2 cells 

during 96 h was assessed in vitro using a Nikon TE2000 inverted microscope (Nikon 

Instruments Inc., Melville, NY. USA).  

 

2.7 Assessment of MBM burden in mice after intracardial pre-injections of EVs 

12 female NOD/SCID mice were anesthetized with 3% sevoflurane in oxygen and anesthesia 

was maintained with 1.5% sevoflurane in oxygen. The mice were fixed in a supine position 

on a heating pad to maintain a core temperature of 370C. The mice were randomized into 

two groups (6 mice per group). One group received 3 injections (once/day) with 5.0 x 109 

EVs from H1 MBM cells in 100 µL PBS (in total 1.5 x 1010 EVs), while the second group 

received 3 injections (once/day) of 100 µL PBS. All injections were done intracardially, using 

a 30G insulin syringe (Omnican50, B. Brain Medical AS, Vestskogen, Norway), by ultrasound 

guidance (Vevo 2100 Imaging System, VisualSonics Inc., Toronto, Canada). After 2 days, 5.0 x 

105 H1_DL2 MBM cells in 100 µL PBS were injected intracardially into all mice, by ultrasound 

guidance. 

 

2.8 In vivo magnetic resonance imaging (MRI)  

Brain metastasis development in the NOD/SCID mice after intracardiac injections of EVs and 

tumor cells was studied at weeks 4 and 6 using a 7 Tesla Pharmascan small-animal MR 

scanner (Bruker BioSpin MRI, Ettlingen, Germany) equipped with a 1-channel circular 
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transmitter coil and a 4-channel receiver surface coil. T2 weighted (T2w) coronal images 

were obtained with the following RARE sequence scan parameters: FOV 20 mm × 20 mm, 

matrix size 256 × 256, 0.5 mm slice thickness, TR 3200 ms, TE 38 ms, FA 900, 4 averages, 

scan time 6 min 49 s.  

Brain metastasis development in the NOD/SCID mice after intracardiac injections of tumor 

cells followed by deserpidine treatment was studied at weeks 4 and 6 using a 7 Tesla small-

animal PET/MR scanner (MR Solutions Ltd., Guildford, UK) equipped with a 20mm inner 

diameter quadrature transmit/receive volume coil. T2w coronal images were obtained using 

the following fast spin echo sequence scan parameters: FOV 20 mm × 20 mm, matrix size 

256 × 256, 0.5 mm slice thickness, TR 3000 ms, TE 45 ms, FA 900, 2 averages, scan time 3 

min 41 s.  

Visualization of MR images and quantification of tumor numbers and volumes (V = 4/3 × ∏ × 

r3) were performed using the 32-bit OsiriX freeware, version 5.8.1 (Pixmeo SARL, Geneva, 

Switzerland) in both studies. 

 

2.9 In vitro uptake of EVs/miRNA inhibitors into normal human astrocytes (NHA)  

Confocal imaging was used to visualize and confirm the uptake of either EVs or miRNA 

inhibitors into NHA cells.  

For confirmation of uptake of EVs into NHA cells, EVs from H1, H2 and NHA cells were 

labeled using the PKH67 Green Fluorescent Cell Linker Kit (Sigma-Aldrich), as follows: 5.0 x 

109 EVs, or equivalent volume PBS as control, were diluted up to 1mL in Diluent C and mixed 

with equal volume 4.0 x 10-6M PKH67 dye for 5 min.  Staining was quenched with 2 mL of 

1% BSA solution for 1 min. Excess stain was removed by spinning samples in Vivaspin 300 

kDa centrifugal filters (Sigma-Aldrich) at 4,000g and rinsed with 5 mL PBS 3 times. Final EV 
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samples were diluted in growth medium and 5.0 x 109 EVs/mL of each were added to 2.0 x 

104 NHA cells on coverslips in a 24-well plate.  

To confirm the entry of miRNA inhibitors into NHA cells, a fluorescein-tagged fluorescent miR-

146a-5p inhibitor (Qiagen, Düsseldorf, Germany) was added to 5.0 x 104 NHA cells on 

coverslips in a 24-well plate.  

After 24 h, NHA cells were fixed with 4% PFA for 10 min at RT and stained sequentially with 

5 µg/L Wheat Germ Agglutinin (WGA), Texas Red™-X Conjugate (Invitrogen) for 10 min and 

300 nM DAPI (Invitrogen) for 5 min. Cells were rinsed and mounted on slides with ProLong™ 

Gold Antifade Mountant (Invitrogen). Fluorescent images were obtained by confocal laser 

scanning microscopy using a Leica TCS SP8 system (Leica Microsystems, Wetzlar, Germany) 

with a 100x NA1.4 HC PL APO STED White objective. Z-stacks were captured with a step size 

of 0.4 µm and presented as maximum intensity projections. The experiments were done in 

duplicate. 

 

2.10 Immunofluorescence of GFAP expression 

After co-culture with 3.0 x 108 EVs/mL for 48 h, NHA cells were either lysed for western 

blotting or were fixed with 3% paraformaldehyde (PFA) for 10 min at RT and permeabilized 

with 0.1% Triton X-100 for 10 min. After fixation, cells were incubated with 3% bovine serum 

albumin (BSA; Sigma-Aldrich) in PBS for 1 h to block nonspecific binding. NHA cells were then 

incubated with rabbit polyclonal antibody against GFAP (1:200, cat. no. 80788; Cell Signaling 

Technology) at 370C for 1 h. After washing with PBS containing Mg2+ and Ca2+, the cells were 

incubated with Alexa Fluor 594-conjugated anti-rabbit IgG (Invitrogen) for 1 h at 370C. Cell 

nuclei were then stained with DAPI (Thermo Fisher Scientific). Fluorescent images were 
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obtained by confocal laser scanning microscopy using a Leica TCS SP8 system (Leica 

Microsystems). 

 

2.11 Cell proliferation and viability 

The Cell Counting Kit–8 (Sigma Aldrich 96992) was used to examine the effects of EVs from 

NHA and H1 on NHA, as well as to determine the IC50 doses of deserpidine, demecarium 

bromide and fosamprenavir on MBM cell lines. Drugs were all purchased from 

MedChemExpress, diluted in DMSO at recommended stock concentration according to the 

manufacturer and kept at -80oC for long term storage.   

H1, H2, H3, H10 and NHA cells were seeded at 5.0 x 103 cells/well in 200µl in 96-well plates. 

After 24 h, cells were treated with 5.0 x 109 EVs/mL from NHA or H1 for 48 h, or deserpidine, 

demecarium or fosamprenavir (0, 0.1, 1, 5, 10, 20, 50, 100, and 150 µM) for 72 h. 10 µL of 

CCK-8 reagent was added to each well, and the plate was incubated for 4 h at 370C. 

Absorbance of plates was measured at 450 nm using a Multiskan FC Microplate Photometer 

(Thermo Fisher Scientific). IC50 doses were calculated using GraphPad Prism v7 software 

(GraphPad Software Inc., La Jolla, CA, USA). The experiments were done in triplicate. 

 

2.12 Wound healing assays  

Migration of cells was evaluated by two different wound healing assays.  

First, NHA or H1 cells were seeded at 3.0 x 104 cells/well in a 96-well ImageLock plate (Essen 

BioScience Ltd., Welwyn Garden City, UK) and incubated for 48 h until confluency. A wound-

maker tool (Essen BioScience Ltd.) was used to simultaneously create a uniform wound 

across all wells, after which H1 or NHA EVs, H1 EVs+miR-146a-5p inhibitor, H1 EVs+miR-

146a-5p NC inhibitor or deserpidine (0, 10, 20, 30 µM) was added to the cells. The plates 
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were imaged every 2 h for 72 h using the IncuCyte Live Cell Imaging System (Essen 

BioScience Ltd.), and subsequent analysis was done with the IncuCyte Scratch Wound Cell 

Migration Software Module (cat. no. 9600-0012; Essen BioScience Ltd.). The experiments 

were done in triplicate. 

Second, NHA cells were seeded at 2.0 x 105 cells/well in 6-well, flat-bottomed plates and 

incubated at 370C overnight. A cell-free gap was generated by scratching with a 200 μL 

pipette tip. PBS or 5.0 x 109 EVs/mL from NHA or H1 cells were then added to the wells. The 

wound closure area was measured at 0 h, 24 h, 48 h, 72 h and 96 h using a Leica DMi8 

microscope (Leica Microsystems) and quantified using ImageJ v1.53c freeware (National 

Institutes of Health, Bethesda, MD, USA). The experiments were done in triplicate. 

 

2.13 Cytokine array and enzyme-linked immunosorbent assay (ELISA)  

A human cytokine antibody array (ab133996; Abcam, Cambridge, UK) was used to screen for 

the secretion of 23 different cytokines in the supernatant of PBS or H1 EV treated NHA cells 

in vitro following the manufacturer´s protocol. 

For ELISA, NHA were seeded at 5.0 x 104 cells/well in 6-well plates (Eppendorf) and 

incubated for 48 h with 5.0 x 109 EVs/mL; H1 and H2 EVs in the presence or absence of miR-

146a-5p inhibitor, H1 cells with WT or overexpression of NUMB in the presence of miR-

146a-5p mimics, miR-146a-5p mimics combined with the Notch inhibitor DAPT, or DAPT 

during silencing of NUMB with a siRNA. Quantitative ELISAs for IL-6 (ab46042; Abcam), IL-8 

(ab46032; Abcam), MCP-1 (ab179886; Abcam) and CXCL-1 (ab190805; Abcam) were 

performed to verify and quantify cytokine secretion according to the manufacturer´s 

instructions. Absorbance was measured using a Multiskan FC Microplate Photometer 

(Thermo Fisher). The experiments were performed in triplicate. 
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2.14 Assessment of H1 growth cocultured with activation NHA conditioned media 

To determine the specific cytokine affecting growth of H1 cells by activated NHA cells on H1 

cells, NHA were seeded at 5.0 x 103 cells/well in 100 µL into a 96 well dish (Nunc) and left for 

48 h. Then, NHA were incubated with 5.0 x 109 EVs/mL from H1 or with PBS for 48 h. After 48 

h, EV containing media was exchanged with fresh media for another 48 h. Conditioned media 

was then sterile filtered and transferred to a 96-well plate containing 5.0 x 103 H1 cells/well. 

When transferring NHA-CM to H1 cells in a 96-well plate, 0.25μg/mL of either anti-CXCL1, 

anti-MCP-1, anti-IL-8 or anti-IL-6 (R&D Systems, Minneapolis, United States) antibodies were 

added. After 48 hours, proliferation of H1 cells was assessed by adding 10uL of the WST-1 cell 

proliferation reagent to each well and incubating for 3 h at 370C. Absorbance of plates was 

measured at 450 nm using a Multiskan FC Microplate Photometer (Thermo Fisher Scientific). 

 

2.15 Microarray analysis of differentially expressed miRNAs in EVs 

To determine miRNAs differentially expressed in EVs, a microarray profiling was done on EVs 

collected from 3 MBM cell lines (H1, H2, H3) and from NHA and melanocytes in duplicates. 

Total RNA was isolated from samples using the RNeasy Micro Kit (Qiagen, Düsseldorf, 

Germany). 

 

 Affymetrix GeneChip® miRNA Array v4.0 st (Thermo Fisher Scientific) were performed using 

500 ng of total RNA, with RIN of >9, according to the manufacturer’s user guide (FlashTag™ 

Biotin HSR RNA Labeling Kit For Affymetrix® GeneChip® miRNA Arrays P/N 703095 Rev3). 

Briefly, 500 ng of total RNA were subjected to a Poly (A) tailing with a PAP Enzyme, a biotin 

labeling was performed with a T4 DNA Ligase using the FlashTagTM Biotin RNA Labeling kit 
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(Thermo Fisher Scientific). Then, the labeling reaction was checked by an Elosa QC Assay 

before performing hybridization. GeneChip Eukaryotic Poly-A RNA Controls and Control 

Oligonucleotide B2 were added to the hybridization mix. 130 µl of the hybridization cocktail 

were injected onto the arrays. Arrays were incubated at 480C and 60 rpm in a GeneChipTM 

Hybridization oven (Thermo Fisher Scientific) for 16 h. Then arrays were stained and washed 

with the GeneChip® Hybridization Wash and Stain kit using the Fluidic script FS450_0002 

(GeneChip® Expression Wash, Stain and Scan User Guide for Cartridge Arrays P/N 702731). 

Raw CEL files of Affymetrix miRNA v4 microarrays were processed using a standard pipeline 

in Transcriptome Analysis Console (TAC v.4.0.1.36). Microarray data were preprocessed using 

the “RMA+DABG” algorithm on human probes. Only mature miRNAs, which show log2 

expression above 3 in at least one sample were considered for further analysis in 

R/Bioconductor v.4.1.0, similar to previously described (1). Differentially expressed miRNAs 

were detected using limma R/Bioconductor package. Statistical significance was assigned 

based Benjamini-Hochberg’s false discovery rate (FDR). Volcano plot represents all 

considered miRNAs, the thresholds show FDR of 0.01 (horizontal) and log2FC of ±2 (vertical). 

 

 

 

2.16 RNA Protection Assay of EVs  

To evaluate the presence of miR-146a-5p internally in EVs, an RNA protection assay was 

performed. 5.0 x 109 EVs were diluted in equal volumes PBS. Samples were incubated with 

0.05mg/mL RNase A only, 0.05mg/mL RNase A + 1% Triton X, or equal volumes PBS control 

for 20 minutes at 370C. RNA was extracted and qPCR quantification of miR-146a-5p was 

performed as described in Section 2.16.  
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2.17 Real-time quantitative PCR (RT-qPCR) of miR-146a-5p and NUMB levels in EVs and 

cells  

Total RNA from EVs and cells were extracted using miRNeasy Tissue/Cells Advanced Kit 

(Qiagen). Quantification of RNA samples was done on the Nanodrop 1000 (Thermo Fisher 

Scientific). The relative quantifications of miRNAs of interest were performed by RT-qPCR. 

Extracted total RNA from EVs and cells underwent reverse transcriptase reaction using the 

miRCURY LNA RT Kit. 20 ng of RNA was used per reaction and spike in template RNA UniSp6 

RNA/C. elegans cel-miR-39-3p (RNA Spike-In Kit, For RT; Qiagen) were added according to 

the manufacturer’s protocol. miRCURY LNA SYBR® Green PCR Kit (Qiagen) was used for the 

PCR reaction. U6 or miR-103a-3p was used for normalization of cell RNA, but due to the 

instability of endogenous controls for EVs, C. elegans cel-miR-39-3p was used for 

normalization. ΔΔCt were calculated for relative quantification of expression.  

Using the same protocol, relative NUMB expression levels normalized to U6, were analyzed 

in NHA cocultured with EVs derived from melanocytes, NHA or MBM cell lines H1, H2, and 

H3, or miR-146a-5p mimic. Downstream Notch, HES1, HEY1 and CCN1 were analyzed with 

the same method in NHA cells in the presence of H1-EVs, miR-146a-5p mimic, NUMB siRNA 

or NUMB overexpression. Primers used for the qPCR experiments are listed in 

Supplementary Table 1.   

 

2.18 In-situ hybridization (ISH) on patient MBM 

miRNAscope HD Assay Red (cat. no. 324500; Advanced Cell Diagnostics, La Jolla, CA, USA) 

was used to visualize miR-146a-5p in patient MBM tissue sections and ex vivo mouse brain 

tumors, according to the ACD formalin-fixed paraffin-embedded (FFPE) tissue protocol. 
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Slides were imaged using an Olympus VS120 S6 Slide scanner (Olympus Life Science 

Solutions, Shinjuku, Tokyo, Japan). 

For quantification ISH images were taken with TRITC filter as Fast Red probe is fluorescent 

under rhodamine filters. Ten equally sized representative areas were selected from each 

patient sample using QuPath 0.23 and exported to ImageJ v1.53. The mean gray value was 

quantified from each and divided by the area for a normalized value. Final values were 

determined by calculating the mean of all ten areas for each sample. Data are displayed as 

mean ± SD. Groups were compared using the Welch t-test. 

 

 

2.19 Analysis of miR-146a-5p levels in serum 

Patient serum samples were collected at the Dermatology Clinic in Dortmund (Prof. Dorothée 

Nashan, Dr. Sonja Dengler), at the University Clinic in Mannheim (Prof. Jochen Utikal, Klinische 

Kooperationseinheit Dermato-Onkologie, DKFZ) and at the University of Luxembourg. Ethical 

approval from the respective ethics committees in Germany and Luxembourg was obtained 

before sample acquisition. Written informed consent was received from all healthy controls 

and melanoma patients. Additional information on patient samples is given in Supplementary 

Table 2. Serum was aliquoted and frozen immediately after collection and stored at -800C 

until further processing. 

EVs were isolated from 250 µL of frozen patient serum using the ExoquickTM Exosome 

Precipitation Solution (SBI, System Biosciences) according to the manufacturer’s instructions. 

Precipitated EVs were resuspended in 200 µL PBS. Size distribution profiles (nm) and 

concentration measurements (particles/mL) of isolated EVs were obtained using the 

NanoSight NS300 instrument (NanoSight Technology, Malvern, UK). Samples were diluted 
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500- to 2000-fold in PBS to obtain the ideal particle-per-frame value (20–60 particles/frame). 

Sample injection was performed with a syringe pump set at 40 µL/s speed at RT. The camera 

(sCMOS) was set with a gain of 73 and a shutter of 696 (camera level 10) and a gain of 146 

and a shutter of 890 (camera level 11). For each analysis, 3 1-min videos were captured, 

representing 4494 frames, and analyzed with the nanoparticle tracking software NTA 3.3 Dev 

Build 3.3.301 with a detection threshold set at 3. The capture and analysis settings used were 

manually set according to the manufacturer’s instructions (Nanosight NS300 User manual 

MAN0541-02-EN). 

Total RNA extraction from 200 µL isolated exosomes was performed using the miRNeasy 

serum/plasma kit (Qiagen) according to the manufacturer’s instructions. As an internal 

calibrator and to control for variations in recovery and amplification efficiency between RNA 

preparations, a mix of cel-39 and cel-54 exogenous controls (Qiagen) was spiked into the 

samples. RNA was eluted with 14 μL of RNase-free water. 4 µL out of 12 µL total exosome 

RNA was reverse transcribed using the miScript RT II kit (Qiagen) with HiSpec buffer 

specifically amplifying only mature miRNAs.   

Due to generally low amounts of miRNAs extracted from exosomes, a miRNA pre-

amplification step was included before performing qPCR. The 1:5 diluted cDNA was pre-

amplified with the miScript PreAMP PCR kit (Qiagen) according to the manufacturer’s 

instructions, using specific primers: miRTC (internal Qiagen miRNA reverse transcription 

control), cel-54 and cel-39 (calibrators), miR-16-5p, miR-23a-3p, let7a, miR-223-3p and miR-

451a (positive controls), and miR-146a-5p and miR-146b-5p. Quality controlled pre-amplified 

cDNA was diluted 1:20 and qPCR was carried out using specific 10X miScript primer assays 

(Qiagen) for individual miRNAs (mentioned above) and iTaq Universal SYBR Green Supermix 

(Biorad) on a CFX384 Detection System (Biorad). The spike-in controls and the target miRNAs 
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were analyzed in parallel for each sample. Data were calibrated using cel-39 expression and 

normalized using global mean/miRNA (2). 

 

2.20 mRNA sequencing of NHA and differential expression analysis 

NHA were seeded at a concentration of 2 x 105 cells/well in a 6-well plate. mRNA 

sequencing of NHA either exposed to miR-146a-5p mimic or miR-NC mimic (negative 

control) was performed by Novogene (Beijing, China) according to company protocols. 

Briefly, 1µg of RNA per sample was used to create sequencing libraries generated with 

NEBNext®UltraTMRNA Library Prep Kit for Illumina® (NEB, USA) following  manufacturer’s 

recommendations. Sequencing was performed using 150 bases paired-end on an Illumina 

Novaseq sequencer with a targeted sequencing depth of 60 Million reads/samples. 

Differential expression analysis of NHA exposed to miR-146a-5p mimic or miR-NC was 

performed using the DESeq2 R package v1.16.1 (Bioconductor open-source software for 

bioinformatics). DESeq2 provide statistical routines for determining differential expression 

in digital gene expression data using a model based on the negative binomial distribution. 

The resulting P values were adjusted using the Benjamini and Hochbergh´s approach for 

controlling the false discovery rate (FDR). Genes with FDR-adjusted P-values < 0.05 found by 

DESeq 2 were assigned as differentially expressed.  

 

2.21 In silico analysis of potential binding partners to miR-146a-5p 

Three target prediction databases, TargetScan 7.1 (http://www.targetscan.org/vert_71/), 

miRDB (http://mirdb.org/), and microT-CDS (http://www.microrna.gr/microT-CDS) were 

used to determine predicted binding partners for miR-146a-5p. Each database provided a 

list of predicted mRNAs, which were combined with our own differential mRNA sequencing 
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data to create a list of combined computed and experimental potential target genes of miR-

146a-5p.  

 

2.22 Pulldown assay  

A miRNA pulldown assay was used to investigate the mRNA binding partners of miR-146a in 

NHA cells. Samples were sent to and processed by Shanghai Yunxu Biotechnology (Shanghai, 

China) according to their standard protocols. Briefly, biotinylated miR-146-5p and control 

miRNA were transfected into NHA cells and cell lysates were collected after 48 h. Lysates 

were incubated with M-280 streptavidin magnetic beads (Invitrogen) and 10 μL of yeast 

tRNA on a rotator at 40C overnight. The bound miRNA/mRNA complexes were purified by 

adding 750 μL of TrIzol (Invitrogen) per sample and 250 μL of water to the input and the 

pull-down beads for further RT-qPCR analysis. 3 wells were analyzed for each sample. The 

primers used for pulldown are shown in Supplementary Table 3. 

 

2.23 Dual-luciferase reporter gene assays  

To verify the target relationship between miR-146a-5p and NUMB, NHA cells were 

transfected with a luciferase construct containing NUMB with the wild-type (WT) or a 

mutated version of the binding site and then co-cultured with miR-146a-5p mimic or a 

scrambled control (miR-NC) (GenePharma Co., Ltd, Shanghai, China). Luciferase activities 

were detected after 48 h of transfection by using a Dual-Luciferase Reporter Assay System 

(Promega Corporation, Madison, USA) according to the manufacturer’s instructions.  

Briefly, NHA were grown at a concentration of 1.0 × 104 cells/well in a 96-well dish. 75 µL 

Dual-Glo® Luciferase Assay Reagent was added to the wells and incubated at RT for 30 min. 
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Firefly luminescence was then measured by an Ensight Multi Mode plate reader 

(PerkinElmer). Dual-Glo® Stop & Glo® Reagent was then added to each well and incubated 

for 30 min.  Finally, Renilla luminescence was measured using the Ensight Multi Mode plate 

reader (PerkinElmer).  

 

2.24 Silencing and overexpression of NUMB in NHA  

siRNAs (siNC, siNUMB) and overexpression plasmid vectors (PCDNA3.1, vector containing 

NUMB or empty vector) were prepared by GenePharma (Shanghai, China). 2.0 x 105 NHA 

cells/well were seeded in a 6-well plate overnight. The cells were then treated for 6 h, either 

with 6 μL siRNAS (20 µM of siNC or siNUMB) and 6 μL lipofectamine 2000 (Thermo Fisher), 

or overexpression plasmid vectors (1 μg of vector containing NUMB or empty vector) and 6 

μL lipofectamine 2000 (Thermo Fisher). After 6 h, the growth medium was exchanged, and 

the NHA cells were cultured for another 48 h. The cells were then collected, and the 

proteins were extracted for WB according to standard protocols. siNUMB 5’ to 3’: 

GGUUAAGUACCUUGGCCAUTT. siNC 5’ to 3’: UUCUCCGAACGUGUCACG. 

 

2.25 Construction of a miR-146a-5p knockdown (KD) H1_DL2 cell line 

Mcherry-hsa-miR-146a-5p inhibitor sponge (5’ to 3’): 

TAACCCATGGAATTCAGTTCTCACGATAACCCATGGAATTCAGTTCTCAACCGGTAACCCATGGAATT

CAGTTCTCATCACAACCCATGGAATTCAGTTCTCATTTTTTC) and mcherry-control lentiviruses (5’ 

to 3’: TTCTCCGAACGTGTCACGT) with a neomycin resistant region were synthesized by 

Genechem (Shanghai, China). For transfection, H1_DL2 cells were seeded in 6-well plates 

overnight and transfected using Lipofectamine 3000 (Invitrogen, CA, USA) according to the 
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manufacturer’s instructions. Knockdown was confirmed with qPCR of miR-146a-5p levels in 

H1-DL2 cells normalized to U6 transcripts. Flow cytometry was used to sort mCherry-

labeled, stably transfected cells. Cells were harvested for WB analysis 48 h after 

transfection, and the H1_DL2 KD cells were scaled up and frozen down for subsequent 

experiments. 

 

2.26 Studies of in vivo effects of miR-146a-5p knock-down in H1_DL2 cells 

Female nude mice were injected intracardially with 5.0 x 105 MBM cells using ultrasound 

guidance, either H1_DL2 cells where miR-146a-5p was knocked down (H1_DL2 miR-146a-5p 

KD), or with H1_DL2 cells where a scrambled miRNA was used (H1_DL2 miR-NC KD; n = 10 

mice in each group). The mice were imaged with BLI at weeks 4 and 6. The radiance values 

in regions of interest (ROIs) were registered in ROIs placed over the head and the body 

regions. Mean radiance values for head and body were calculated in GraphPad Prism v9.0 

software (GraphPad Software Inc.). Animal survival was recorded, Kaplan-Meyer survival 

curves were plotted in GraphPad Prism v9.0 software (GraphPad Software Inc.), and a log-

rank analysis was performed to determine the statistical significance of the differences in 

survival. 

 

2.27 Ex vivo immunohistochemical analysis of tumors from mice  

Paraffin-embedded mouse brain samples from either miR-146a-5p KD or deserpidine study 

were sectioned (4 μm) and mounted onto microscopic slides. For immunohistochemistry, 

deparaffinized sections were incubated with Ki67 (dilution 1:800; Cell Signaling Technology, 

Beverly, MA, USA) or GFAP (1:250; Abcam, Cambridge, UK) primary antibody at 4OC 

overnight, rinsed with PBS, and incubated with goat anti-rabbit secondary antibody (dilution 
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1:200; ZSGB Biotechnology, Beijing, China). One representative image from 5-6 mice in each 

group was taken using a Leica DMi8 microscope (Leica Microsystems). For each Ki67 image, 

positively stained nuclei were counted using QuPath v0.2.3 software’s cell classification (3). 

Positively Ki67-stained cells are presented as a percentage of a total number of cells 

counted.  

For GFAP quantification whole slide images were acquired using an Olympus V120 slide 

scanner (Olympus Corporation, Tokyo, Japan). Using QuPath software a neural network 

pixel classifier was trained to separate the image into tumor, non-tumor tissue, cerebellum, 

and background/non-tissue. These preliminary classifications were then manually 

optimized. Tumor edge was defined as a 300 µm border around the tumors. Inside the 

different regions, all pixels with an intensity of DAB staining above a fixed threshold were 

considered positive for the antigen, and the total area of positive staining was quantified. 

Statistical analysis of image analysis data was done using Rstudio software (RStudio 

2022.07.1+554). Data are displayed as mean ± SEM. Groups were compared using the Welch 

t-test. 

 

2.28 3D structure modeling of miRNA and virtual screening of drug candidates 

The Homo sapiens RNA mir-146a-5p stem-loop sequence was acquired from miRBase 

database (http://www.mirbase.org) with accession ID of MI0000477. The sequence was 

submitted to MC-Fold/MC-Sym, a service for RNA secondary and tertiary structure 

prediction. MC-Fold outputs the secondary structures, and the hairpin loop of the pre-

miRNA was subsequently submitted to MC-Sym to predict the 3D structure. 

The dock module in Molecular Operating Environment (MOE v2015.1001) was used for 

structure-based virtual screening. The modeled 3D structure of mir-146a-5p were defined as 
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receptor. The DrugBank database were defined as VS library for miR-146a-5p. Prior to 

docking, the force field of AMBER12: EHT and the implicit solvation model of Reaction Field 

(R-field) were selected. The orientation of the hydrogens was optimized by LigX module at 

pH = 7.0 and T = 3000K. For flexible docking, the docked poses were ranked by London dG 

scoring first, then a force field refinement was carried out on the top 10 poses followed by a 

rescoring of GBVI/WSA dG. After flexible docking, the ranked top 100 hits of each compound 

library were finally identified. 

 

2.29 Apoptosis study after in vitro deserpidine treatment  

To assess the effects of deserpidine on H1 cells, apoptosis was studied using a Dead Cell 

Apoptosis Kit with Annexin V for flow cytometry (Thermo Fisher Scientific), according to the 

manufacturer’s instructions. 1.5 x 106 H1 cells were plated in 6-well plates and left for 24 h 

before treating with 0 µM (negative control), 10 µM, 20 µM or 30 µM deserpidine for 72 h. 

Then, cells were washed with cold PBS and trypsinized using 0.25% Trypsin/EDTA, collected 

and centrifuged at 1200 rpm for 5 min. Cells were washed with cold PBS and resuspended in 

100µL 1X Annexin V binding buffer. 5µL of AlexaFluor®488 and 1µL of 100 μg/mL propidium 

iodide (PI) was added and cells were incubated for 15 min in the dark at room temperature. 

400 μL of 1X Annexin-binding buffer was added after incubation, cells were transferred to 

ice and immediately analyzed using BD LSR Fortessa Flow cytometer (Becton Dickinson, NJ, 

USA). FITC-A (530 nm, Annexin V) and PE-A (>575 nm, PI) channels were used in a two-

parameter histogram. FlowJo software v10.7.1 (Tree Star Inc., Ashland, OR, USA) was used 

to analyze raw data using the following cell populations: Q1: live cells (Annexin V−/PI−), Q2: 

early apoptosis (Annexin V+/PI−) Q3: late apoptosis (Annexin V+/PI+), Q4: necrosis (Annexin 

V−/PI+). 
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2.30 In vivo drug studies  

First, an animal study was performed at the Shandong University, certified by the Association 

for Assessment and Accreditation of Laboratory Animal Care International. 6-8 weeks old 

female nude mice were anesthetized with 3% sevoflurane and maintained with 1.5% 

sevoflurane during the injection procedure. The mice were fixed in a supine position on a 370C 

heating pad to maintain core temperature. 5.0 x 105 cells in 0.1 mL sterile PBS were injected 

during 20 s into the left cardiac ventricle of each mouse using a 30G insulin syringes 

(Omnican50, B. Brain Medical AS, Vestskogen, Norway), by ultrasound guidance (Vevo 225 

2100 Imaging System, VisualSonics Inc.). After tumor cell injection, the mice were divided into 

two groups (n = 10 mice in each group). One group received intraperitoneal (i.p.) injections of 

0.5 mg/kg deserpidine in 100 µL solvent according to the manufacturer’s description, every 

3rd day for 7 weeks, the other group received 100 µL solvent i.p. every 3rd day for 7 weeks. 

The mice were monitored daily after injection and BLI was carried out every week for 4 weeks 

to evaluate tumor burden. Animal survival was recorded and analyzed using GraphPad Prism 

v7 software (GraphPad Software, Inc.). The brains were harvested, fixed in 4% 

paraformaldehyde, and embedded in paraffin for subsequent analysis. 

Next, the animal study was repeated at the University of Bergen, using MRI to study MBM 

tumor development in detail. 20 female NOD/SCID mice were injected i.c. with tumor cells 

with the procedure as described above and divided into 2 groups. 10 mice received i.p. 

injections of 0.15 mg/kg deserpidine in 100 µL solvent 3 days per week, while 10 mice 

received i.p. injections of 100 µL solvent 3 days per week. The mice were monitored daily 

after injection and MRI was carried out at weeks 4 and 6 to evaluate tumor burden. The brains 
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were harvested, fixed in 4% paraformaldehyde, and embedded in paraffin for subsequent 

miR-146a-5p expression analysis. 

 

2.31 Statistical Analysis 

All statistical analyses including one and two way-ANOVAs, Student T-tests, IC50 calculations 

and Kaplan-Meier survival curves were generated using Prism 9 (Version 9.0.2 for Mac OS, 

GraphPad Software, San Diego, California USA). P < 0.05 was regarded as being statistically 

significant for all tests.  
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Supplementary Fig. S1: Characterization of isolated EVs. A Representative nanoparticle 
tracking analysis of H2-, NHA- and Mel-EVs. B Electron micrograph of NHA- and H2-EVs. 
Scale bar = 100µm. C Western blot analysis of EV-characteristic markers on H3, H2 and NHA 
cells and corresponding EVs. 
 
Supplementary Fig. 2: Visualization of MBM-EV uptake in NHAs. A Confocal images of NHA 
cultured with 5.0 x 109 EVs of PKH67-stained (green) H2-EVs for 48 h to show uptake. Nuclei 
stained with DAPI (blue), membrane stained with WGA-Texas Red (red). The images were 
obtained in X-Y orientation. Magnification (100X). Scale bar = 10 µm B Z-stack images of 
NHA cells after co-culture with PBS or H1-, H2-, and NHA-EVs to show EVs inside the plasma 
membrane. Images I, III, V, and VII show Z-stack in Z-X orientation. Images II, IV, VI, and VIII 
show corresponding images in X-Y orientation with white line indicating the slice orientation 
shown in the top images.  
 
Supplementary Fig. 3: NHA activated by H1-EVs increase MBM growth in vitro. A 
Schematic of workflow for in vitro co-culture experiment. B Number of H1_DL2 cells at 0, 2 
or 4 days after co-culture with PBS, NHA- or H1-EVs co-cultured with NHA. Cell numbers 
were determined by counting number of fluorescent green cells with a Nikon TE2000 
inverted microscope. n.s.= not significant, ***p < 0.001. 
 
Supplementary Fig. 4: H2-EVs increase cytokine production in NHA cells. ELISA validation 
performed on conditioned media from NHA cells co-cultured with H2-EVs. ELISA was done 
on the top four upregulated cytokines, IL-6, IL-8, MCP-1 and CXCL1. ***p < 0.001; ****p < 
0.0001. 
 
 
Supplementary Fig. 5: Conditioned medium from NHA treated with H1-EV increases H1 
growth due to cytokine upregulation. WST-1 proliferation assay of H1 cells cultured in CM 
from NHA cells treated H1-EVs or PBS for 48 h. H1 cells were treated with antibodies for 
either CXCL1, MCP-1, IL-8 or IL-6 for 48 h. **p < 0.01, ****p < 0.0001. 
 
 
Supplementary Fig. 6: miR-146a-5p expression in normal cell- and MBM cell-EVs A Dot plot 
presenting log2 expression of miRNA 146a in normal controls (left), brain metastases 
(middle) and skin and lymph node metastases (right). B qPCR comparing expression levels of 
miR-146a-5p in healthy melanocyte and NHA cells and EVs. C RNA protection assay of H1-
EVs after treatment with RNase, RNase and Triton X compared to no treatment showing 
RNA concentration (left) after treatment, and qPCR of miR-146a levels (right). 
 
Supplementary Fig. 7: MiR-146a-5p expression levels in clinical serum EV samples.  
A Overall concentrations of EVs isolated from patient samples 1-54 quantified by NanoSight 
NS300 instrument. B Normalized miR-146a-5p expression in EVs from serum of healthy 
volunteers, melanoma patients without brain metastases, and melanoma patients with 
brain metastases. Data were acquired via RT qPCR analysis, results were calibrated with 
spike-in C. elegans miR-39-3p and normalized using global mean/miRNA.  
 



Supplementary Fig. 8: In situ hybridization of clinical MBM samples and normal brain 
tissue. miRNAscope in situ hybridization assay of miR-146a-5p expression in patient MBM 
samples and healthy brain controls. Red dots indicate successful binding of the miR-146a 
probe, tissues counterstained with hematoxylin (purple). Scale bar = 200µm.  
 
Supplementary Fig. 9: Visualization of FAM-tagged miR-146a inhibitor in NHA cells.  
Confocal images of NHA uptake of FAM-tagged miR-146a inhibitor (green) after 24 h. Nuclei 
stained with DAPI (blue), membrane stained with WGA-Texas Red (red). The images were 
obtained in X-Y orientation. Magnification (100X). Scale bar = 10 µm B Z-stack image of NHA 
cells after addition of inhibitor to confirm presence inside the plasma membrane in Z-Y 
orientation.  
 
Supplementary Fig. 10: A CCK8 proliferation assay of NHA cells after co-culture with 5.0 x 
109 H2-EVs in the presence or absence of a miR-146a-5p inhibitor. B ELISA of IL-6, IL-8, MCP-
1 and CXCL1 levels from NHA cell conditioned media after co-culture with 5.0 x 109 H2-
derived EVs in the presence or absence of miR-146a-5p inhibitor. *p < 0.05, **p < 0.01, ***p 
< 0.001; ****p < 0.0001. 
 
Supplementary Fig. 11: 18 common predicted miR-146a-5p binding partners. Log fold 
change (logFC) and false discovery rate (FDR) of 18 predicted binding partners of miR-146a-
5p from three online databases (TargetScan, miRDB, and microT-CDS) combined with 
sequencing data in Figure 4a.    
 
Supplementary Fig. 12: Overexpression and silencing of NUMB in NHA cells. A Western 
blot confirming NUMB overexpression in NHA cells. Overexpression performed by 
transfection of an overexpression plasmid vector. B Western blot confirming NUMB 
silencing. Silencing performed by addition of NUMB-siRNA treatment of NHA cells.  
 
Supplementary Fig. 13: A MiR-146a-5p is knocked down in H1_DL2 cells. qPCR confirming 
successful knockdown of miR-146-5p in H1_DL2 cells via transfection of a miRNA sponge 
lentiviral vector. ***p < 0.001. 
 
 
Supplementary Fig. 14: Screening of drug candidates demecarium bromide and 
fosamprenavir. A qPCR analysis of miR-146a-5p expression in H1 cells and H1 EVs after 
demecarium bromide and fosamprenavir treatment. B and C Representative IC50 survival 
curves of H1, H2, H3 and H10 cells after treatment with increasing demecarium bromide 
concentrations (0.1 µM–1000 µM) for 72 h and corresponding IC50 doses of all MBM cell 
lines and NHA. n.s.= not significant *p < 0.05, **p < 0.01. 
 
Supplementary Fig. 15: EVs derived from deserpidine-treated H1 cells do not activate 
NHA. A Western blot of NHA cells after 48 h co-culture with either PBS, H1-EV or 20 µM 
deserpidine treated H1-EV (Des-H1-EV). B Subsequent quantification of western blot 
normalized to PBS control. n.s.= not significant *p < 0.05, **p < 0.01. 
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Background: Extracellular vesicles (EVs) are crucial mediators in brain metastasis (BM), 
facilitating pre-metastatic niche formation and metastatic progression. However, tracking their 
distribution and interactions in vivo remains challenging. 
Objective: To develop and validate a method for labeling BM-derived EVs using 
superparamagnetic iron oxide nanoparticles (SPIONs) that enables their visualization and 
tracking through magnetic resonance imaging (MRI). 
Methods: Three SPION variants with different coatings and sizes were evaluated using two 
patient-derived BM cell lines. The labeled EVs were characterized using transmission electron 
microscopy (TEM), colorimetric iron assays, dynamic light scattering and nanoparticle tracking 
analysis (NTA) in Nanospacer devices. The functionality and visualization of SPION-labeled 
EVs were assessed in fetal rat brain organoids (FRBOs) using Prussian blue staining, TEM, and 
MRI. Detection sensitivity was determined using agar phantoms, and in vivo tracking was 
validated through intramuscular injections in mice. 
Results: Uncoated 5 nm SPIONs demonstrated superior labeling efficiency, successfully 
marking over 90% of cells within 24 hours without significantly affecting cell growth. These 
SPIONs were effectively incorporated into BM-derived EVs while maintaining their original 
size distribution. The labeled EVs were successfully internalized by FRBOs and could be 
visualized using multiple imaging modalities. Agar phantom studies revealed significant 
changes in T2 and T2* relaxation times, which was further confirmed through in vivo MRI 
following intramuscular injections. 
Conclusions: This study establishes a reliable protocol for labeling BM-derived EVs with 
SPIONs, enabling their visualization across various biological contexts, from subcellular to 
tissue levels. This proposed model facilitates a valuable tool for spatially tracking BM-EVs in 
vivo, identifying specific target cells, and investigating their functional role in metastatic 
progression. 
Keywords: Extracellular vesicles, brain metastasis, pre-metastatic niche, magnetic resonance 
imaging, superparamagnetic iron oxide particles, transmission electron microscopy   
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Introduction 
Metastatic spread of cancers to the brain is significantly affected by the release of tumor-derived 
extracellular vesicles (EVs)1. These nanosized particles, less than 200 nm in diameter, play an 
important role in intercellular communication through the transfer of various biomolecules such 
as lipids, proteins, carbohydrates, DNA and RNA2. Although EVs are released from almost all 
cell types, tumor cells discharge them in much larger quantities compared to normal cells3,4. In 
brain metastasis (BM), EVs have been shown to disrupt the blood-brain barrier (BBB), cause 
vascular and metabolic remodeling, promote neutrophil recruitment, and induce astrocyte 
dysregulation5–8. These alterations prepare the brain microenvironment for the onset of 
metastasis and promote invasion by creating a pre-metastatic niche (PMN), where cells and 
mechanisms that typically protect from malignancies become more hospitable to incoming 
tumor cells9.  
Although we have begun to understand the effects of EVs on BM and the PMN, a significant 
knowledge gap remains regarding the dynamic pathology of these brain metastasis-derived EVs 
(BM-EVs). Improved model systems are required to further understand their homing, spatial 
distribution, and interactions with specific cell types in the brain.    
Magnetic resonance imaging (MRI) facilitates accurate clinical diagnosis of cancer patients and 
metastatic spread through its ability to differentiate between soft tissues, making it an ideal tool 
for detecting and visualizing tumors. This imaging technique offers detailed cross-sectional 
images of the brain, which are crucial for identifying the exact location, extent, size, shape, and 
potential invasiveness of cancerous growths10. However, detecting single cells and EVs by MRI 
is challenging without using reliable contrast agents or labeling techniques.  
Superparamagnetic iron oxide nanoparticles (SPIONs) have previously been used as stable, 
non-radioactive, and biocompatible contrast agents, producing strong, hypointense (dark) 
contrast in MRI11. SPIONs are non-toxic at low doses and can remain in the body for weeks 
after administration depending on the coating, enabling long-term imaging in both pre-clinical 
and clinical settings12–14. Due to the high electron density of SPIONs, iron is also easily detected 
by transmission electron microscopy (TEM), enabling detailed visualization of EVs within cells 
and tissue sections.  
Given the strong signal and cost-effectiveness of SPIONs, bulk labeling of EVs allows for 
efficient visualization and tracking in imaging studies, both in cell culture and preclinical 
MRI15–17. However, this approach has yet to be applied to BM-EVs for investigating their role 
in targeting healthy brain cells. By developing a model to track these BM-EVs in vitro and in 
vivo, we can gain insights into the specific cells and regions they target for PMN establishment. 
This knowledge could increase our understanding of their role in metastasis progression and 
highlight their potential as therapeutic targets.  
In this study, we demonstrate that BM cell lines can be effectively prelabeled with SPIONs. 
Furthermore, we show that EVs derived from these cells incorporate SPIONs, enabling their 
visualization by MRI in both in vitro and in vivo settings. 
 

Materials and Methods 

Cell lines and cell culture conditions  
The H16 cell line was derived from a BM of a patient with a BRAFwild-type malignant melanoma, 
while the LBM1 cell line was developed from a BM of a patient with non-small cell lung 
carcinoma. Both cell lines were grown in Dulbecco’s Modified Eagle’s medium (DMEM; 
Sigma-Aldrich Inc., St. Louis, MO, USA), supplemented with 10% heat-inactivated fetal 
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bovine serum (Sigma-Aldrich Inc.), 5 mg/mL plasmocin (Invivogen, Toulouse, France), 2% L-
glutamine (Sigma-Aldrich Inc.), 3.2% Nonessential amino acids, penicillin (100 IU/mL) and 
streptomycin (100 m L/mL) (Sigma-Aldrich Inc.). Cells were grown in a tissue incubator at 
370C, 5% CO2, and 100% humidity. For maintenance of the cell lines, short tandem repeat 
fingerprinting (STR) and mycoplasma testing were performed regularly.  
 
Generation of fetal rat brain organoids (FRBOs)   
3D fetal rat brain organoids (FRBOs) are a well-established in vitro model for mimicking the 
brain environment for differentiation and therapeutic studies18. Briefly, pregnant Sprague 
Dawley rats (Janvier Laboratories, Le Genest-Saint-Isle, France) were sacrificed on gestational 
day 18, and fetuses were surgically removed. The fetal brain tissue was excised, homogenized 
with scalpel blades, and washed with 1x PBS (Sigma-Aldrich Inc) under sterile conditions. 
Homogenized tissue was then enzymatically dissociated twice with StemPro Accutase (Thermo 
Fisher Scientific) for 20 min at 370C. Meninges and other floating debris were removed and 
dissociated cells were filtered through a 70 µm cell strainer (Thermo Fisher Scientific), washed 
with cell culture medium (DMEM supplemented with 10 % heat-inactivated FBS) and counted. 
Cells were seeded in 24-well agar-coated plates (Thermo Fisher Scientific) at 2.0 x 106 

cells/well. Aggregated cells were transferred to agar-coated T25 flasks (Thermo Fisher 
Scientific) on day 3 of culture and placed on an orbital shaker to ensure 3D growth. Cell culture 
medium was exchanged regularly and mature FRBOs were used for experiments on day 21.  
  
Labelling of cell lines with SPIONs  
To label H16 and LBM1 cell lines with SPIONs, cells were first seeded in either 24-well plates, 
T75 flasks or T175 flasks (Thermo Fisher Scientific) and incubated overnight to reach 70% 
confluency. Three different commercially available SPIONs were individually added to 
separate H16 and LBM1 cell cultures at increasing concentrations of 0 μg/mL, 50 μg/mL, 100 
μg/mL or 200 μg/mL diluted in cell culture medium. These included Molday 35 nm dextran-
coated SPIONs (BioPAL Inc., Worcester, MA, USA), uncoated 5 nm SPIONs (Sigma-Aldrich, 
Burlington, MA, USA), and carboxyl-coated 5 nm SPIONs (Ocean Nanotech, San Diego, CA, 
USA). The cells were then incubated for either 24 h or 48 h.  After incubation, the cells were 
washed three times with pre-warmed PBS prior to downstream analyses. 
 
Prussian Blue staining  
To confirm uptake of SPIONs by BM cell lines or SPION-loaded EVs by FRBOs, Prussian blue 
staining was performed. For staining of monolayer cell cultures after incubation with SPIONs 
for either 24 h or 48 h, the cell culture medium was removed and excess SPIONs were discarded 
by washing the cells three times with 1x PBS. The cells were then fixed in 4% 
paraformaldehyde (PFA) for 20 min at room temperature. The fixative was removed, and the 
cells were rinsed gently three times with 1x PBS. The cells were then rinsed once with dH2O, 
once with 70% EtOH, and again with dH2O before incubating with Prussian Blue stain (1 % 
potassium ferrocyanide (Sigma-Aldrich) + 0.5 % HCl in dH2O) for 20 min. To remove excess 
stain, cells were rinsed three times with dH2O. Brightfield images of cells and histological 
sections were obtained using a Nikon Eclipse Ti2 inverted microscope (Nikon Instruments, Inc., 
Melville, NY, USA). The percentage of cells that contained SPIONS (blue spots) were 
quantified using Fiji freeware (version 2.14.0).   
FRBOs were fixed overnight in 4% PFA and embedded in paraffin after being co-cultured with 
50 mg/mL SPION-loaded LBM1-EVs for 24 h. Sections were deparaffinized with xylene for 2 
x 5 min. Sections were then re-hydrated with decreasing percentages of ethanol and finally 
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distilled water before staining for 10 min in Prussian Blue stain. Sections were washed in 
running water before counterstaining briefly for 1 min in Nuclear Fast Red (Thermo Fisher 
Scientific) and again washed in running water. Sections were incrementally dehydrated with an 
increasing percentage of ethanol before submerging in xylene and mounting coverslips. Images 
were taken using an Olympus VS120 S6 Slide scanner (Olympus Corporation, Tokyo, Japan). 

 
 
Transmission Electron Microscopy (TEM)  
TEM was utilized to visualize the uptake of SPIONs or SPION-labelled EVs into cells, EVs, 
and FRBOs. The cells or FRBOs were incubated with either 0 μg/mL, 50 μg/mL, or 100 μg/mL 
uncoated SPIONs or SPION-labeled LBM1-EVs for 24 h. The samples were then rinsed, 
harvested, and fixed overnight at 4°C in Karnovsky’s fixative, prepared as 2.5% glutaraldehyde 
(Electron Microscopy Sciences, Hatfield, USA) and 2% paraformaldehyde in 0.1 M sodium 
cacodylate buffer (Electron Microscopy Sciences). Samples were post-fixed for 1 h in 1% 
osmium tetroxide (Electron Microscopy Sciences) in 0,1 M Na cacodylate buffer (Electron 
Microscopy Sciences), followed by a serial dehydration in ethanol (50 - 100%), a 1:1 mixture 
of EtOH and propylene oxide, and finally 100% propylene oxide. The samples were then 
solidified in Agar 100 resin and sectioned. Ultrathin sections (60 nm) were placed on 200 mesh 
formvar-coated copper grids (Electron Microscopy Sciences), stained with 2% uranyl acetate 
(Electron Microscopy Sciences) and lead citrate (Electron Microscopy Sciences).  
For EVs, 10 μg of EVs were fixed in Karnovsky’s fixative overnight at 4°C. After mounting on 
formvar carbon-coated copper grids, samples were post-fixed with 2.5% glutaraldehyde, 
followed by staining with 2% of uranyl acetate. 
Final images were captured using a Hitachi HT7800 transmission electron microscope (Hitachi 
High-Tech Corporation, Tokyo, Japan). 
 
Proliferation Assay 
A proliferation assay was performed on H16 and LBM1 cells after 24 h incubation with both 
dextran-coated and uncoated SPIONs to assess their effects on cell growth. Cells were washed 
three times with PBS, and fresh cell culture medium was added to the cells. Plates were imaged 
every 2 h for 48 h using the IncuCyte Live-Cell Analysis System (Sartorius, Göttingen, 
Germany), and subsequent growth curves were generated using the IncuCyte S3 software 
(Essen Bioscience, Ltd.). The experiments were performed in triplicates. 
 
Separation and Characterization of EVs  
EVs were separated from serum EV-free cell culture medium using qEV columns (Izon 
Science, Christchurch, New Zealand). H16 and LBM1 cells were cultured in T175 flasks 
containing EV-free cell culture medium for 48 h until ∼90% confluency. Conditioned medium 
(CM) was collected and centrifuged at 300 x g for 5 min to remove cell debris, and at 2000 x g 
for 20 min to remove larger apoptotic bodies. CM was concentrated in Amicon Ultra-15 100 
kDa centrifugal filters (MilliporeSigma, Burlington, MA, USA) and immediately added to qEV 
Gen2 70nm series column. EVs were separated based on the manufacturer’s recommendations. 
EV-rich fractions (6-11) were collected, pooled, and concentrated further using AmiconTM 
Ultra-0.5 Centrifugal Filter Units (MilliporeSigma) to a final volume of ∼300 μL. Size 
distribution of isolated EV populations was quantified using dynamic light scattering (DLS) 
with a Zetasizer Nano ZS instrument (Malvern Panalytical, Malvern, Worcestershire, UK). 
Further characterization was performed through Western blotting for marker confirmation (and 
TEM for morphology) prior to further experimentation.   
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Western Blotting  
Cells and EV lysates were isolated with RIPA lysis buffer supplemented with 10X protease and 
phosphatase inhibitor cocktail (Roche, Basel, Switzerland). Protein samples were 
electrophoresed on 4-12% NuPAGE Bis-Tris Protein gels (Invitrogen, Thermo Fisher), 
followed by a transfer to nitrocellulose membranes. Membranes were blocked for 1 h at room 
temperature (RT) with 5% skim milk in 1X TBS-T solution and incubated with primary 
immunoblotting antibodies: Calnexin (cat. no. 2679S; Cell Signaling Technology, Inc., 
Danvers, MA, USA), FLOT1 (cat. 18634S; Cell Signaling Technology), CD9 (cat. 13174S; 
Cell Signaling Technology), CD81 (cat. 56039S; Cell Signaling Technology) overnight at 
40C. Membranes were washed and incubated with secondary antibodies (HRP anti-rabbit IgG; 
Immunotech, Beckman Coulter) for 1 h at room temperature. Signals were visualized 
with SuperSignal™ Pico/Femto Chemiluminescent Substrate (Thermo Fisher Scientific) using 
a LAS-3000 imaging system (Fujifilm, Saitama, Japan). 
 
Labeling BM cell line-derived EVs with SPIONs 
6.0 x 106 H16 and LBM1 cells were seeded in T175 flasks with EV-free cell culture media and 
incubated overnight. Fresh EV-free media with 0 μg/mL, 50 μg/mL, or 100 μg/mL SPIONs was 
exchanged in the flasks and incubated for 24 h. Cells were washed gently three times with 1x 
PBS to remove excess SPIONs and incubated for another 48 h. Cell-conditioned culture 
medium was then collected and EVs were separated as described above in section "Separation 
and Characterization of EVs".  
 
Iron Assay  
Iron content within EV samples was quantified using the Iron Assay Kit (Sigma-Aldrich). 60 
μg/well of EV samples in triplicates were processed according to the manufacturer's 
recommendations. Briefly, samples and iron kit standards (0 nmol/well, 2 nmol/well, 4  
nmol/well, 6 nmol/well, 8 nmol/well, and 10 nmol/well) were added to 96-well plates in 
triplicates and iron assay buffer was added to all wells prior to a 1 h incubation at RT. 100 mL 
of Iron Probe was then added to all wells and the plate was incubated for 60 min at RT. 
Absorbance values at 593 nm were measured using a Multiskan FC Microplate Photometer 
(Thermo Fisher Scientific).  
 
Nanospacer Assay  
Nanoparticle tracking analysis (NTA) was conducted on control and SPION-EVs after 
isolation using Nanospacer devices (Norinnova, Norway). The device consists of a 
transparent coverslip precisely attached to a microscope slide - creating a nano space between 
the layers. Devices were filled by manual pipetting 2µl of sample onto the edge of the device 
(Supp. Fig. 1a). The capillary force pulls the liquid sample into a thin layer under the glass 
coverslip which then immediately after is used for NTA analysis. EV samples were imaged 
with darkfield-microscopy using an Olympus bench-top industrial microscope (Model 
BX53M, Olympus) equipped with a FLIR industrial camera (BFS-U3-200S6C-C, FLIR IIS 
Inc.) and standard white LED illumination. Movies were acquired using a 50x 0.5NA 
objective (LMPlanFL 50x BD, Olympus) at a frame rate of 10 Hz and same illumination 
condition to allow comparative intensity measurements between samples. Movies were 
identically processed using standard FIJI (version v1.54g) software functions before further 
analysis (e.g. binning, FFT filter, background removal). Open-source software Trackmate 
(FIJI) was used to trace EVs’ movements under flow and measure scattering intensity levels 
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(quality parameter) of single particles (Supp. Fig. 1b)19,20. The TraJClassifier FIJI plugin 
(version v0.8.1) was then used for mean square displacement (MSD) analysis to obtain 
diffusion coefficients from single particle tracks and estimate their hydrodynamic size 
according to their Brownian motion using the Stokes-Einstein relation (Supp. Fig. 1c)21. 
 
In vitro MR relaxometry of cell and EV phantoms 
To investigate the effects of SPION-labeled cells on relaxation time, H16 and LBM1 cells were 
incubated with 100 μg/mL SPIONS as described above. A 2% Difco Noble agar solution 
(Becton Dickinson, Franklin Lakes, NJ, USA) was prepared in autoclaved water and mixed 1:1 
with cell culture medium containing prelabeled cells in increasing concentrations. 2 mL from 
agar/cell dilution was transferred to 2 mL eppendorf tubes (Eppendorf SE, Hamburg, Germany) 
at final concentrations 500 cells/μL, 1000 cells/μL or 2000 cells/μL. Negative controls were 
prepared the same way with unlabeled cells. The experiments were performed in triplicates. 
For EV phantoms, 10 and 20 μg of control or SPION-EVs were resuspended (1 mg/mL) and 
injected into semi-solidified 1% Difco Noble agar in PBS in 2 mL Eppendorf tubes and allowed 
to harden.  
The tubes were examined by MRI at 210C using a 7T small animal PET/MR scanner (MR 
Solutions Ltd, Guildford, UK). First, a T2 weighted fast spin echo sequence was performed 
(repetition time (TR) 3000 ms, echo time (TE) 45 ms, field of view (FOV) 3 cm, matrix 256 x 
252, slice thickness 1 mm, 12 slices, number of averages (NA) 2) to verify homogeneity of the 
agar/cell solution. Next, a multiple gradient echo T2 mapping sequence was performed (TR 
2000 ms, TE 6 ms, 12 echoes, FOV 3 cm, matrix 64 x 64, slice thickness 1 mm, 12 slices, NA 
1). Last, a multiple gradient echo T2* mapping sequence was performed (TR 1000 ms, TE 2 
ms, 6 echoes, FOV 3 cm, matrix 64 x 64, slice thickness 1 mm, 12 slices, NA 1). Within the 
images of each tube, a region of interest covering approximately 75% of the tube was defined 
in the scanning software (Powerscan, MR Solutions Ltd), and T2 as well as T2* mapping values 
of the tubes were calculated. MR images were visualized using the Horos software (version 
3.3.6, Annapolis, MA, USA) and graphs, statistical calculations and linear regression were 
performed using Graphpad Prism software version 10 (Graphpad Software, Inc., Boston, MA, 
USA). 
 
Intracardial injections of LBM1 and H16 cell lines  
Five 6-8-week-old female NOD/SCID mice per group were anesthetized with 3% sevoflurane 
in oxygen and anesthesia was maintained with 1.5% sevoflurane in oxygen. The mice were 
fixed in a supine position on a heating pad to maintain a core temperature of 370C. 5 x 105 of 
either LBM1 or H16 cells in 100 μL PBS were injected into the left cardiac ventricle using an 
insulin syringe by ultrasound guidance (Vevo 2100 Imaging System, VisualSonics Inc., 
Toronto, Canada). Brain tumor development was monitored with MRI every two weeks. T2 
weighted coronal MR images were obtained using the following fast spin echo sequence scan 
parameters: FOV 20 mm × 20 mm, matrix size 256 × 256, 0.5 mm slice thickness, TR 3000 ms, 
TE 45 ms, FA 900, NA 2, scan time 3 min 41 s. Visualization of MR images were performed 
using the 32-bit OsiriX freeware, version 5.8.1 (Pixmeo SARL, Geneva, Switzerland). 
 
In vivo injections of SPION-EVs and MRI 
To visualize SPION-EVs in vivo, two 12-week-old C57BL/6 mice were scanned by MRI before 
and after intramuscular injection of 50 μg of LBM1 SPION-EVs in 100 mL of PBS into the 
right hind limb and 50 μg of control LBM1 EVs into the left hind limb. T2 weighted fast spin 
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echo MRI scans (TR 3000 ms, TE 45 ms, FOV 3 cm, matrix 256 x 252, slice thickness 1 mm, 
12 slices, NA 2) were performed to assess anatomical structures prior to injection and at, and 
10 min post-injection. The imaging aimed to confirm the feasibility of MRI to detect small 
amounts of free, iron-labeled EVs. 
 
Ethics Statement 
For patient-derived cell lines used in this publication, written informed consent was obtained 
from all patients prior to tumor collection and tissue culture. Tissue collection, and generation, 
storage and use of cell lines from patient samples was approved by The Regional Committee 
for Medical and Health Research Ethics (REC; REC Approvals 2013/720 and 2020/65185).  
For all in vivo work in this publication, mice were maintained on standard pellet feed with 
unrestricted water access. All mice experiments were approved by The Norwegian National 
Animal Research Authority under the Norwegian Food Safety Authority (Mattilsynet- 
Forsøksdyrutvalget; FOTS ID #30011) in accordance with the Norwegian Animal Welfare Act. 

 
Results 
 
SPIONs of different sizes are effectively internalized by LBM1 and H16 cell 
lines 
We first tested the labeling of LBM1 and H16 cell lines using three different variants of 
commercially available superparamagnetic iron oxide nanoparticles (SPIONs); one measuring 
35 nm and two measuring 5 nm in diameter, at concentrations of 50 μg/mL, 100 μg/mL, and 
200 μg/mL. Prussian blue staining confirmed efficient SPION labeling within 24 h when using 
both dextran-coated 35 nm and uncoated 5 nm particles (Fig 1a, 1b). After 48 h of incubation, 
both cell lines exhibited reduced cell numbers and altered morphology (Supp. Fig. 2). Analysis 
indicated that over 90% of the cells were labeled with SPIONs at the highest concentrations 
after 24 h (Fig 1a, 1b). No uptake was observed when carboxyl-coated 5 nm particles were 
used, and therefore, no further experiments were performed (Supp. Fig. 3). 
To quantify the effect of SPION labeling on cell growth, a proliferation assay was performed. 
For both cell lines, treatment with 35 nm SPIONs significantly inhibited cell growth already 
after 24 h of incubation for all iron concentrations tested (Fig 1c), as did 200 μg/mL of uncoated 
5 nm SPIONs (Fig. 1d). In contrast, lower concentrations of uncoated 5 nm SPIONs had 
minimal effects on cell proliferation. TEM further confirmed the presence of uncoated 5 nm 
SPIONs within perinuclear vesicles in both H16 and LBM1 cells (Fig. 1e).  
 
EVs are successfully loaded with 5nm SPIONs without altering population 
size distribution 
EVs from LBM1 and H16 cells were isolated using Izon AFC and qEV columns. The presence 
of EV markers CD9, CD81, and flotilin-1, and the absence of the cell marker calnexin 
confirmed the successful extraction of EVs (Fig. 2a).  
TEM was employed to confirm the labeling of BM-EVs with SPIONs. EV samples from both 
cell lines were collected after 24 h incubation with 5 nm and 35 nm SPIONS. SPION-labeled 
EVs displayed a distinct dark center within the vesicles, suggesting incorporation of 5 nm 
SPIONs into the EVs, though labeling was less consistent with the 35 nm SPIONs (Fig. 2b). 
Further, TEM verified the cup-shaped morphology and the sizes of EVs, as well as their iron 
content (Fig. 2b).  
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A quantitative colorimetric iron assay showed that EVs labeled with 5 nm uncoated SPIONs or 
dextran-coated 35 nm SPIONs had comparable iron concentrations per μg EV protein, however 
labeling with 5 nm SPIONs was more consistent between batches (Fig. 2c).  
The size distribution of the control EV population was confirmed to be between 50-200 nm 
through dynamic light scattering (DLS) analysis and remained unchanged after cell incubation 
with uncoated 5nm SPIONs (Fig. 2d). EVs collected from cells incubated with 35 nm SPIONs 
exhibited an altered size distribution compared to the control (Fig. 2d), suggesting either a 
change in EV production after incubation with SPIONs, or co-isolation of free SPIONs.  

Fig. 1: Evaluating uptake and growth effects of commercially available SPIONs in LBM1 and H16 cell 
lines. (a,b) Prussian blue staining and subsequent quantification of H16 and LBM1 cells incubated with 
increasing doses of 35 nm (a) or 5 nm (b) SPIONS after 24 h. Scale bar = 100 μm. Blue spots show the presence 
of iron, and quantification is represented as percentage of blue-stained cells relative to the total cell number. 
(c,d) Incucyte proliferation assay of H16 and LBM1 cells following 24 h incubation with increasing doses of 35 
nm (c) or 5 nm (d) SPIONs. (e) TEM micrographs of H16 and LBM1 cells after 24 h incubation with 5 nm 
SPIONs. Red arrows indicate SPIONs, localized in clusters in the cytoplasm of the cells. Scale bar = 1 μm. 
n.s. non-significant, *p < 0.05, **p < 0.01, ****p < 0.0001 
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Based on the results from cell and EV labeling experiments (Fig. 1 and 2), 100 μg/mL of 5 nm 
uncoated SPIONs with a 24 h incubation time was determined to be the optimal conditions for 
further experiments. LBM1 cells were chosen for subsequent studies due to their rapid growth 
rate and high EV production. Nanoparticle tracking analysis using Nanospacer demonstrated a 
clear population shift in H16 EV light scattering intensity after iron incubation (Supp. Fig. 4a), 
while maintaining similar average particle sizes (124.44 nm control vs. 135.81 nm SPION), 
confirming successful iron incorporation (Supp. Fig. 4b). 
 
SPION-EVs are effectively taken up by normal cells in FRBOs 
To determine the bioactivity and feasibility of using SPION-EVs for iron delivery to organs, 
we conducted an in vitro co-culture assay by incubating 21-day-old FRBOs with LBM1 and 
H16 SPION-EVs to evaluate iron uptake.  
After 24 h of incubation, Prussian blue staining revealed distinct blue spots within cells of 
FRBOs treated with LBM1-EVs, but not those treated with H16-EVs (Fig. 3a). This pattern 
reflects the differential brain-colonizing capacity of their parent cells, as LBM1 cells form brain 
tumors in mice, whereas H16 cells do not. (Supp. Fig. 5) The iron-positive spots initially 
appeared concentrated at the FRBO periphery before progressively spreading inward, 
suggesting a time-dependent pattern of EV internalization (Fig. 3a). TEM confirmed the 

Fig. 2: Characterization of LBM1- and H16-EV markers, size, morphology, and iron content after SPION 
labeling. (a) Western blot analysis of positive (CD9, CD81 and FLOT-1) and negative marker (calnexin) on 
LBM1 and H16 cells and corresponding EVs. (b) TEM of unlabeled and labeled EVs extracted from H16 and 
LBM1 cells. Scale bar = 100 nm. (c) Quantification of iron content in EVs from H16 and LBM1 cells after 
labeling with SPIONs. (d) DLS analysis of H16- and LBM1-EV samples after SPION labeling, showing size 
distribution compared to unlabeled controls. 
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presence of SPIONs within cell membranes, providing direct evidence of successful EV uptake 
(Fig. 3b). 
 
BM cells and EVs labeled with SPIONs were successfully detected by in vitro 
MRI 
Detection limits and optimal scanning parameters of SPION-labeled EVs and cells were 
established using agar phantoms. These phantoms contained both unlabeled and SPION-labeled 
BM cells at varying concentrations, along with SPION-EVs. Initial imaging of the phantoms, 
which included both SPION-labeled and unlabeled cells, used T2 weighted and T2* mapping 
scans (Fig. 4a-f). 
The phantoms with SPION-labeled cells appeared as hypointense areas compared to the label-
free controls (Fig. 4 a, d). T2 weighted MRI scans showed that the unlabeled phantoms 
displayed a T2 relaxation times of 120-140 ms, regardless of cell concentration (500, 1000 or 
2000 cells/mL in agar). In phantoms labeled with uncoated 5 nm SPIONs, a significant change 
in T2 relaxation times was found for the two highest concentrations (2000 and 1000 cells/mL 
agar) (Fig. 4a, b). Further, a linear correlation between T2 relaxation values and the 
concentration of SPION-labeled cells were found (Fig. 4c).  
The T2* mapping was shown to be more sensitive in detecting labeled cells, since there was a 
significant change in T2* mapping values also for 500 cells (Fig. 4d, 4e). Additionally, there 
was a linear correlation between T2* values and cell concentration (Fig. 4f).  
In phantoms where SPIONs-labeled EVs were injected directly into the agar, their location was 
clearly visible in T2 weighted images, as well as T2 and T2* mapping images compared to the 
control-EVs (Fig. 4g), confirming successful visualization of labeled EVs in vitro using MRI. 
 
 

Fig. 3: Visualization of uptake of EV labeled SPIONs in FRBOs. (a) Prussian blue staining of FRBOs after 24 
h co-culture with LBM1 SPION-EVs or H16 SPION-EVs. Blue dots show the presence of SPIONs within brain 
cells in FRBOs. The pink color is nuclear fast red stain. Scale bar = 50 μm, zoomed scale bar = 12.5 μm (b) 
Negative stained TEM images of FRBOs after co-culture with LBM1 SPION-EVs. Red encircled areas and red 
arrows indicate SPIONs. 1500x Scale bar = 10 μm, 12000x Scale bar = 1 μm. 
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SPION-labeled EVs injected intramuscularly were successfully detected by 
in vivo MRI 
After confirming the bioactivity of SPION-EVs in organoids in vitro and their feasibility for 
visualization with MRI, we next visualized the SPION-EVs in complex tissues using an in vivo 
model. As a proof of concept, bulk intramuscular injections of LBM1 SPION-EVs and control 
EVs were administered into the thighs of two mice. MRI clearly visualized the injection areas 
in both legs, with the control injection producing a hyperintensive area, likely due to the 
presence of PBS (Fig. 5a). However, the SPION-EVs produced a notable hypointense area 
(indicated by red arrows) in the center of the injection site, confirming the presence of SPIONs 
and thus a loss of signal. Ten min post-injection, the injection sites were more dispersed but 
remained clearly visible.  
 

Discussion 
While EVs are known to play crucial roles in PMN formation and metastasis development, 
current methods lack the capability to track their dynamic distribution and cellular targeting in 
real-time6,8,22. To address this critical gap, we developed a SPION-based labeling system that 

Fig. 4: Detection of cells and EVs labeled with SPIONs in vitro using MRI. Representative MR images of T2 
(a) and T2* weighted (d) scanning of LBM1 cell phantoms with or without SPION labeling immobilized in 1% 
agarose at varying cell concentrations. (b,c) Quantification of MRI signal from SPION-labeled cells compared 
to controls with T2 (b) or T2* weighted (e) scanning. (c,f) Linear regression of LBM1 cell phantom signal 
quantification with T2 (c) or T2* weighted (f) scanning and corresponding R2 value. (g) MR images of LBM1 
SPION-EV or control-EV samples injected into 1% agarose with T2 weighted, T2 mapping and T2* weighted 
scans. Hypointense areas indicate the presence of iron. n.s., non-significant, *p < 0.05, **p < 0.01, ***p < 
0.001 
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enables multiscale visualization of EVs from subcellular imaging to in vivo distribution. Our 
approach builds on existing methods by, for the first time to our knowledge, combining passive 
SPION labeling of EVs and size exclusion chromatography for greater purity and maintenance 
of tissue-tropism properties. Through extensive characterization and optimization with 
multimodal imaging, we establish a robust and reliable labeling system for both in vivo and in 
vitro applications. 
Labeling of EVs has proven to be a challenging task. Given their nanoscale size and bioactivity, 
labels must also be nanosized, capable of penetrating tissue, stable, and non-interfering with 
the activity of the EVs themselves. Although many labeling techniques are available, labels are 
typically restricted to a single imaging modality and can have limited imaging time windows, 
such as with fluorescence or radionuclide tags23. In contrast, SPIONs are detectable across a 
range from large-scale in vivo imaging to ex vivo cellular and sub-cellular imaging24,25. While 
fluorescence-based methods are restricted to approximately 2 mm imaging depth, our approach 
enables deep-tissue visualization through MRI while simultaneously allowing detailed analysis 
at the subcellular and cellular level26. This dual-capability system provides a comprehensive 
platform to study the temporal and spatial dynamics of EV distribution in PMN formation. 
Uncoated 5 nm SPIONs emerged as the optimal choice among three commercially available 
formulations, demonstrating superior cellular uptake and preserving cell viability in our 
systematic evaluation. This specific size appears to represent an ideal balance between efficient 
cellular incorporation and minimal disruption of EV biology at a concentration that mediates 
cell toxicity27. The SPION-labeled EVs exhibited an iron concentration of 4 ng iron/μg EV, 
which is comparable to previous reports in stem cells (6.43 ng iron/μg EV) after incubation 
with 200 μg/mL SPIONs, whereas our study used 100 μg/mL15. Importantly, our labeling 
technique offers broad applicability across diverse cell types without requiring extensive 
protocol optimization or genetic modification of cell lines. By combining passive labeling with 
size exclusion chromatography, we achieved highly pure SPION-EVs while minimizing free 
SPION contamination—a persistent challenge when using larger particles with traditional 
ultracentrifugation-based isolation methods28. Dynamic light scattering and Nanospacer 
analysis confirmed consistent EV size distributions (100-150 nm) before and after SPION 
loading, with a clear shift in light scattering intensity post-loading. This shift, occurring without 
significant size alterations, provides strong evidence for successful nanoparticle incorporation 
while preserving vesicle structural integrity. 
A key concern when loading EVs with nanoparticles is the potential disruption of their 
biological function and natural behavior. Our results demonstrate that LBM1-EVs maintain 
their brain tropism, while EVs from H16 cells—which do not colonize the brain in vivo—
showed no uptake in brain organoids. These findings align with previous research indicating 

Fig. 5: SPION-EVs are clearly detected in mouse tissues. T2 weighted MR images of mice quadricep 
muscles pre- and post- injection of either LBM1 control-EVs (left leg) or SPION-EVs (right leg). Injection areas 
are marked by either green (control) or red (SPION) dashed lines, and hypointense areas indicating SPION 
presence are marked with red arrows. 
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that EV tropism is determined by the parent cell signature, and importantly, confirms that our 
SPION-loading process preserves the EVs' targeting capabilities29. This preservation of natural 
targeting behavior is a pre-requisite for studying PMN formation, ensuring EV distribution 
patterns reflect genuine biological processes rather than artifacts of the labeling method. The 
maintained functionality of SPION-labeled EVs also suggests preservation of their membrane 
proteins and surface markers, essential components for crossing the blood-brain barrier, and 
cellular recognition and uptake in the brain30. 
While much of SPION-EV research has focused on therapeutic delivery, we aim to use this 
model for a novel application: understanding the fundamental biology of PMN formation before 
tumor cell arrival 31–33. We have successfully demonstrated that SPION-EVs are clearly visible 
following intramuscular injection, setting the stage for optimizing brain delivery methods. 
Moving forward, comprehensive dosing studies, time-course analyses, and biodistribution 
investigations will be essential to advance this work. Optimization of MRI detection techniques 
would enhance sensitivity for tracking physiologically relevant EV concentrations in vivo. 
While T2* was optimal for in vitro SPION detection, T2 proved more feasible for mouse tissue 
imaging, as the increased sensitivity of T2* also heightened shimming requirements. Particular 
attention should be paid to understanding the kinetics of EV distribution in the brain 
microenvironment and their interactions with specific cell types involved in PMN formation. 
Additionally, future studies should explore the potential of combining this tracking system with 
therapeutic interventions to both monitor and modulate PMN development. 
Our results on the SPION-based EV labeling may have potential clinical applications in 
diagnostics as well as in therapeutics. A non-invasive tracking strategy using SPION-labeled 
EVs and MRI could help monitor metastatic progression and evaluate therapeutic responses in 
patients with BM SPIONs can effectively label EVs without changing their biological 
properties is particularly significant, as certain iron oxide nanoparticles have already received 
FDA approval for clinical imaging applications34,35. Our results could facilitate translation to 
clinical studies aiming to understand EV-mediated PMN formation in patients. This labeling 
approach could also support the development of EV-based therapies, enabling real-time 
visualization of therapeutic EV delivery and distribution clinically. 
 

Conclusion 
In this study, we developed a reproducible, trackable, and straightforward protocol for labeling 
BM-EVs, enabling their visualization in complex environments such as brain organoids and 
tissues and even at subcellular localization within individual cells. This model not only 
facilitates spatial tracking of EVs in vivo but also aids in identifying specific target cell types, 
paving the way for functional studies that may explore the impact of BM-EVs. This approach 
can be applied to investigate the role of EVs in shaping the pre-metastatic niche, providing 
insights into their contributions to tumor progression and metastasis. 
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Supplementary Information  
 
Supp. Figure 1: The Nanospacer methodology. (a) Schematic overview of the Nanospacer concept.  A glass 
capillary confines nanoparticles or biomolecules into a thin liquid layer (approx. 1 mm) under a glass 
coverslip which is then imaged using dark-field microscopy. (b) EV tracking in Nanospacer confinement using 
the Trackmate plugin. Particle tracks are color-coded based on Trackmate parameters (quality, speed, 
shape). Different scattering intensities at the same hydrodynamic size indicate varying EV cargos, enabling 
single-particle subpopulation analysis. (c) TraJ analysis of EV motion. Single particle tracking results in a 
trajectory of EV movement over time (left) and provides data for MSD analysis (right). Experimental data (blue 
line) is fit to a theoretical model (orange dots) to determine the particle's diffusion coefficient. The coefficient 
is used with the Stokes-Einstein equation to estimate EV size. 
 
Supp. Figure 2: Evaluating uptake and growth effects of multiple commercially available SPIONs in 
LBM1 and H16 cell lines after 48 h. (a,b) Prussian blue staining of H16 and LBM1 cells incubated with 
increasing doses of both 35 nm (a) or 5nm (b) SPIONS after 24 h. Scale bar = 100 μm. Blue spots indicate the 
presence of iron. 
 

Supp. Figure 3 Evaluating uptake of carboxyl coated-SPIONs in LBM1 and H16 cell lines. Prussian blue 
staining of H16 and LBM1 cells incubated with increasing doses of both 5 nm carboxyl-coated SPIONS after 
24 h. Scale bar = 100μm. 
 
Supp. Figure 4 Nanospacer Analysis of H16 EVs after SPION loading. (a) Intensity distribution histograms 
of EVs isolated from H16 control and SPION-treated cells. (b) Size distribution histograms of H16-derived EVs.  
 

Supp. Figure 5: MRI Evaluation of tumor burden in mice after injection of LBM1 or H16 cells. T2 
weighted MRI brain scans of NOD-SCID mice 2 and 4 weeks after injection with 5x105 LBM1 or H16 cells. 
Red arrows indicate tumors. 
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Abstract

Melanomas frequently metastasize to the brain. Despite recent progress in the treatment of

melanoma brain metastasis, therapy resistance and relapse of disease remain unsolved

challenges. CCT196969 is a SRC family kinase (SFK) and Raf proto-oncogene, serine/thre-

onine kinase (RAF) inhibitor with documented effects in primary melanoma cell lines in vitro

and in vivo. Using in vitro cell line assays, we studied the effects of CCT196969 in multiple

melanoma brain metastasis cell lines. The drug effectively inhibited proliferation, migration,

and survival in all examined cell lines, with viability IC50 doses in the range of 0.18–2.6 μM.

Western blot analysis showed decreased expression of p-ERK, p-MEK, p-STAT3 and

STAT3 upon CCT196969 treatment. Furthermore, CCT196969 inhibited viability in two B-

Raf Proto-Oncogene (BRAF) inhibitor resistant metastatic melanoma cell lines. Further in

vivo studies should be performed to determine the treatment potential of CCT196969 in

patients with treatment-naïve and resistant melanoma brain metastasis.

Introduction

The incidence of melanoma is rising faster than any other cancer [1], and 44–75% of patients
with metastatic melanoma will develop brain metastases during the course of their disease [2–
4]. Melanoma brain metastasis (MBM) is associated with a poor prognosis. If left untreated,
the median patient survival is only a few months [5–7]. Aberrant activation of the mitogen-
activated protein kinase (MAPK) signalling pathway represents a central step in melanoma
development by providing increased proliferation and survival of melanoma cells [8]. Muta-
tions are frequently seen in the NRAS proto-oncogene (NRAS; 28%) and BRAF (52%) genes [9],
and 80% of BRAF-mutated melanomas display the BRAFV600E mutation [10].

Treatment of metastatic melanoma has improved over the last decade due to the use of tar-
geted inhibitors and immunotherapies. Although targeted therapies offer a promising avenue
for treatment of patients with BRAF-mutated melanoma, most patients experience relapse of
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disease within a few months [11]. There are major challenges with intrinsic and acquired resis-
tance to BRAF inhibitors [8, 11], and use of BRAF inhibitors may cause paradoxical activation
of the MAPK pathway, leading to increased tumour growth [12, 13].

Mechanisms of resistance to BRAF inhibitors include MAPK-dependent mechanisms such
as novel NRAS mutations or BRAF amplifications, and MAPK-independent mechanisms [14]
such as upregulation of the epidermal growth factor receptor (EGFR)-SFK-signal transducer
and activator of transcription 3 (STAT3) pathway and the phosphoinositide 3-kinase (PI3K)
pathway [15, 16]. The STAT3 pathway is frequently upregulated in BRAF inhibitor resistant
melanoma [15], which can drive invasion and metastasis [15, 17]. Furthermore, SFKs are
known to promote a neoplastic and metastatic phenotype [18] and is commonly upregulated
in BRAF inhibitor resistant cells [19, 20]. Patients often develop BRAF inhibitor resistance
shortly after single drug treatment with BRAF inhibitors [21]. Therefore, the median survival
is only modestly increased for patients with MBM upon treatment with MAPK inhibitors [22,
23]. Thus, there is an urgent need for novel therapeutic options through targeting multiple sig-
nalling pathways besides MAPK to improve patient outcome.

It has been shown that the pan-RAF and SFK inhibitor CCT196969 targets mutated
BRAFV600E, C-Raf Proto-Oncogene (CRAF) and SFKs in primary melanoma cell lines [24].
Furthermore, the drug inhibited cell proliferation more effectively than the vemurafenib ana-
logue PLX4720 and hampered growth of RAS mutant melanomas [24]. Here, we report for the
first time that CCT196969 effectively inhibits cell growth of MBM cell lines in vitro.

Materials and methods

Cell lines and cell culture

The H1, H2, H3, H6 and H10 cell lines were established in our laboratory from patient biop-
sies of human MBM, as previously described [25]. Written, informed consent was obtained
from all patients before collection of tumour material. The Regional Ethical Committee (REC)
approved tissue collection, storage of tumour material, and generation and use of cell lines
(REC Approvals 2013/720 and 2020/65185). The H1 and H2 cell lines harbour the BRAFV600E

mutation, while the H3 cell line is BRAFL577F mutated [26]. In addition, H3 possesses
NRASQ61H and EGFR mutations, while the H6 and H10 cell lines also harbour the BRAFV600E

mutation (unpublished data from our lab). The cells were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM, Sigma-Aldrich Inc., St. Louis, MO, USA) supplemented with 10%
heat-inactivated fetal calf serum (FCS) (Thermo Fischer Scientific, Waltham, MA, USA), 4
times the prescribed amount of non-essential amino acids, 2% L-Glutamine, 100 IU/mL peni-
cillin and 100 μL/mL streptomycin (all reagents from BioWhittaker, Verviers, Belgium).

The BRAFV600E-mutated melanoma cell line Wm3248 was purchased from Rockland (Lim-
erick, PA, USA). The cells were cultured in RPMI-1640 Glutamax™ (Thermo Fischer Scientific)
supplemented with 10% heat-inactivated FCS (Thermo Fischer Scientific), 50 IU/mL penicillin
and 50 μL/mL streptomycin (BioWhittaker).

All cell cultures were maintained in a standard tissue culture incubator at 37˚C with 100%
humidity and 5% CO2. Cells were subcultured to 70–90% confluency before passaging, and
the growth medium was exchanged twice a week. Cells were tested and found mycoplasma
free before use and authenticated using short tandem repeat profiling within 6 months of use.

Drug

CCT196969 and vemurafenib were purchased from ChemieTek (Indianapolis, IN, USA). Both
drugs were dissolved in dimethylsulfoxide (DMSO, Sigma-Aldrich Inc.) at a stock concentra-
tion of 50 mM and stored as aliquots at -20˚C until use.

PLOS ONE CCT196969 inhibits melanoma brain metastasis

PLOS ONE | https://doi.org/10.1371/journal.pone.0273711 September 9, 2022 2 / 16

research-programme-faculty-medicine). The
funders had no role in study design, data collection
and analysis, decision to publish or preparation of
the manuscript.

Competing interests: The authors declare that no
competing interests exist.

https://doi.org/10.1371/journal.pone.0273711
https://www.uib.no/en/med/71062/medical-student-research-programme-faculty-medicine


Monolayer cell viability assay

Monolayer MTS assays were performed to study cell viability upon exposure to different concen-
trations of CCT196969. H1, H2, H3, H6, H10 and Wm3248 cells were seeded in 96-well plates
(Nunc, Roskilde, Denmark) at a cell density of 5 x 103 cells/well in 100 μL growth medium. After
24 h, 100 μL growth medium containing CCT196969 was applied to the wells in final concentra-
tions of 0.0001, 0.001, 0.005, 0.01, 0.05, 0.1, 1, 10 and 50 μM for all cell lines except H2. For H2,
100 μL growth medium containing CCT196969 was applied to the wells in final concentrations of
0.001, 0.005, 0.01, 0.05, 0.1, 1, 5, 10 and 50 μM. After 72 h of incubation, morphology pictures
were captured using a Nikon TE2000 inverted microscope (Nikon Instruments Inc., Melville, NY,
USA). Floating cells were removed and 100 μL fresh DMEM was added prior to morphology
imaging. 20 μL of MTS solution (CellTiter 96™ Aqueous One Solution Cell Proliferation Assay,
Promega Corporation, Fitchburg, WI, USA) was then added to each well, and absorbance was
measured at 490 nm 4 h later, using a Multiskan FC Microplate photometer (Thermo Fischer Sci-
entific), equipped with SkanIt software. Cell viability curves were generated using Prism 8 Software
(GraphPad Software Inc., San Diego, CA, USA), and IC50 doses were calculated; i.e., the drug con-
centrations at which 50% of the cell viability was inhibited. The experiments for the H1, H2, H3,
H6 and H10 were done in triplicates. The Wm3248 experiment was performed in duplicate.

Tumour sphere viability assay

To study the effects of treatment on 3-dimensional tumour growth, a tumour sphere viability
assay was performed. A base agar was prepared by mixing 2.4% of Difco Noble Agar in puri-
fied water (Becton Dickinson and Company, Sparks, USA) with growth medium to a final
concentration of 0.6%. The agar was kept warm by a block heater (Grant QBT2 Digital Block
Heater, Gran Instruments, Cambridge, England) to prevent it from solidifying. 50 μL of agar
solution was plated into each well of a 96-well plate (Nunc).

A soft agar top layer was prepared by mixing 1 part low melting point agarose in purified water
(Sigma-Aldrich Inc.) with 3 parts of growth medium at 50˚C in a water bath. The liquid agar was
temporarily kept at 40˚C. H1, H2 and H3 cells were trypsinised and quantified using a Countess
Automated Cell Counter (Invitrogen, Waltham, MA, USA). A suspension of 8 x 104 cells/mL in
pre-warmed growth medium was prepared and mixed with equal parts of soft agar. The cell-con-
taining soft agar was then transferred to a petri dish on a 37˚C heat block and added on top of the
base agar at 50 μL per well (2 x 103 cells/well). The 96-well plates were kept in the fridge for 30 min
before adding 100 μL growth medium containing CCT196969 in final concentrations of 0.01,
0.05, 0.1 and 1 μM for H1 and H2 and 0.05, 0.1, 0.5 and 1 μM for H3. After 10 days, microscopic
images were captured with a Nikon TE2000 inverted microscope (Nikon Instruments Inc) using
10x and 20x objectives. Then, 20 μL of 0.1 mg/mL resazurin (Sigma-Aldrich Inc.) was added to
each well and incubated for 4 h. The absorbance was measured at dual mode 560/590 nm using a
scanning multi-well spectrophotometer (Victor 3 1420 multi-label counter, Perkin Elmer, Wal-
tham, MA, USA), equipped with WorkOut 2.5 data analysis software. Each experiment was per-
formed in triplicates (n = 6 per experiment per drug concentration). The results were analysed
and IC50 doses were calculated using Prism 8 software (GraphPad Prism). Sphere diameters were
measured in ImageJ software version 2.0.0 (National Institute of Health, Bethesda, MD; USA).

Volumes were calculated in Excel (Microsoft) using the following formula: 4pr3
3

.

Cell migration assay

H1, H2 and H3 cells were seeded at a density of 3 x 104 cells/well in Essen Bioscience Image-
Lock 96-well plates (Essen Bioscience Ltd., Hertfordshire, UK). After 48 h, a wound maker
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tool was employed to simultaneously create a consistent wound with a uniform width across
the wells. All wells were washed with pre-heated growth medium before drug solutions were
added to the wells in concentrations of 0.1, 0.5 and 1 μM. Imaging was performed every 2 h
using the 10x objective in the IncuCyte Live Cell Imaging System (Essen BioScience Ltd.) for
72 h. Resulting images were analysed to find the wound width in μm using the IncuCyte Cell
Migration Software Module (Essen BioScience Ltd.). The experiments were done in triplicates.

Apoptosis assay by flow cytometry

Flow cytometry was performed to study drug effects on apoptosis. H1, H2 and H3 cell lines
were plated in 6-well plates (Nunc) with a concentration of 3 x 105 cells/well in 4 mL growth
medium. After 24 h, CCT196969 was added to the wells in final concentrations of 1, 2 and
4 μM. Untreated cells were used as controls. 4 h before the collecting of cells, 4.08 μL of 30%
H2O2, equivalent to a concentration of 10 μM, was added in one well to induce apoptosis and
serve as an apoptotic control. After 72 h of incubation, growth medium was collected from the
wells into tubes, and the cells were washed with phosphate buffered saline (PBS), trypsinated
and added to the growth medium before centrifuging at 900 rpm for 5 min. After removal of
the supernatant, cells from each sample were resuspended in 100 μL Annexin V binding buffer
(Invitrogen), and 2 μL of Annexin V and propidium iodide (PI; AlexaFluor1488 Annexin v/
dead cell apoptosis kit; Molecular Probes, Life Technologies, Waltham, MA, USA) were added
to the samples. After 20 min incubation the samples were vortexed and analysed using a BD
Accuri C6 flow cytometer (BD Bioscience, San Jose, CA, USA). Fluorescence in the FITC-A
and PE-A channels were gated to a two-parameter histogram, and analysed using FloJo soft-
ware (Tree Star Inc., Ashland, OR, USA). The experiment was repeated 3 times for each cell
line.

Western blot analysis

Western blots were performed to study change in protein levels in the MAPK, STAT3 and
PI3K pathways after treatment with CCT196969. 1 x 106 H1 and H3 cells were seeded into T25
culture flasks (Nunc). After 24 h cells were treated with 1, 2 and 4 μM CCT196969. Untreated
cells were used as control. The cells were then incubated for 24 h, before collecting both float-
ing and attached cells. The cells were lysed in 100 μL lysis buffer (radioimmunoprecipitation
assay (RIPA) based buffer (Thermo Fischer Scientific) containing 10% PhosSTOP and Com-
pleteMini protease inhibitors (Sigma-Aldrich Inc.)). Lysates were centrifuged at 13 000 rpm in
4˚C for 5 min, and the resulting supernatants were used as final lysates. Protein levels were
quantified using BCA protein assay (ThermoFischer Scientific) according to the manufacturer
user guide. Lysates were electrophoresed on 10% or 15% SDS-polyacrylamide gel electrophore-
sis according to target protein sizes. Proteins were transferred to nitrocellulose membranes
(GE Healthcare Life Science, Chicago, Illinois, USA), and then blocked in Tris-Buffered Saline
(TBS), 0.1% Tween and 5% skim-milk for 1 h at room temperature. The membranes were
incubated at 4˚C overnight in antibody diluent (Thermo Fischer Scientific) mixed with the rel-
evant antibody. The primary antibodies used were: p-ERK1/2 (Cell Signaling Technology, Inc,
Danvers, MA, USA, cat. #4370, monoclonal, rabbit, dilution 1:1000, RRID:AB_2315112), p-
MEK1/2 (Cell Signaling Technology, cat. #9154, monoclonal, rabbit, dilution 1:1000, RRID:
AB_2138017), Stat3 (Cell Signaling Technology, cat. #4904, monoclonal, rabbit, dilution
1:2000, RRID:AB_331269), p-Stat3 (Cell Signaling Technology, cat. #9134, polyclonal, rabbit,
dilution 1:1000, RRID:AB_331589), p-AKT (Cell Signaling Technology, cat. #4056, monoclo-
nal, rabbit, dilution 1:1000, RRID:AB_331163), cleaved caspase-3 (Cell Signaling Technology,
cat. #9664, monoclonal, rabbit, dilution 1:1000, RRID:AB_2070042) and loading control

PLOS ONE CCT196969 inhibits melanoma brain metastasis

PLOS ONE | https://doi.org/10.1371/journal.pone.0273711 September 9, 2022 4 / 16

https://doi.org/10.1371/journal.pone.0273711


GAPDH (Abcam, Cambridge, UK, cat. #ab9485, polyclonal, rabbit, dilution 1:4000, RRID:
AB_307275). The membranes were then washed in TBS-Tween 3 times before being incubated
with a secondary antibody, Goat anti-Rabbit IgG (Invitrogen, cat. #31462, polyclonal, dilution
1:10 000, RRID:AB_228338), diluted in a blocking buffer. After 3 washing steps, proteins were
detected using an enhanced chemiluminescence kit (Thermo Fischer Scientific) and a
LAS3000 imaging system (FujiFilm, Saitama, Japan). Quantification of protein expression lev-
els was based on band density measured in ImageJ software version 2.0.0 (National Institute of
Health). The protein levels were normalised against the loading control and compared to the
untreated controls. The experiments were performed in triplicates.

Development of resistant cell lines and monolayer cell viability assay on
resistant cell lines

To study the effect of CCT196969 on a BRAF inhibitor resistant cell line, H1 cells were seeded
in increasing concentrations of vemurafenib until resistance was established. H1 cells of the
equivalent passage were seeded in two separate T75 flasks (Nunc), one untreated as control,
the other initially treated with 0.05 μM vemurafenib (Chemietek). The cells in both flasks were
passaged 6 times in total, but in the latter flask the vemurafenib concentration was increased
for each passage; 0.1, 0.25, 0.5, 1.0, 2.0 and 3.0 μM.

To verify the development of resistance towards vemurafenib, monolayer resazurin assays
were performed for the H1 vemurafenib-naïve (H1) and H1 vemurafenib-resistant (H1-R) cell
lines using increasing concentrations of vemurafenib. Thereafter, monolayer resazurin assays
were performed on the H1 and H1-R cell lines of the same passage using 0.1, 0.5, 1 and 2 μM
CCT196969. The experiments were performed in triplicates.

A Wm3248-DR (double resistant) BRAF-inhibitor resistant cell line was generated from
the parental Wm3248 cell line by long-term culturing under continuous drug presence of the
BRAF inhibitor encorafenib and the MEK inhibitor binimetinib, corresponding to approxi-
mately 10x IC50 concentration. Drug-naïve and drug-resistant cell lines were authenticated by
STR profiling. After generation, resistant cell lines were maintained under continuous expo-
sure to encorafenib and binimetinib. Monolayer resazurin assays, as previously described,
were then performed on the cell lines using vemurafenib and CCT196969. The experiments
were done in duplicates.

Statistical analysis

Unpaired, 2-tailed t-tests were performed in Excel (Microsoft). A 2-tailed p<0.05 was consid-
ered statistically significant. Values presented in the figures represent means ± standard error
of the mean (SEM) calculated in Prism 8 Software (GraphPad Software Inc).

Results

CCT196969 decreases viability of MBM cells in monolayer cultures

To explore whether CCT196969 affected cell growth in monolayer cultures, we performed cell
viability assays. Changes in cell morphology after treatment were observed. In the 1 μM treat-
ment group, H1 cells appeared elongated and more spindle-like, while H2 and H3 cells had a
flatter, wider form and loss of structural integrity. Hardly any viable cells were present at 4 μM
of CCT196969, and all cell lines displayed cell shrinkage and intracellular fragmentation
(Fig 1A).

Treatment with CCT196969 reduced viability in a dose-dependent manner in the H1, H2,
H3, H6, H10 and Wm3248 cell lines (Fig 1B, S1 Fig). The IC50 doses were calculated to be 0.7,
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1.4, 1.5, 2.6, 1.2 and 0.18 μM, respectively. At a concentration of 10–50 μM, no viable cells
were detected in any cell line (Fig 1B, S1 Fig).

CCT196969 decreases viability of MBM cells grown as tumour spheres

To examine the effects of CCT196969 on colony formation and anchorage-independent
growth, we conducted a tumour sphere assay. After 10 days of culturing in agar, the untreated
cells formed spheres ranging from 100–200 μm in diameter (Fig 2A). The sphere sizes in
treated groups were negatively correlated with increasing doses when compared to untreated
spheres (Fig 2A and 2C). The calculated IC50 values for the H1, H2 and H3 cell lines were 0.02,
0.03 and 0.1 μM, respectively, showing that tumour spheres were more drug sensitive than the
monolayer cultures (Fig 2B).

CCT196969 decreases MBM cell migration

We performed a scratch wound assay to demonstrate drug effects on cell migration.
CCT196969 treatment decreased the migratory abilities of the H1, H2 and H3 cell lines in a
dose-dependent manner (Fig 3). The wounds closed completely within 72 h in the untreated
H1 and H3 cell lines. Wound confluency after 72 h was between 20–40% and 20% in 1 μM-
treated H1 and H3 cells, respectively. The untreated H2 cells had a wound confluency of 65%
after 72 h, whereas cells treated with 1 μM had confluency of approximately 20%.

CCT196969 induces apoptosis in MBM cells

To assess drug effects on apoptosis and cell survival, we performed an apoptosis assay by flow
cytometry. CCT196969 induced apoptosis in the H1, H2 and H3 cell lines (Fig 4A, S2 Fig).
4 μM CCT196969 induced early and late apoptosis in about 90%, 94%, and 94% of each of the

Fig 1. CCT196969 treatment reduces viability in MBM cell lines in a dose-dependent manner. (A) Representative microscopic images (20x objective) of H1,
H2 and H3 cells grown in monolayers, exposed to increasing concentrations of CCT196969; untreated, 0.5, 1.0 and 4 μM, for 72 h. Scale bar = 100 μm. (B)
Representative viability curves of the cell lines grown as monolayers, exposed to increasing concentrations of CCT196969. The mean IC50 dose value for
CCT196969 was calculated from the experimental triplicate and is presented in the graph.

https://doi.org/10.1371/journal.pone.0273711.g001
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cell lines, respectively, compared to 14%, 7%, and 10% apoptotic cells in untreated controls.
For untreated cells, between 86–92% of the cells were viable in the cell lines, compared to
5–10% after treatment with 4 μM CCT196969. The increase in apoptosis after treatment was
significant, compared to untreated controls (Fig 4B). Flow cytometry results were validated by
Western blots showing an increase in cleaved caspase-3 after CCT196969 treatment of H1 and
H3 cells with CCT196969 (Fig 5). Cleaved caspase-3 was not detected in the untreated groups.

CCT196969 reduces phosphorylation of key kinases in the MAPK, STAT3
and PI3K signalling pathways

To investigate the effects on MAPK, STAT3 and PI3K signalling pathways upon treatment
with CCT196969, H1 and H3 cells were treated with CCT196969 for 24 h and analysed by
Western blotting. We observed a significant decrease in expression of STAT3, p-STAT3, p-
MEK and p-ERK in both cell lines upon treatment with CCT196969 (Fig 6). In addition, p-
AKT protein level was downregulated in the H1 cell line (S3 Fig).

CCT196969 reduces viability of BRAF inhibitor resistant cells

To assess the effects of CCT196969 on BRAF inhibitor resistant cell lines, we first developed
BRAF inhibitor resistance in the H1 and Wm3248 cell lines. Viability studies confirmed signif-
icant differences in vemurafenib sensitivity between the H1 and H1-R cell lines, and for the
Wm3248 and Wm3248-DR cell lines (Fig 7A and 7C).

To the investigate the effects of CCT196969 on vemurafenib-naïve metastatic melanoma
cell lines and their drug-resistant counterparts, viability studies were performed. For the lowest

Fig 2. CCT196969 treatment reduces tumour sphere growth in MBM cell lines in a dose-dependent manner. (A) Representative phase-contrast
microscopic images (20x objective) of the H1, H2 and H3 cell lines at different concentrations of CCT196969; untreated, 0.1 and 1 μM. Scale bars = 100 μm. (B)
Representative viability curves of the 3 cell lines with the mean IC50 dose of the triplicates. (C) Mean tumour sphere volumes (in mm3) measured after 10 days
exposure to different CCT196969 concentrations: untreated, 0.01, 0.05, 0.1 and 1 μM for the H1 and H2 cell lines, and untreated, 0.05, 0.1, 0.5 and 1 for the H3
cell line.

https://doi.org/10.1371/journal.pone.0273711.g002
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concentrations of CCT196969, significant differences in viability were observed for the H1 and
H1-R cell lines, similar to what was also found for Wm3248 and Wm3248-DR cell lines (S1
Table). Both the vemurafenib-naïve and the resistant cell lines showed a dose-dependent
reduction of viability when treated with CCT196969 (Fig 7B and 7D), although the effect on
the resistant cell lines were less compared to the vemurafenib-naïve cells when treated with
0.1, 0.5 and 1 μM CCT196969. There were no significant differences in viability between the
sensitive and resistant cell lines when treated with 2 μM CCT196969 (Fig 7B and 7D).

Discussion

Around 90% of melanomas express abnormal activation of the MAPK pathway [8], providing
a strong rationale for clinical use of BRAF and MEK inhibitors. However, primary and second-
ary resistance mechanisms significantly impede the clinical utility of these drugs, and second-
line treatments are scarce. Developing new therapies, one should also take into account that
MBMs have distinct expression patterns as compared to extracranial metastases [27]. PI3K
and STAT3 pathway overexpression drive development of MBM and also confers survival and
resistance during MAPK treatment [28, 29]. Here, we show for the first time that CCT196969
targets multiple key signalling pathways in MBM and effectively inhibits growth, migration,
and induces apoptosis in several BRAF inhibitor sensitive and resistant MBM cell lines in
vitro.

Viability studies demonstrated that the IC50 doses were in the range of 0.18–2.6 μM, which
is in line with previous studies using CCT196969 and other SFK inhibitors in primary mela-
noma cell lines [15, 24, 30] and metastatic melanoma [31]. Interestingly, the H3 cell line,

Fig 3. CCT196969 reduces migration in MBM cell lines. (A) Representative microscopic images (10x objective) of
the H1, H2 and H3 cell lines displaying differences in wound confluency at 72 h, untreated or exposed to 0.5 or 1 μM
of CCT196969. Scale bar = 300 μm. (B) Representative graphs of the wound confluency in the H1, H2 and H3 cell lines
during 72 h. The experiments were done in triplicates.

https://doi.org/10.1371/journal.pone.0273711.g003

PLOS ONE CCT196969 inhibits melanoma brain metastasis

PLOS ONE | https://doi.org/10.1371/journal.pone.0273711 September 9, 2022 8 / 16

https://doi.org/10.1371/journal.pone.0273711.g003
https://doi.org/10.1371/journal.pone.0273711


which harbours a BRAFL577F mutation of unknown clinical relevance and mutations in NRAS
and EGFR, displayed an IC50 dose similar to the BRAFV600E mutated cell lines. It has previously
been shown that the IC50 dose of the BRAF inhibitor vemurafenib was around 10-fold higher
in the H3 cell line compared to the H1 cells [32]. This suggests that CCT196969 may be an
effective treatment in melanomas that carry other pathogenic mutations than BRAFV600E. In
addition, treatment of NRAS-mutated cell lines with BRAF inhibitors is known to reactivate
the MAPK pathway through BRAF/CRAF dimerisation [12, 13], thereby inducing increased
signalling and proliferation. This reactivation may be avoided by simultaneously targeting SFK
and several RAFs using CCT196969.

Tumour spheres are generally more representative than monolayers in mimicking tumour
growth in vivo [33]. CCT196969 treatment of tumour spheres inhibited growth with IC50

doses around 15–47 times lower as compared to monolayers. This is in line with other findings
[34] and indicates that the MBM cells are more drug sensitive when grown in an anchorage
independent manner.

Melanoma is well known for its unique metastatic properties, exhibiting increased migra-
tion and invasiveness, as well as aggressive local invasion and early metastatic dissemination
[35]. It has been shown that MBMs may be found in more than 70% of autopsies in patients
with advanced melanoma [36]. At doses less than the IC50 doses, we found that CCT196969
inhibited MBM cell migration in H1, H2 and H3 cells. This indicates that CCT196969 at lower
concentrations inhibits migration but may also be partly due to reduced cell proliferation.

Previous reports have also suggested that SFK inhibitors decreased migration and invasion
in melanoma cells [37, 38]. The Src/Abl inhibitor dasatinib eliminated all SFK activity in

Fig 4. CCT196969 induces apoptosis in MBM cell lines. Annexin V labels apoptotic cells and propidium iodide labels necrotic cells. (A) Representative dot
plots of the H1 cell line treated with selected concentrations of CCT196969; untreated, 1, 2 and 4 μM. (B) Percentage of viable cells, early apoptotic and late
apoptotic and dead cells in the H1, H2 and H3 cell lines. The experiments were done in triplicates. Abbreviations: Q1: Viable cells, Q2: Early apoptotic cells, Q3:
Late apoptotic cells, Q4: Necrotic cells. !: p< 0.05, !!: p< 0.01, !!!: p< 0.001, !!!!: p< 0.0001.

https://doi.org/10.1371/journal.pone.0273711.g004
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primary melanoma, with no concurrent effects on ERK1/2 protein kinases. Cell migration and
invasion were inhibited before affecting cell viability or cell proliferation [39]. Inhibition of
cell migration by SFKs and effects on melanoma cell proliferation have also been demonstrated
[15, 30], yet the literature remains inconclusive as to possible in vivo effects [40]. Taken
together, SFK activity seems to inhibit cell migration in MBM cells and in primary melanoma,
at doses below IC50 and without affecting cell proliferation.

CCT196969 effectively induced apoptosis in the H1, H2 and H3 cell lines in a dose depen-
dent manner, with 90% to 95% of the cells being apoptotic at a concentration of 4 μM. Mor-
phological examinations demonstrated typical apoptotic traits. Morphologically, the H1 cell
line displayed an elongated, spindle-like shape after treatment, while the H2 and H3 cells
appeared wider with reduced focal adhesion. Changes observed in the H1 cells resemble an
epithelial-mesenchymal transition (EMT), which has been previously reported for MBM cells
treated with MAPK inhibitors [26, 41].

Apoptosis was confirmed by Western blotting, showing increased levels of the apoptotic
marker cleaved caspase-3 in cells treated with 2 μM and 4 μM CCT196969. Cleavage of cas-
pase-3 leads to activation of the caspase cascade, which plays a crucial role in both the intrinsic

Fig 5. CCT196969 upregulates expression of cleaved caspase-3 in MBM cell lines. (A) Western blots showing
cleaved caspase-3 from H1 and H3 cells, untreated or treated with 1, 2 or 4 μM CCT196969 for 24 h. (B) Quantification
of Western blots against the loading control GAPDH in ratio with the bands of the highest concentration of
CCT196969. Due to no expression of cleaved caspase-3 in the untreated groups, expression of cleaved caspase-3 in the
highest concentration group was set to 1.0. The experiments were done in triplicates. Abbreviations: ns: not significant,
!: p< 0.05, !!!!: p< 0.0001.

https://doi.org/10.1371/journal.pone.0273711.g005
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and extrinsic apoptotic pathways, and thus execution of apoptosis [42]. Previous work has
shown increase in cleaved caspase-3 in vemurafenib-resistant melanoma cell lines after treat-
ment with 1 μM CCT196969 [24].

CCT196969 is a pan-RAF and SFK inhibitor, targeting both the MAPK and STAT3 path-
ways. CCT196969 has been shown to target mutated BRAF, CRAF and SFKs in BRAF-mutated
primary melanoma cell lines, resulting in decreased expression levels of p-MEK and p-ERK
[24]. In our study, CCT196969 downregulated p-ERK, p-MEK, p-STAT3 and STAT3 in the
H1 and H3 cell lines. The H3 cell line has mutations in NRAS and EGFR, making both the
MAPK and STAT3 pathways relevant targets. Targeting of the STAT3 pathway is a crucial
point, as activation leads to increased production of vascular endothelial growth factor
(VEGF), an angiogenic factor important for tumour development, invasion, and metastasis
[15, 43]. Both pathways have also been shown to be upregulated in BRAF inhibitor resistant
cells [15, 44]. Due to STAT3 and MAPK pathway crosstalk, inhibition of one pathway may
lead to upregulation of the other; targeting both pathways simultaneously would likely exhibit
a stronger inhibitory effect on tumours [45].

Our results also indicate that CCT196969 may have an inhibitory effect in the PI3K path-
way in MBM through downregulation of p-AKT (S3 Fig). Hyperactivation of the PI3K path-
way is more common in intracranial than extracranial metastases [46], and is therefore a key
target in MBM patients. Whether CCT196969 would be effective against tumours gaining
resistance through PI3K-signalling remains unknown. As CCT196969 has been suggested as a
potential second line treatment for BRAF inhibitor resistant melanoma and first line therapy

Fig 6. CCT196969 downregulates expression of STAT3, p-STAT3, p-MEK and p-ERK in MBM cell lines. (A)
Western blots from H1 and H3 cells, untreated or treated with selected doses of CCT196969; 1, 2 and 4 μM. (B)
Quantification of Western blots normalised against the loading control GAPDH and in ratio with the untreated
control. The experiments were done in triplicates. The graphs show the mean with SEM. Abbreviations: ns: not
significant, !: p< 0.05, !!: p< 0.01, !!!: p< 0.001, !!!!: p< 0.0001.

https://doi.org/10.1371/journal.pone.0273711.g006
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for NRAS- and BRAF-mutated melanoma [24], combination therapy with PI3K inhibitors
should be investigated in the future.

CCT196969 inhibited cell viability in a dose-dependent manner in our vemurafenib resis-
tant metastatic cell lines. There were no significant differences in cell viability between the
BRAF inhibitor resistant and sensitive cell lines at 2 μM, indicating that CCT196969 could be
effective against BRAF inhibitor resistant melanoma. We did not investigate the mechanisms
responsible for the acquired resistance, but upregulation of the MAPK, STAT3 or PI3K path-
ways all serve as likely mechanisms. A clinical study using patient-derived xenografts from
patients obtained before and after receiving vemurafenib treatment, found elevated levels of p-
SFK and p-ERK in the vemurafenib resistant tumours after treatment [24]. The resistant
tumours were not sensitive to the vemurafenib analogue PLX4720 but were still responsive to
treatment with CCT196969 [24].

In a previous study, EGFR was hyperphosphorylated in 4 out of 5 tumours from patients
with acquired or intrinsic resistance to vemurafenib, leading to a hyperactivation of the
STAT3 pathway [15]. In the present study, CCT196969 displayed anti-proliferative and apo-
ptotic effects in the H3 cell line harbouring an EGFR pathogenic mutation, and treatment with
CCT196969 downregulated p-STAT3. CCT196969 seems to be an effective inhibitor of cell
viability in EGFR-mutated melanoma, as well as in BRAF inhibitor resistant melanoma which
has achieved resistance with upregulation of the STAT3 pathway.

Fig 7. Cell viability in the vemurafenib-naïve and resistant cell lines after exposure to increasing concentrations of
vemurafenib (A, C) and CCT196969 (B, D). (A) Dose response curves after exposure to vemurafenib for H1 and H1-R
using the following concentrations: untreated, 1, 2, 4 and 6 μM. (B) Dose response curves for H1 and H1-R after
exposure to CCT196969 using the following concentrations: untreated, 0.1, 0.5, 1 and 2 μM. (C) Dose response curves
after exposure to vemurafenib for Wm3248 and Wm3248-DR using the following concentrations: untreated, 1, 2, 4
and 6 μM. (D) Dose response curves for Wm3248 and Wm3248-DR after exposure to CCT196969 using the following
concentrations: untreated, 0.1, 0.5, 1 and 2 μM. Abbreviations: ns: not significant, !!: p< 0.01, !!!!: p< 0.0001.

https://doi.org/10.1371/journal.pone.0273711.g007
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Drug penetrance through the blood brain barrier (BBB) is a central challenge in treatment
of intracranial metastases. Previous studies on CCT196969 have demonstrated conflicting
results on BBB penetrability [31]. In vitro experiments showed that CCT196969 was not a sub-
strate for two important efflux transporters (P-glycoprotein (P-gp) and breast cancer resis-
tance protein (Bcrp)), but in vivo studies found enhanced brain distribution without these
transporters [31]. To establish the potential clinical value of CCT196969, toxicity issues, drug
dosage, penetrance of the BBB and the significance of drug efflux pumps in drug delivery
should be investigated before further in vivo treatment experiments are carried out.

In conclusion, we found CCT196969 to be an effective inhibitor of MBM proliferation,
growth, and survival in vitro. Further in vivo studies should be performed to determine its
therapeutic potential, as it has been shown to have good bioavailability and to be well tolerated
in mice [24]. CCT196969 may serve as a potential first line treatment for patients with NRAS-
or EGFR-mutated MBMs, and as second line treatment for patients with intrinsic or acquired
resistance towards MAPK inhibitors.

Supporting information

S1 Fig. Viability curves of cells grown as monolayers after treatment with increasing doses
of CCT196969. (A) Representative graph of the H6 cell line treated with increasing doses of
CCT196969 (0.0001–50 μM) for 72 h. (B) Representative graph of the H10 cell line treated
with increasing doses of CCT196969 (0.0001–50 μM) for 72 h. The experiments were per-
formed in triplicates. (C) Representative graph of the Wm3248 cell line treated with
increasing doses of CCT196969 (0.0001–50 μM) for 72 h. The experiments were performed in
duplicates.
(TIF)

S2 Fig. Flow cytometric analysis of apoptosis in the H2 and H3 MBM cell lines after treat-
ment with CCT196969. Annexin V marks apoptotic cells and Propidium Iodide marks
necrotic cells. (A) Dot plots of the H2 cell line treated with selected concentrations of
CCT196969; untreated, 1, 2 and 4 μM. (B) Dot plots of the H3 cell line treated with selected
concentrations of CCT196969; untreated, 1, 2 and 4 μM. The experiments were done in tripli-
cates. Abbreviations: Q1: Viable cells, Q2: Early apoptotic cells, Q3: Late apoptotic cells, Q4:
Necrotic cells.
(TIF)

S3 Fig. CCT196969 downregulates expression of p-AKT in the H1 cell line. (A) Western
blot bands from H1 cells treated with selected doses CCT196969; untreated, 1, 2 and 4 μM. (B)
Quantification of protein bands normalised against the loading control GAPDH and in ratio
with the untreated control. The experiments were done in triplicates. Abbreviations: !:
p< 0.05, !!!: p< 0.001.
(TIF)

S1 Table. Statistical testing of the effects of single drug treatment on cell lines. Statistical
testing of cell survival, comparing untreated cells with cells treated with either CCT196969 or
vemurafenib at different concentrations. Results show p-values from T-test comparisons of
cells treated with the given concentrations vs untreated control of corresponding cell line.
(TIF)

S1 Raw images.
(TIF)
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Supplementary Information  
 
S1 Fig. Viability curves of cells grown as monolayers after treatment with increasing 
doses of CCT196969. 
(A) Representative graph of the H6 cell line treated with increasing doses of CCT196969 
(0.0001–50 μM) for 72 h. (B) Representative graph of the H10 cell line treated with 
increasing doses of CCT196969 (0.0001–50 μM) for 72 h. The experiments were performed 
in triplicates. (C) Representative graph of the Wm3248 cell line treated with increasing doses 
of CCT196969 (0.0001–50 μM) for 72 h. The experiments were performed in duplicates. 
 
S2 Fig. Flow cytometric analysis of apoptosis in the H2 and H3 MBM cell lines after 
treatment with CCT196969. 
Annexin V marks apoptotic cells and Propidium Iodide marks necrotic cells. (A) Dot plots of 
the H2 cell line treated with selected concentrations of CCT196969; untreated, 1, 2 and 4 
μM. (B) Dot plots of the H3 cell line treated with selected concentrations of CCT196969; 
untreated, 1, 2 and 4 μM. The experiments were done in triplicates. Abbreviations: Q1: 
Viable cells, Q2: Early apoptotic cells, Q3: Late apoptotic cells, Q4: Necrotic cells. 
 
S3 Fig. CCT196969 downregulates expression of p-AKT in the H1 cell line. 
(A) Western blot bands from H1 cells treated with selected doses CCT196969; untreated, 1, 
2 and 4 μM. (B) Quantification of protein bands normalised against the loading control 
GAPDH and in ratio with the untreated control. The experiments were done in triplicates. 
Abbreviations: *: p < 0.05, ***: p < 0.001. 
 
S4 Raw WB images 
 
S1 Table. Statistical testing of the effects of single drug treatment on cell lines. 
Statistical testing of cell survival, comparing untreated cells with cells treated with either 
CCT196969 or vemurafenib at different concentrations. Results show p-values from T-test 
comparisons of cells treated with the given concentrations vs untreated control of 
corresponding cell line. 
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