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ABSTRACT 

AIM: Metastatic spread of melanoma to the brain is a common and 
devastating manifestation of disease progression. Understanding 
the various molecular events is critical to develop new therapies for 
melanoma brain metastasis. 
METHODS: The literature-based review was conducted by 
searching for keywords in Pubmed using the search terms: 
‘melanoma’, ‘metastatic melanoma’, ‘brain metastasis’, ‘molecular 
basis’, ‘immunotherapy’ and ‘targeted therapy’. 
RESULTS: The molecular mechanisms implicated in melanoma 
brain metastasis include signaling pathways, proteases and surface 
markers involved in the formation of brain metastases. Dabrafenib 
(specific inhibitor of mutated BRAFV600E protein) may be more 
effective than vemurafenib (mutant BRAF inhibitor) for patients with 
advanced melanoma with brain metastases.

CONCLUSIONS: Since the central nervous system (CNS) lacks a 
lymphatic system, tumor cells can only reach the brain parenchyma 
by hematogenous metastasis formation. During this process 
metastatic cells need to traverse brain endothelial cells which in turn 
form the morphological basis of the blood-brain barrier (BBB). The 
most important cellular elements of the BBB are endothelial cells, 
astrocytes and pericytes. Targeted therapies are highly recommended 
to be incorporated into the multimodality management of melanoma 
brain metastasis. Nanoparticles have been studied extensively for 
drug delivery, to increase anticancer treatment efficacy. Drugs 
delivered by nanoparticles may have a longer biological life, due 
to packaging protection, and may be concentrated in the site of 
cancer due to enhanced permeability and retention (EPR) at cancer 
sites. Nanoparticles produce a constant release of delivered drugs. 
Nanoencapsulation of the recent FDA-approved drugs might be 
beneficial.
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INTRODUCTION
Brain metastasis is a major cause of morbidity and mortality in 
advanced melanoma[1]. Malignant melanoma is the third most 
common cancer leading to brain metastases after carcinomas of 
the lung and breast, having the highest propensity to metastasize to 
the brain of all primary neoplasms in adults. Autopsy data indicate 
a prevalence of 55-75% of brain metastasis in melanoma[2]. Brain 
metastasis contributes to death in nearly 95% of patients[2]. In 
general, the median survival from the time of diagnosis of cerebral 
metastases is less than 6 months[1]. A key event in brain metastasis is 
the migration of cancer cells through the blood brain barrier (BBB)
[3]. Since the central nervous system (CNS) lacks a lymphatic system, 
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tumor cells can only reach the brain parenchyma by hematogenous 
metastasis formation. During this process metastatic cells need to 
traverse brain endothelial cells which in turn form the morphological 
basis of the blood-brain barrier. Different cell surface and adhesion 
molecules, proteolytic enzymes and signaling pathways have been 
shown to facilitate invasive and migratory capacities of melanoma 
cells and their transfer through the blood-brain barrier[2]. The MAP-
kinase signaling pathways (including the mutations in BRAF) are 
critical in the development and progression of primary and brain 
metastatic melanoma[4]. BRAFV600E has been implicated in different 
mechanisms of melanoma progression, and principally the activation 
of the downstream MEK/ERK pathway, evasion of senescence and 
apoptosis, unchecked replicative potential, angiogenesis (through 
MEK-dependent activation of hypoxia-inducible factor (HIF)-1α and 
vascular endothelial growth factor), tissue invasion and metastasis 
(via upregulation of several proteins involved in migration, integrin 
signaling, cell contractility, tumor- and microenvironment-derived 
interleukin-8), as well as the evasion of immune response[5]. It is 
important that understanding the molecular mechanisms in melanoma 
brain metastasis could make substantial contributions to reducing 
mortality from melanoma.
    Treatments for melanoma brain metastases have included surgical 
resection for patients with a single or limited number of lesions, 
stereotactic radiosurgery, or whole brain radiation therapy (with or 
without surgery/stereotactic radiosurgery)[1]. It is becoming clearer 
that the genetic background of a certain patient (i.e., germline 
mutations) or a tumor should dictate its treatment regimen, and that 
targeted therapy against these tumor-specific alterations may be 
more efficacious[6]. Melanoma is a multifactorial disease whose risk 
depends on genetic susceptibility as well as on external factors[3]. 
Further understanding of the various molecular events that occur 
in melanoma brain metastasis is critical to develop new targeted 
therapies[7].

MATERIALS AND METHODS
Search strategies and selection criteria
The literature-based review was conducted by searching for 
keywords in Pubmed using the search terms: ‘melanoma’, ‘metastatic 
melanoma’, ‘brain metastasis’, ‘molecular basis’, ‘immunotherapy’ 
and ‘targeted therapy’. Only papers published in English and 
focusing on the association between the molecular mechanisms and 
melanoma brain metastasis were included.

RESULTS
This paper will outline the new insights of molecular mechanisms 
and clinical implications in melanoma brain metastasis. Molecular 
mechanisms are classified into 5 groups.

Group 1. Signaling pathways (PI3K/AKT and BRAF/MAPK) 
involved in the formation of brain metastases
    1. Mitogen activated protein kinase (MAPK) signaling 
pathway:
    The MAP-kinase signaling pathways (including the mutations in 
BRAF) are critical in the development and progression of primary 
and brain metastatic melanoma[8]. Among the BRAF mutations 
observed in melanoma, over 90 % are at codon 600, and among these, 
over 90 % are a single nucleotide mutation resulting in substitution of 
glutamic acid for valine (BRAFV600E)[9].
    Clinical aspect: Vemurafenib, a selective BRAF inhibitor (BRAFi), 
has been approved by the US Food and Drug Administration for the 
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Figure 3 Histological examination of the tumor.

treatment of unresectable or metastatic melanoma in patients with 
BRAFV600E mutations[10].
      Mechanisms of BRAFi resistance: 
    It is noteworthy that resistance to vemurafenib occurred rather 
quickly in melanoma patients and the median progression-free 
survival was only 5.3 months[10]. The majority of BRAF mutant 
melanomas responds to BRAF inhibitors (BRAFi) rapidly but 
acquires drug resistance within a median time of 6-7 months. The 
specific mechanisms of acquired BRAFi resistance are variegated but 
fall under two core pathways: (1) reactivation of RAF-MEK-ERK 
MAPK signaling, and (2) activation of MAPK-redundant signaling 
via the receptor tyrosine kinase (RTK)-PI3K-AKT pathway, which is 
parallel but interconnected to the MAPK pathway[11].
    Dabrafenib (GSK2118436) is a stronger and specific inhibitor of 
mutated BRAFV600E protein[12]. A dedicated phase 2 study was 
conducted to further examine the effect of dabrafenib in those with 
untreated, or previously treated but relapsed, brain metastases. In 
BRAFV600E melanoma patients, the overall intracranial response 
rates (OIRRs) in untreated patients and in previously treated patients 
were 39% and 31%, respectively. The intracranial disease control 
rate (defined as complete+partial response+stable disease) was 80%–
90%. In BRAFV600E patients in both cohorts, the median PFS was 
16 weeks and the median OS was 31-33 weeks[13].
    Clinical results: Dabrafenib has activity and an acceptable safety 
profile in patients with BRAFV600E-mutant melanoma and brain 
metastases irrespective of whether they are untreated or have been 
previously treated but have progressed[13].
    In order to address the problem of resistance to therapy with BRAF 
kinase inhibitors associated with reactivation of the mitogen-activated 
protein kinase (MAPK) pathway, Flaherty and colleagues conducted 
a phase 1 and 2 trial of combined treatment with dabrafenib, a 
selective BRAF inhibitor, and trametinib, a selective MAPK kinase 
(MEK) inhibitor[14].
    Clinical results: These results revealed that dabrafenib and 
trametinib were safely combined at full monotherapy doses with 
significant improvement of response rate and progression-free 
survival. The rate of complete or partial response with combination 
therapy (150 mg of dabrafenib and 2 mg of trametinib) was 76%, 
as compared with 54% with monotherapy (p = 0.03). Median 
progression-free survival in the combination group (150 mg of 
dabrafenib and 2 mg of trametinib) was 9.4 months, as compared 
with 5.8 months in the monotherapy group (hazard ratio for 
progression or death, 0.39; 95% confidence interval, 0.25 to 0.62; 
p<0.001)[14].
    Several common nanoparticles, including liposome, polymersomes, 
dendrimers, carbon-based nanoparticles, and human albumin, have 
been used to deliver chemotherapeutic agents, and small interfering 
ribonucleic acids (siRNAs) against signaling molecules have also 
been tested for the treatment of melanoma. Nanoparticles have been 
studied extensively for drug delivery, to increase anticancer treatment 
efficacy. Drugs delivered by nanoparticles may have a longer 
biological life, due to packaging protection, and may be concentrated 
in the site of cancer due to enhanced permeability and retention (EPR) 
at cancer sites. Nanoparticles produce a constant release of delivered 
drugs[15]. Nanoencapsulation of the recent FDA-approved drugs (e.g., 
vemurafenib, ipilimumab), using proper nanocarriers, or rational 
combination of these drugs with available adjuvant nanotherapeutics 
might be beneficial as they might enhance the overall pharmacological 
features (e.g., bioavailability and targeting)[16].
     2. The phosphoinositide 3-kinase (PI3K)-AKT pathway:
   Davies and colleagues reported that BRAF-mutant tumors had 
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higher levels of phosphorylated AKT-Ser473, phosphorylated AKT-
Thr308, and phosphorylated GSK3alpha/beta than NRAS-mutant 
tumors. Brain metastases had significantly higher phosphorylated 
AKT and lower PTEN than lung or liver metastases[17].
    Clinical implication: These findings have implications for the 
rational development of targeted therapy for melanoma brain 
metastasis[17]. PI3K, PDK1 and AKT are targets for therapeutic 
purposes in melanoma. PI3K inhibitor, LY294002, works through 
ATP competetive inhibition, preventing the phosphorylation of PI3K. 
Continuing down the AKT signaling pathway, the next attractive 
target is PDK1. UCN-01 is a nonselective inhibitor of PDK1. AKT 
inhibitor, Perifosine, functionally inhibits the activation of AKT by 
preventing phosphorylation at both sites within the activation loop, as 
well as impeding AKT membrane translocation[18].

Group 2. Proteases involved in the formation of brain metastases
    The role of serine proteases in the formation of brain metastases:
   Melanoma cells coming in contact with cerebral endothelial cells 
(CECs) disrupted the tight and adherens junctions of CECs. During 
this process melanoma cells produced and released large amounts of 
proteolytic enzymes, mainly serine proteases[2]. 
    Clinical implication: The serine protease inhibitor Pefabloc® was 
able to decrease to 44-55% the number of melanoma cells migrating 
through CECs[2].

Group 3. The surface biomarkers involved the formation of brain 
metastases
     1. Melanotransferrin and its clinical implication:
    Administration of a single dose of a monoclonal antibody (L235) 
directed against human melanotransferrin (MTf) significantly 
reduced the development of human melanoma brain metastases in 
nude mice[19].
    Clinical implication: The data suggested MTf as an attractive 
target and demonstrated the therapeutic potential of an anti-MTf 
monoclonal antibody for preventing metastatic melanoma[19].
     2. Integrins:
   Vogetseder and colleagues investigated the expression of αvβ3, 
αvβ5, αvβ6 and αvβ8 integrins in primary malignancies and 
metastases to brain of breast, lung and renal carcinomas and in 
malignant melanoma. Integrin αvβ3 expression was increased in brain 
metastases compared to primary cutaneous melanoma (p < 0.01)[20].          
    Clinical implication: αv-integrins may be therapeutic targets for 
patients with melanoma brain metastasis[20]. Cilengitide is a cyclized 
pentapeptide peptidomimetic designed to compete for the arginine-
glycine-aspartic acid (RGD) peptide sequence that regulates integrin 
ligand binding. Specifically, cilengitide selectively and potently 
blocks the ligation of the αvβ3 and αvβ5 integrins to provisional 
matrix proteins such as vitronectin, fibronectin, fibrinogen, von 
Willebrand factor, osteopontin, and others. These integrins play a 
significant role in tissue remodeling and angiogenesis and contribute 
to the growth and malignancy of a wide range of cancers[21]. αv-
integrin antagonists not only disrupt tumor angiogenesis but in some 
cases have a direct impact on the growth and malignant properties of 
tumor cells themselves[21]. Cilengitide is currently in clinical phase II 
for treatment of metastatic melanoma[22].

Group 4. Other biomarker involved in the formation of brain 
metastasis
Endothelin receptor B:
Cruz-Munoz and colleagues identified alterations in expression of 
endothelin receptor B (EDNRB) as a potential factor that influenced 

brain metastasis. Induced overexpression of this gene mediated 
enhanced overall metastatic disease, and resulted in an increased 
incidence of spontaneous CNS metastases[23]. 
    Clinical implication: The identification of an influential role of 
EDNRB in CNS melanoma spontaneous metastasis may provide both 
a target for therapeutic intervention as well as a potential prognostic 
marker for patients having an increased predisposition for incidence 
of CNS melanoma metastases[23].

Group 5. Monoclonal antibody: Ipilimumab
Ipilimumab, a fully human, IgG1 monoclonal antibody, blocks 
cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4), a negative 
regulator of T cells, and thereby augments T-cell activation and 
proliferation[24]. 
    Clinical results: Ipilimumab in combination with dacarbazine, as 
compared with dacarbazine plus placebo, improved overall survival 
in patients with previously untreated metastatic melanoma[24]. 
Margolin and colleagues conducted an open-label, phase II trial 
in patients with melanoma brain metastases. Fifty-one patients in 
cohort A were neurologically asymptomatic and were not receiving 
corticosteroid treatment at study entry; 21 patients in cohort B were 
symptomatic and on a stable dose of corticosteroids. When the brain 
alone was assessed, 12 patients in cohort A (24%) and two in cohort 
B (10%) achieved disease control[25]. These preliminary data point 
to the encouraging efficacy of ipilimumab against active melanoma 
brain metastases.
    The completed clinical trials of melanoma brain metastasis are 
summarized in table 1, and the clinical trials of melanoma brain 
metastasis currently in progress are summarized in table 2.

CONCLUSIONS
Melanoma brain metastasis, a common and devastating manifestation 
of disease progression, remains not well understood.
    Vemurafenib, a selective BRAF inhibitor, has been approved 
by the US Food and Drug Administration for the treatment of 
unresectable or metastatic melanoma in patients with BRAFV600E 
mutations. Compared with dacarbazine chemotherapy, vemurafenib 
significantly improved the 6-month overall survival of patients. 
The median progression-free survival for vemurafenib is only 5.3 
months. Dabrafenib has activity and an acceptable safety profile in 
patients with BRAFV600E-mutant melanoma and brain metastases 
irrespective of whether they are untreated or have been previously 
treated but have progressed[13]. The duration of benefit is usually 
brief because of the development of acquired resistance. Dabrafenib 
and trametinib were safely combined with significant improvement 
of response rate and progression-free survival[14]. Preliminary data 
demonstrated the encouraging efficacy of immunotherapy using 
monoclonal antibody, ipilimumab, against active melanoma brain 
metastases[25]. Ipilimumab in combination with dacarbazine, as 
compared with dacarbazine plus placebo, improved overall survival 
in patients with previously untreated metastatic melanoma[24]. In the 
near future, there will most likely be additional targeted therapies 
and immunotherapies for metastatic melanoma. The critical issues 
will include the design of small molecule inhibitors that have a high 
penetrance across the blood-brain barrier as well as immunotherapies 
that can drive more anti-melanoma cytotoxic T cells into the 
CNS[12]. Nanoencapsulation of the recent FDA-approved drugs (e.g., 
vemurafenib, ipilimumab), using proper nanocarriers, or rational 
combination of these drugs with available adjuvant nanotherapeutics 
might be beneficial as they might enhance the overall pharmacological 
features (e.g., bioavailability and targeting)[16].
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Table 1 Completed Clinical Trials of Melanoma Brain Metastasis.
Author

Dummer2013

Long  2012

Falchook  2012

Margolin 2012

Chiarion-Sileni 
2011

Papadopoulos 
2011

Phase

II

II

I

II

III

I

No. patients

24

172

184

72   
cohort A:51  
cohort B:21

150

16

Intervention

Drug: Vemurafenib

Drug: Dabrafenib

Drug: Dabrafenib

Drug: Ipilimumab

Drug:         
CTI: cisplatin, temozolomide- and 
dacarbazine   
CDI: cisplatin, dacarbazine and 
interleukin-2

Drug:  temozolomide, thalidimide, 
and lomustine

Main results
Overall PR: 10/24 (42%)            
Median PFS: 3.9 months            
Median OS:5.3 months
BRAFV600E patients:                
OIRR in untreated patients: 39%        
OIRR in previously treated patients: 31% 
median PFS in both cohorts: 16 weeks    
OS in both cohorts:31-33 weeks
No deaths or discontinuations resulted from adverse events.                      
Response rate (Val600Glu BRAF-mutant): 21/27 (78%)
Disease control rate in the brain:      
Cohort A: 12/51 (24%)              
Cohort B:2/21 (10%)                       
Ipilimumab has activity in some patients with advanced 
melanoma and brain metastases.  
Development of CNS metastasis:       
CTI: 24/74 (32%)                    
CDI: 34/75 (45%)                 
Median OS:                        
CTI: 8.4 months                     
CDI: 8.7 months                     
No difference in toxicity was observed between the two arms.
PR: 2                              
SD: 2                              
The combination therapy is safe and well tolerated .

Ref.

[26]

[11]

[27]

[18]

[28]

[29]

Table 2 Clinical Trials of Melanoma Brain Metastasis Currently in Progress.

Clinical Trial

A Phase 2 Prospective 
Trial of Dabrafenib With 
Stereotactic Radiosurgery 
in BRAFV600E Melanoma 
Brain Metastases
Phase 2 Study of 
Neoadjuvant Vemurafenib 
in Melanoma Patients With 
Untreated Brain Metastases
A Phase 2 Study of 
Vemurafenib in Metastatic 
Melanoma Patients With 
Brain Metastases

Melanoma Gamma 
Knife (Phase 3)

Ipilimumab and Whole-
Brain Radiation Therapy or 
Stereotactic Radiosurgery 
in Treating Patients With 
Melanoma With Brain 
Metastases (Phase 1)
Whole Brain Radiotherapy 
Following Local Treatment 
of Intracranial Metastases of 
Melanoma (Phase 3)

Estima. No.
Patients

39

34

146

80

24

200

Condition

BRAFV600E 
Melanoma   
Patients

Melanoma

Melanoma

Melanoma brain 
Metastases

Recurrent 
Melanoma;  
 Stage IV Melanoma;   
Tumors Metastatic 
to Brain

Intracranial 
Metastases of 
Melanoma  

Intervention

Drug:  Dabrafenib;   
Procedure:  Gamma  
Knife  Radiosurgery

Drug: Vemurafenib

Drug: Vemurafenib

Radiation: SRS; 
Radiation: WBRT;   
Behavioral:Cognitive 
Function Tests;
Behavioral: 
Questionnaires8436

Drug: Ipilimumab;   
Radiation: Whole-Brain 
Radiation Therapy;   
Radiation: Stereotactic 
Radiosurgery

Radiation: Whole-Brain 
Radiation Therapy

Study Start 
Date

April 2013

April 2013

July  2011

August 2012

Nov. 2012

Oct. 2007

Ref.

[30]

[30]

[30]

[30]

[30]

[30]

PR: partial response; SD: stable disease; PFS: progression-free survival; OS: overall survival; OIRR: overall intracranial response rate; Cohort A: No 
corticosteroid; Cohort B: Corticosteroid required.

Estimated Study 
Completion Date

October 2015

March 2016

December 2013

Not available

November 2019

June  2016

Estimated Primary 
Completion Date

January 2015

March 2015

December 2013

August 2016   

 
November 2017

June 2015
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