@ﬁ SPANDIDOS
,3,‘ PUBLICATIONS

ONCOLOGY LETTERS 17: 4170-4175, 2019

Molecular and cellular stratagem of brain metastases
associated with melanoma (Review)

ANA-MARIA BUGA'?, ANCA OANA DOCEA?, CARMEN ALBU?, RAMONA DENISE MALIN?,
DACIANA ELENA BRANISTEANU*, GABRIEL IANOSI°, SIMONA LAURA IANOSI®,
ANDREI IORDACHE’ and DANIELA CALINA’

Departments of 'Functional Science, zToxicology, and °N eurology, University of Medicine and Pharmacy of Craiova,

200349 Craiova; 4Department of Dermatology, University of Medicine and Pharmacy ‘Gr. T. Popa’, 700115 Iasi;

Departments of 5Surgery, 6Dermatology, and "Clinical Pharmacy, Dermatopharmacy and Cosmetology,

University of Medicine and Pharmacy of Craiova, 200349 Craiova, Romania

Received September 6, 2018; Accepted December 17, 2018

DOI: 10.3892/01.2019.9933

Abstract. Tumors of the central nervous system are the most
prevalent complications of melanoma, especially in the late
stage of disease. Melanoma, lung and breast cancer are the
leading cause of secondary tumors in the brain, the majority of
them having a poor outcome. Brain dissemination is developed
in half of stage IV melanomas and these cases can increase
up to 75%, having a major impact on the quality of life. This
review will focus on recent findings that provide new ways to
potentially prevent brain metastases in malignant melanoma.
The key of these findings is based on the heterogeneity of the
melanoma and of the brain metastases at genetic levels. This
new era of technologies provides new tools in understanding
the dissemination mechanisms of malignant cells. The cellular
and molecular changes, the immune status of the patient and
the blood-brain barrier permeability are key regulators of
cancer cell dissemination. Understanding these mechanisms
can render new hope in preventing brain metastases by
focusing on melanoma and new pharmacologic approaches.
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1. Introduction

Cutaneous melanoma is one of the most aggressive types of
skin cancer that has its origins in cutaneous melanocytes,
especially among the white population. Recent epidemiolog-
ical data showed an increased incidence in Europe (13.2 new
cases for 100.000 persons) (1).

Melanoma progression depends on many factors such as:
i) Accumulation of genetic mutation that promotes dissemina-
tion in other organs; ii) the key factors that allow cell survival
to metastatic sites. The central nervous system (CNS) tumors
have the most frequent complications in the evolution of many
types of cancers. Melanoma, lung and breast cancer are the
leading cause of brain secondary tumors with poor outcome.
Brain dissemination is associated with stage IV melanoma
in >60% of cases, having a poor neurological outcome or
increased incidence of psychiatric disorders, with a major
impact on the quality of life (1).

Due to the progress of neuroimaging techniques there
can be an early discovery of asymptomatic brain secondary
tumors that used to be underdiagnosed before. This can be an
explanation for the increased incidence of brain dissemina-
tion over the past decades. The length of time needed from
the beginning of the carcinogenesis process until effective
intervention can be critical for minimizing irreversible CNS
lesions. Therefore, we need to implement an efficient multi-
modal approach of brain secondary tumor management that
has to take into consideration: i) The specific physiological,
biochemical and molecular pattern of BM; ii) the structural
and biological barriers developed to create a highly protective
environment.

Many research studies were focused on stage IV mela-
noma with brain metastases in order to develop an effective
treatment protocol, but many of them have failed in clinical
trials. One important factor that can have a major impact in
the clinical management of melanoma is to properly identify
the risk factors that can promote the BM development (2).
Also, since it is well-known that the melanoma cells have a
higher potential to disseminate into the brain, understanding
the cellular and molecular mechanisms that allow these cells
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to disseminate and survive in the CNS microenvironment is
crucial for the future of clinical management in these patients.

Previous studies have shown that age, sex and race are
important factors (besides melanoma staging) that contribute
to a certain variability when it comes to the incidence and drug
resistance of BM. Men are associated with a higher incidence
(79% of cases were reported in males) than women, probably
due to epigenetic factors (3-5) or specific sex-associated meta-
bolic pathways. Identifying a specific genetic and epigenetic
pattern can be the key in preventing the BM in order to extend
the lifespan and to improve the quality of life in melanoma
patients.

Therapeutic options for BM associated with melanoma are
limited. The most frequent approach for BM includes local
surgical intervention for tumor resection, radiation therapy or
stereotactic radiosurgery. Lately, new promising therapeutic
approaches have been used in clinical management of advanced
stage melanoma (e.g., immunological therapies). Due to BM
drug resistance, recent studies were focused on developing
systemic agents that can be effective in BM treatment and that
can achieve the optimal therapeutic concentration at tumor
site, many of them based on nanoparticles (6,7). Despite the
sustained effort, some progress has been made, but we still do
not have an effective therapeutic strategy in BM management
because most of the nanoparticle-based therapies have many
effects (8-11).

However, some of the potential factors that contribute
to unsuccessful results in systemic drug delivery can be the
high selective permeability of brain blood-barrier (BBB), the
biochemical properties of the therapeutic agents or the drug
toxicity at therapeutic concentration. On the other hand, the
molecular pattern of BM is different from the original cells
and these molecular signatures can be a crucial factor in
therapeutic management. Therefore, a better understanding of
melanoma cell pathogenic profile, especially its genetic muta-
tions, is required.

2. BBB as barrier in the management of BM patients

A better understanding of the key molecular mechanisms that
are involved in BBB penetration by cancer cells can provide
an efficient model for effective drug design in BM treatment.
BBB is a protective structure that ensures the CNS homeo-
stasis (10,12). However, it is well-established that melanoma it
is one of the most spread malignant diseases that is associated
with brain secondary tumors (12). A tumor cell needs specific
mediators in order to interact, to penetrate the BBB and to
survive and proliferate in a highly selective brain microenvi-
ronment.

Penetration of the BBB is an important step in the meta-
static process. In order to cross the BBB, melanoma cells
promote the synthesis and secretion of growth factors such
as vascular endothelial growth factor (VEGF) (13,14). This
mechanism is important in allowing the cells to pass the
BBB using the neurovascular niche. BBB integrity is further
damaged by proteolytic enzymes such as matrix metallopro-
teinases (MMPs) or serin proteases (15,16). However, the full
mechanism of BBB penetration by melanoma cells is still not
understood. Other important factors that modulate chronic
inflammation in the brain are activated astrocytes that release
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pro-inflammatory molecules such as cytokines and chemo-
kines, therefore promoting neuroinflammation.

Previous studies have demonstrated that astrocytes, which
are involved in brain regeneration after injuries, could be
activated and reprogrammed by melanoma cells in order to
support the penetration, survival and proliferation of cancer
cells (17-20). Many changes can promote tumor progression
and BM. Astrocytes facilitate melanoma cell migration by
secreting CCR4 in the presence of astrocyte-secreted soluble
factors that promote a better migration of tumor cells (17).
Also, astrocytes can be reprogrammed by human brain-metas-
tasizing melanoma cells to express pro-inflammatory factors
like cytokine IL-23 and can increase the tumor invasion by
MMP2 secretion. However, astrocytes interact with melanoma
cells by paracrine signalling that upregulates the secretion of
the MMP2 (18).

However, malignant cells interact with neurovascular cells
and release signalling molecules that can inhibit the microglial
activation and therefore escape the CNS defence strategy (21).
The properties of neurovascular cells and mechanisms that act
as a protective environment for metastatic cells are still not
fully understood (Fig. 1).

3. Biomarkers in melanoma brain metastasis prediction

Many studies on BM in melanoma are focused on identifying
the gene expression or metabolic profile that are associated
with an increased risk of brain secondary tumor formation
and that can be used as predictive biomarkers of disease
progression (22-26). Nieder et al suggested that a combination
of Karnofsky performance status (KPS) and serum lactate
dehydrogenase (LDH) level significantly predicted survival in
BM patients (27).

Studies on cell cultures have tried to establish a pattern of
metabolic alteration and gene expression profile in melanoma
cells. Amino-malonic acid and phosphatidylinositol (PI) levels
were increased in melanoma cells, according to a study that was
performed by using normal human melanocyte (HEMn-LP),
low metastatic melanoma (A375, G361), and highly metastatic
melanoma (A2058, SK-MEL-28) cell lines (28). Phospha-
tidylinositol-3-kinases family (PI3K) is a family of enzymes
that play an important role in PI3K/AKT/mTOR pathway
and signal transduction of cell cycle regulation. This pathway
promotes cellular growth and differentiation of neural
cells (29). PTEN is a natural inhibitor of PI3K/AKT pathway
that acts by dephosphorylating PIP3 to PIP2 and decreases
AKTs capacity to bind to the cell membrane (30). Zhang et al
showed that the malignant cell lose PTEN expression in CNS
microenvironment. This process promotes cell growth and
proliferation by PI3K/AKT activation and increased microg-
lial CCL2 chemokine production (31).

Pharmacological inhibition of PI3K/AKT pathway
decreases the malignant cell proliferation by increasing
apoptosis (31-33). In addition, chemokine receptor CCR4 is
highly expressed in BM compared with primary tumor cells
and is associated with increased risk of brain dissemination
in melanoma. CCR4 is a receptor for CCL12 and CCLI17 that
promote BBB penetration (27). CCR4, their ligand CCL22 and
CCL17 can be included in the specific pattern of BM and can
be a target molecule in order to limit BM in melanoma (34).
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Figure 1. Brain metastases: i) Need a protective environment; ii) promote vasculogenesis; and iii) neurovascular niche is crucial for tumor development and

survival.

Melanoma progression is also associated with epigenetic
changes targeting key cellular pathways. The most important
epigenetic changes in melanoma progression are: i) histone
modifications, ii) non-coding RNA expression; and iii) DNA
methylation (35).

The small non-coding RNAs (miRNAs) that regulate
gene expression can promote the tumor progression or act as
tumor suppressors. Previous studies showed that the miR-15b
expression is increased in melanoma cells of highly agressive
tumors. In contrast, downregulation of miR-15b expression
can decrease tumor progression, increase the apoptotic path-
ways and can be an independent predictive marker of disease
progression (36). However, this potential of small non-coding
RNAs has not been yet fully explored. Due to large number of
genes that can be regulated by a miRNA molecule the speci-
ficity of cellular response can be decreased, which makes this
molecules difficult to be used in clinical settings. A research
study done by Hanniford er al, highlighted in three patient
cohorts a prognostic miRNA pattern (miR-150-5p, miR-
15b-5p, miR-16-5p and miR-374b-3p) that, according to the
stage of the disease, can predict the risk of developing brain
metastases (37).

Epigenetic modification of genes involved in immune
defence or apoptosis can be a powerful therapeutic target in
order to control the melanoma cell dissemination. The DNA
hypermethylation or histone acetylation status can predict
tumor progression by deregulating key signalling pathways
that control cell outcome, apoptosis or inflammation. Research
studies showed that demethylation of pro-apoptotic genes can
reactivate cell death pathways, but this mechanism is not fully
explored in melanoma cells (38).

Recent findings showed that the exosomes are key players
in malignant cell survival and interaction with the brain envin-
ronment. Exosomes are small vesicles (50-140 nm) formed by
mRNA, microRNAs and proteins from donor cells (miRNAs)

surrounded by a lipid bilayer. Exosomes secreted from many
cells including tumor cells and are an important player in tumor
progression strategy and drug response. The mechanism of
tumor progression exosome mediated pathways consists in the
ability to develop an environment that can support angiogen-
esis, tumor progression and premetastatic niche formation (39).
On the other hand, exosomes can promote tumor resistance and
progression by modulating the immune system, and by altering
the genetic and epigenetic factors (40).

Active molecules, such as astrocytic-derived microRNAs
are secreted as exosomes and they target malignant PTEN
expression in order to promote BM. Astrocytic exosome
inhibition can prevent BM (41). A multicentre study on
318 patients with breast cancer (84 with BM) highlighted
that fibroblast growth factor-inducible protein 14 (FN14) and
GRP94 are prediction/prognosis markers that can be used as
therapeutic targets in BM patients (42). However, this study
was performed in breast cancer patients and the results should
be carefully extrapolated in BM from melanoma due to the
specific molecular signature of the melanoma cells.

Other studies have identified some signalling molecules,
which are associated with penetration of the BBB in BM. Such
molecules as melanotransferrin or the activator of transcrip-
tion 3 (STAT?3) can facilitate the BBB crossing and it has a
predictive potential for BM formation (42,43).

However, there is a difference between the molecular
signature of primary melanoma, CNS secondary tumors and
non-CNS secondary tumors. Melanomas that express integrins
are associated with non-CNS (e.g., lung, lymph node) metas-
tases. CNS metastases are associated with expression of p75
NGF receptor (NGF-R) that promotes brain metastases (44).

Melanomas express a large number of genes that may
appear in the normal brain. This patter can contribute to the
mechanism of brain metastases in melanoma, or can be due to
the common neural crest origin of melanomas (44).
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Table I. Completed clinical trials for melanoma BM.
Study ID Therapy Targeted pathways Genetic mutation Combined therapy Refs.
NCT02000739  Genetically Comercial available drug No (29)
informed that specifically target
therapy the genetic mutation
NCTO01378975 Drug therapy  B-Raf/MEK/ V600E BRAF No (30)
(vemurafenib) ERK pathway mutation
NCTO02230306 Drug therapy = MAPK and V600E BRAF Cobimetinib/vemurafenib (32)
B-Raf pathway mutation
NCT02097732  Surgery/ Immune system CTL4A protein  Stereotactic radiosurgery/ (35)
drug therapy receptor ipilimumab
NCT01721603  Surgery/ B-Raf/MEK/ERK pathway; V600E BRAF Dabrafenib/radiosurgery; (33)
drug therapy MAPK pathway mutation Trametinib/radiosurgery
NCT00623766 Combined Immune system Ipilimumab/corticosteroids  (36,38-40)
drug therapy
NCTO01266967 Drug therapy  B-Raf/MEK/ V600E BRAF Dabrafenib (19.41,42)
ERK pathway mutation

%

Figure 2. From 88 registered clinical trials, 22 studies were in phase 1; 51 studies in phase 2; 5 studies in phase 3; and only 2 studies in phase 4.

4. Translational and clinical studies targeting BM specific
molecules in melanoma

In the last decade many clinical trials on melanoma thera-
peutic strategies were successfully implemented, but only
few of them have included BM patients. From 2,129 regis-
tered studies (www.clinicaltrials.com) on melanoma only
88 studies were performed on BM patients and 17 studies
are completed (Table I). From these studies, 22 studies are in
phase 1, 51 studies in phase 2, 5 studies in phase 3 and only
2 studies in phase 4 (Fig. 2).

The genetic pattern of brain secondary tumors can differ
significantly between patients and they can also differ from the
original tumor. Some studies were focused on establishing the
most efficient available drugs according to the genetic muta-
tion that was found by gene sequence analysis (45). Genomic
based therapeutic decisions were established as efficient tools
in different tumors. Only one clinical trial on genetic informed
therapy in melanoma BM was registered (NCT02000739) but
unfortunately has been retracted. However, the most aggres-
sive melanomas are associated with BRAF mutation. Many

Phase 1
Il Phase 2
Bl Phase3
[ Phase 4

clinical trials were addressed to B-Raf pathway inhibition.
A phase 2 clinical trial performed between 2011 and 2015
on 146 patients using an inhibitor of B-Raf pathway (vemu-
rafenib) has showed that vemurafenib is an efficient drug for
BM with B-raf mutation but not all BM are vemurafenib sensi-
tive (46,47). Therefore, other clinical trials were designed to
combine multiple pathway inhibitors or to combine surgical
and systemic therapy (e.g., immunotherapy). In these clinical
studies combined therapy targeted the co-inhibition of B-Raf
pathway with MAPK and PI3K-AKT pathway (47,48).
Combination of B-Raf inhibitor (vemurafenib) with MEK
inhibitor (cobimetinib) showed a median progression-free
survival of 9.9 months, which is 3 month longer than control
group. Also, the average of complete response was higher in
combined group (10%) compared to control group (4%) (48).
The association between radiosurgery and B-Raf inhibitor
drugs did not show any benefits and it was associated with
high radiation necrosis risk (49).

PI3K pathway plays an important role in the melanoma
progression. Preclinical models have proved that PTEN acts in
combination with BRAF V600E in order to promote melanoma
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progression. Targeting MEK and the PI3K pathways in animal
models can inhibit tumorigenesis (50). Clinical trial that target
PI3K and MEK pathway are ongoing. Also, CDK4 mutations
that were successfully performed on transgenic mice are now
tested on clinical trials (51).

5. Conclusion

For a long period of time, the only available therapeutic option
for BM associated with melanoma was the surgery and/or
the radiotherapy. Due to technological progress, new thera-
peutic options have started to show benefits. Immunotherapy,
molecularly targeted drugs or personalized gene therapies are
new promising tools in BM clinical management. However,
the other aspect of this new era is the increased risk of BM
since the survival time of patient with melanoma is increased.
Therefore, a new challenge consists in the management of latest
stage complications like BM. However, this is not an easy task
since we have substantial evidence that proves the increased
genomic variability between different locations of tumors.

However, many studies have showed that the tumor cells
undergo different mutations after interacting with a new
environment. This behaviour explains partially the failure of
different therapeutic strategies. Mutations of different signal-
ling pathways such as the PI3K/ATK/mTOR pathway can be
key factors that can provide new therapeutic strategies in order
to limit or prevent BM in melanoma. However, many clinical
trials failed to show a real benefit in BM therapy. One explana-
tion of this is the lack of standardisation in clinical trial design.

Many preclinical studies were performed on cell cultures
and did not prove the same efficacy in clinical trials. The
design of representative preclinical models is crucial for
successful translational results. The multimodal approach of
BM melanoma can offer a new perspective in BM treatment
associated to melanoma. Further research is needed in order to
establish the therapeutic window and association of available
targeted drugs taking into account the dynamic and genetic
variability of BM.
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