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ABSTRACT

Brain infiltration by cancer cells is a complex process in which metastatic cells detached from the primary tumor must firstly
survive in the blood flow, cross the blood brain barrier (BBB) and finally colonize a foreign microenvironment. The cells that
successfully bypass the cellular barriers surrounding capillaries, proliferate to form micrometastasis and trigger the angiogenetic
process. Different molecular mechanisms have been proposed to explain the metastatic behaviour of solid tumors that infiltrate
brain tissue; in this review the most recent findings concerning mechanisms and genes potentially involved in brain metastasis,
that differ according to primary tumor types, will be discussed. The three tumors that more frequently develop brain metastasis,
lung cancer, breast cancer and melanoma, will be considered and, in addition, the role of BBB and the process of endothelial to

mesenchymal transition in cancer metastasis will be briefly described.
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INTRODUCTION

The prognosis for cancer patients is strictly dependent on
the metastatic behaviour of the tumor. Each tumor displays
preferential sites were metastases more frequently develop
and patients survival depends upon the possibility to perform
surgery followed by oncological therapy and radiotherapy.
Indeed, these approaches are usually sufficient to eradicate
local oligometastases but unfortunately the picture is
different in the case of brain metastases (BM), which are
frequently associated with a poor prognosis.'! In the case
of BM, stereotaxic radiosurgery is a useful tool to reduce
local recurrence and achieve the same level of local control
of whole-brain radiation therapy, with fewer side effects and
comparable outcomes.?

BM affect up to 40% of metastatic cancer patients!'! and the
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tumors that most often spread to the brain are lung cancer
(30-50% of patients) and breast cancer (10-30% of patients),
with melanoma ranking at the 3rd place (6-10% of patients)."!
In many cases, the poor life expectancy associated with BM
is due to other widespread metastasis but this is not true for
melanoma patiens, who very early display BM that make
unsuccessful further therapeutic efforts.[

Without treatment, median survival for a patient with BM is
estimated to be about 3 months for a single lesion, although life
expectancy has recently increased due to enhanced diagnostic
tools that may even detect very tiny neoplastic formations.™!

Cancer cells traveling through the bloodstream eventually
colonize a vascular place, by adhering to endothelial cells, or
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cross the brain barrier to begin the process that leads to the niche
formation in the brain parenchyma. Thereafter cancer cells
grow and invade the brain tissues by different mechanisms,
such as expansive growth, multicellular migration and
individual cell migration.

On the other side, the host tissue re-organizes its structure
and vasculature recruiting stromal cells, such as fibroblasts,
endothelial cells and tumor-associated macrophages, that
sustain the tumor growth by producing and releasing extra-
cellular matrix (ECM) proteins, cytokines and growth factors.[®

METASTASISFORMATION:EPITHELIAL-
MESENCHYMAL TRANSITION

The epithelial to mesenchimal transition (EMT), identified
as one of the earliest steps of solid tumor progression, is
associated with tumor growth, invasion, metastasis and
contributes to the conversion of tumors from low- to high-
grade malignancy.l” In epithelium-derived carcinoma, the
EMT program induces a series of functional and structural
changes aimed at the formation of tumor cells that will be
able to invade surrounding tissues and lead to metastases
formation. Invasion is a key step to progression toward
a malignant phenotype and occurs when tumor cells
translocate from the relatively constrained initial neoplastic
mass into neighbouring host tissues. To accomplish this
task, cancer cells must somehow detach from the primary
tumor and migrate through the ECM, opening up the
opportunity to penetrate the basal membrane surrounding
a blood or lymphatic vessel, travel throughout the body via
the circulatory system, and colonize distant sites to form
metastatic foci. EMT is acknowledged to confer to cancer
cells the molcular features required for these tasks. During
EMT, in fact, epithelial cells undergo a developmental
switch that results in decreased adhesion and loss of cell
polarity, increased proliferation, motility and invasiveness;
these changes are associated with the downregulation of
epithelial cell surface markers and cytoskeleton components
(E-cadherin, zonula occludens-1, claudins, occludins,
cytokeratins) and the upregulation of mesenchymal markers
(vimentin and a-smooth muscle actin) together with ECM
components (collagens and fibronectin).®) Although the
molecular changes that occur in cancer cells during EMT
have been extensively documented, the molecular switches
that turn on EMT still represent an open question and a
crucial challenge because the possibility to inhibit this
process could be of great impotance in reducing metastatic
spread. In vitro and in vivo model systems have identified
several transduction pathways that lead to EMT and EMT-
like phenotypes, many of which connect EMT to the ECM
and the microenvironment surrounding tumors."!

Among these pathways, integrins and transforming growth
factor-beta (TGF-B) work synergistically to drive tumor
cells towards EMT.P!l TGF-B, in fact, is secreted as
inactive precursor in a complex with 2 peptides, latency

associated peptide (LAP) and latent TGF-B-binding protein
(LTBP). Its activation requires the dissociation from the
complex, that may also be achieved by several integrins.
The LAP peptides bound to TGF-p1 and TGF-3 contain
an Arginine-Glycine-Aspartate (RGD) motif that can be
recognized by the RGD-binding integrins (avp3, avps,
a5P1); this binding activates a driving force that leads to
breaking of LAPs and LTBP binding to TGF-f3 and releases
the active form of TGF-B.'%!2I Integrin inhibitors with
different molecular structures have been studied and are
in clinical trials as anti-angiogenic agents or in support of
other anti-cancer therapies, therefore integrin antagonists
could represent a valuable and near-at-hand tool to inhibit
the integrin dependent TGF-B activation and eventually
reduce metastatic spread.!']

Lung, breast cancer and melanoma are tumors that display
the EMT phenotype,["*!5 and in lung cancer, the expression
of markers of this transition has been associated with
prognosis.['é'*1 This link between EMT and malignancy is
further supported by the finding that, in other cancer types,
EMT markers are overexpressed in 40% of tissue samples
and are associated with vascular invasion and advanced
clinical stage.['”!

Once in the brain tissue, during reimplantation, the
circulating tumor cells have been shown to undergo a
mesenchimal to epithelial transition, thus reversing the
EMT, to reacquire some of the original epithelial features
necessary to survive in the new environment.%

The knowledge of EMT mechanisms could clearly be an
invaluable tool in defining molecular markers predicting
tumors metastatic behaviour and prognosis and in
identifying targets for new molecules that could inhibit the
EMT process.

THE ROLE OF MICRO-RNAS

A number of recent studies has identified micro-RNAs
(miRNAs) as key regulators of cancer cells survival and
metastatic spread. Indeed, approximately 30% of human
genes are likely to be regulated by miRNAsP! and miRNAs
have been shown to regulate a variety of biological
processes, including cell proliferation, cell differentiation
and cell death.”” In this section miRNA involved in
metastases, though with different molecular mechanisms
are described.

miRNAs are an endogenous, highly conserved class of
non-coding 20-24 nucleotides small RNAs that regulate
gene expression at post-transcriptional level by binding
to 3’-UTR of target mRNAs, thus leading to inhibition
of mRNA translation and degradation.?’! Several reports
have elucidated the role of certain miRNAs as a class of
oncogenes or tumor suppressors, depending upon their
targeted genes.* In addition, several studies have reported
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that miRNAs genomic locations are frequently associated
to genomic regions involved in cancer. It has been
calculated that about 50% of known miRNAs are located
inside or close to fragile sites in minimal regions of loss
of heterozygocity, regions of amplifications and common
breakpoints associated with cancer.?>2¢)

These studies indicate that miRNAs represent key players in
cancer development and moreover, accumulating evidence
demonstrates that miRNAs can also influence multiple steps
of metastasis such as EMT, tumor cell migration, invasion
and colonization.?”

The miR-200 family (miR-200a, miR-200b, miR-200c,
miR-141 and miR-429) and miR-205 were the first group
of miRNAs found downregulated in various tumors that
underwent EMT progression. Members of the miR-200
family inhibit the EMT process by positively regulating
E-cadherin expression through direct targeting of ZEBI
and ZEB2, transcriptional repressors of E-cadherin.
Furthermore, expression of the miR-200 family in
mammary carcinoma cells induced mesenchymal-epithelial
transition by up-regulating E-cadherin expression and
inhibited migration of these tumor cells,?® thus suggesting
that downregulation of these miRNAs may be an important
step in tumour progression.

miR-145 was found downregulated in several tumor types
including breast, gastric, lung, ovary, prostate cancer
and esophageal squamous cell carcinoma and notably,
accumulating evidence indicates that the processing of
miR-145 is also involved in cancer metastasis.?>?°! In breast
cancer, miR-145 suppress breast cancer cell line invasion
and metastasis by targeting mucin-1, a glycoprotein that
can help tumor cells to escape immunosurveillance;” in
addition, miR-145-dependent regulation of 3’UTR of the
JAM-A and fascin decreased motility and invasiveness of
MDA-MB-231, MCF-7 and other breast cancer cells.*"

miRNA analysis could also be intrumental for prognostic
purposes: in a retrospective study on 256 melanoma patients,
divided into three cohorts, four miRNAs (miR-150-5p, miR-
15b-5p, miR-16-5p and miR-374b-3p) were identified as a
prognostic signature that, in combination with stage, was
able to distinguish primary melanomas that metastasized
to the brain from non-brain metastatic primary tumors.?
Although at the present time the biological significance of
these miRNAs disregulation may be difficult to understand,
nevertheless the notion, togheter with classical staging
parameters, could be of great importance to clinicians to set
specific therapeutic strategies.

Interestingly, miRNA can also modulate gene expression
in adjacent cells within the microenvironment and even in
distant cells, since miRNAs have been detected in the blood
and in other body fluids;?*¥ indeed, circulating miRNAs,
extra-cellular vesicles-and exosomes-associated miRNA

are extensively studied as potential biomarkers in different
cancer types.>

Exosomes are 40-100 nm vesicles secreted by a wide range
of mammalian cell types, including cancer cells.? miRNAs
shuttled by exosomes involved in cancer metastases have
been found to be implicated in angiogenesis and tumor
niche formation.B3¢3"

Recently, an interesting study reported a new and
unexpected mechanism by which a miRNA contributes to
metastatic spread in the brain; the miR-181c contained in
cancer-derived extra-cellular vescicles, carrying proteins
and miRNAs, promotes the destruction of blood brain
barrier (BBB) through delocalization of actin fibres via the
downregulation of 3-phosphoinositide-dependent protein
kinase-1 in vitro and in vivo.’® The breakdown of BBB
triggered by miR-181c can easily open the way to brain
parenchyma to circulating cancer cells.

A very recent study has demonstrated that miRNAs
contained in exosomes released by human and mouse tumors
that metastasize to lung, liver or brain, like breast cancer,
trigger cellular changes in target organs by promoting the
formation of tumoral niche and organ-specific invasion.
The organ sites where tumor derived exosomes take contact
and release their content is related to integrins expressed
on the exosomes surface: a6p4 preferentially interacts with
lung cells, avB5 mediates exosomes delivery to liver.*”

These new findings suggest that the exosome miRNAs
content and integrin expression can be useful to predict the
tendency of primary tumors to metastasize and to determine
the preferential organ sites of future metastases; in addition,
this evidence highlights the role of integrins as potential
valuable targets to inhibit exosomes interactions with
metastatic sites.

CROSSING THE BBB

The key step during BM formation is the migration of cancer
cells through BBB. Anatomically, the BBB is formed by
brain microvascular endothelial cells (BMVECs), that form
tight junctions without pores, and perivascular elements
including pericytes, astrocytes, oligogendrocytes and the
basement membrane. This complex structure represents
a physical barrier for cells and molecules, selected on the
basis of their molecular weight and charge. In addition,
this barrier regulates the diffusion processes and the brain
parenchyma homoeostasis by highly selective transport
mechanisms mediating flux of solutes and molecules and by
ametabolic barrier consisting of highly specific enzymes.[*"!

Tumor cells recognize and bind to components of the
vascular membrane, thereby initiating extra-vasation and
promoting the formation of the tumoral niche that will
host the new neoplastic formation. The brain vascular
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endothelium is therefore very important in counteracting
cell extra-vasation but, nevertheless, cancer cells adopt
different strategies to overcome this obstacle. Although
the exact molecular mechanisms that trigger BM are still
poorly understood, increasing evidence are shedding new
light on the processes underlying the ability of cancer cells
to cross the BBB.

In a transendothelial migration model, highly metastatic
melanoma cells migration has ben found to be mediated by
interaction of the a4f1 integrin with its ligand vascular cell
adhesion molecule-1 (VCAM-1) on the surface of activated
endothelial cells. VCAM-1 is expressed by endothelial cells
only upon activation by inflammatory stimuli like TNF-a
or interferon-vy, suggesting that highly metastatic melanoma
cells preferentially leave the blood vessels at sites of
inflammation. !

In a very similar experimental model, the matrix metallo-
proteinase 1 (MMP1) was found to play a critical role in
BBB penetration; in parallel experiments cyclooxygenase-2
(COX2)-mediated prostaglandin  synthesis promotes
proliferation of tumor initiating cells by activating
tumor-associated astrocytes followed by secretion of the
chemokine CCL7.1+

The process of transendothelial migration of melanoma
cells has been further investigated by other in vitro studies
showing that the ability of these cells to cross the BBB is
related to melanotransferrin expression levels on the cell
surface, to the fibrinolytic system and to serine proteases
released by melanoma cells.[*]

This accumulating evidence indicates that inflammatory
stimuli cotribute to the formation of breaches in BBB and of
a suitable surrounding in the brain parenchyma for cancer
cells.

However, in contrast with these findings, other in vivo
studies suggest that trasendothelial cancer cells migration
does not necessarily imply a damage to vascular endothelial
cells: metastatic breast cancer cells, in mice, were found
to cross the endothelium in correspondence of sites where
the vessel wall shows discontinuity sites without causing
apoptosis or hypoxia in endothelial cells.[*]

Another interesting in vivo study demonstrated by
multiphoton laser scanning microscopy that in the mouse
brain the essential steps in melanoma and lung cancer
metastasis formation were first the arrest at vascular branch
points and after extra-vasation, perivascular growth in close
contacts to microvessels.[*”]

In this scenario, the interactions of metastatic tumor
cells with BMVECs appear to be regulated by a number
of effectors and mediators and represent a key step of
metastasis formation; however, the cellular mechanisms
that lead to BBB extra-vasation appear to be strictly related

to cancer cells features and therefore linked to the primary
tumour characteristics.""!

Two very recent studies have demonstrated that meningeal
lymphatic vessels are present in mouse central nervous
system (CNS) and display all the classical features of
lymphatic vessels.[**> These findings have highlighted a
new path for cerebrospinal fluid flux and for immune cells
leak, opening interesting avenues for future researches on
BM formation.

LUNG CANCER

Lung cancer is the leading cause of cancer-related deaths
worldwide and is characterized by rapid progression
and metastases to brain that develop within months of
diagnosis and simultaneously affect different organs
besides the brain.’! Lung cancer is classfied into two
broad histological sub-types: Non-small-cell lung cancer
(NSCLC), representing about 85% of diagnoses, and
SCLC, accounting for the remaining 15%; NSCLC is
further classified into adenocarcinoma, squamous-cell
carcinoma, and large-cell carcinoma.’? SCLC and NSLC
are traditionally considered as different cancer types
but increasing evidence supports the notion that the two
histological sub-types can coexist. This mixed histology
reinforces the hypothesis of common mutated precursors
for the two cancer types thus complicating prognosis and
therapy.l*?

Although several mechanisms concerning lung cancer cells
survival strategies have been elucidated, the early molecular
processes leading to BM are still poorly understood.

In SCLC patients BM are associated with poor prognosis.
Previous evidence indicated that attachment to brain
microvasculature represented the first step for tumor
cell extra-vasation and growth.’® In particular, it was
demonstrated that the interaction of SCLC cells with
human BMVEC:s triggers the disassembly of tight junctions
between brain endothelial cells and contributes to SCLC
cells transendothelial migration,’*>! thus suggesting that
brain microvasculature and mechanisms that regulate
cell-cell adhesion are likely to play an important role in
SCLC metastasis to brain. An intriguing mechanism was
highlighted in a study reporting that the interaction of
SCLC cells with BMVECs induces tumor cells to secrete
annexin Al into tumor metastastic microenvironment. The
secreted annexin A1, previously reported to be upregulated
in human lung cancer and to be related to poor prognosis,
in turn promoted SCLC cells adhesion to brain endothelium
and transendothelial migration.%57

Other studies have shown that SCLC cells are abundantly
surrounded by ECM components, including collagen
IV, tenascin, fibronectin and laminin; high expression of
these components is associated with a poor prognosis.r
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Adhesion of SCLC cells to the ECM components requires
B1-integrins, whose activation results in suppression of
chemotherapy-induced apoptosis by stimulation of the
PI3K-dependent pathway.’” Thus, ECM via Bl integrin-
mediated PI3K activation confers to SCLC resistance to
apoptosis, allowing SCLC cells to survive even in presence
of DNA damage.

Taken together, this evidence indicates that adhesion
processes play important roles in SCLC cells survival
strategies linked to metastasis and furthermore suggest that
interference with adhesion molecules or receptors could be
an interesting topic for future researches.

Approximately 40% of all NSCLC patients suffer from BM.
The prognosis of patients with BM of NSCLC is remarkably
poor, with a median survival time of 1-2 months for
untreated patients and 6 months for those receiving surgery,
radiotherapy and chemotherapy./®” While SCLC metastatic
brain tumors do not respond to systemic chemotherapy
and poorly respond to molecularly targeted therapies,™
NSCLC patients frequently display activating epidermal
growth factor receptor (EGFR) mutations.[®) Complete and
partial response rates to tyrosine kinase inhibitors have been
recorded in clinical studies with gefitinib and erlotinib!*6
and these treatments improved overall survival (OS) rates.
However, other genes or genetic alterations have been
reported to be involved in BM of lung cancer.

An interesting study performed by microarray in lung
adenocarcinoma and squamous cell carcinoma samples has
shown different expression profiles of EMT-related genes
in primary tumors compared to tumor-derived BM.[%
In particular, BM had signifi cantly lower integrin avp6
and N-cadherin expression than the primary tumors, thus
supporting the hypothesis that the disseminated tumor cells,
deriving from primary tumors with marked mesenchymal
features, once inside the brain, undergo the reverse process
of EMT called mesenchymal-to-epithelial transation.

Gene expression profiles of miRNAs in lung cancer,
aimed at identifying molecular markers as predictor of
patient survival, identified several miRNAs targeting genes
involved in crucial pathways such as the EGFR- and KRas-
dependent pathways.[65:¢¢]

miR-145, a miRNA involved in metastatic spread in
several cancer types and discussed above, has been found
to be downregulated in the BM compared to primary lung
adenocarcinoma samples and its upregulation in lung
adenocarcinoma cells suppresses proliferation of tumor
cells.

The mechanism by which miR-145 causes these latter
effects was hypothesized to be the targeting c-Myc, EGFR
and NUDT1;!”" however, in vitro invasion assays did not
confirm that upregulation of miR-145 was implied in lung
adenocarcinoma cancer cell migration and invasion.

The miR-145 expression levels were not significantly
different between primary lung adenocarcinoma samples
with and without lymph node involvement®” and recent
studies have found a downregulation of miR-145 expression
in lung cancer primary tumors and BM. Silencing of miR-
145 was found to contribute to BM via downregulation of
the fascin homolog 1 (FSCNI) protein, an actin-binding
protein involved in cell migration, and upregulation of
miR-145 target protein, such as EGFR, OCT-4, MUC-1,
c-MY, %% that are involved in cell proliferation and survival.

miR-328 has been associated with NSCLC BM and
mediates NSCLC migration. In patients with BM, the
elevated expression of miR-328 in both primary and brain
metastatic NSCLC samples suggests that this miRNA may
be involved in driving the access of metastatic cells to the
brain. In agreement with this finding, in vitro miR-328 over-
expression in A549 and H1703 cells was shown to increase
cell migration.l’”

Another class of RNAs termed long non-coding RNAs
(IncRNAs) appear to play a role in lung cancer metastasis
spread. IncRNAs are a class of non-protein coding
transcripts, longer than 200 nucleotides, associated with
the progression of cancer. Some members of the IncRNAs
family are involved in metastases formation such as the
metastasis-associated lung adenocarcinoma transcript 1
(MALAT1), HOX anti-sense intergenic RNA, and anti-
sense non-coding RNA in the INK4 locus.’ In lung cancer
cells MALAT-1 was found to enhance cell motility by
modulating the expression of motility-related genes’ and
to promote lung cancer BM by inducing EMT in both in
vitro and in vivo NSCLC models."

Another documented mechanism involved in BM
formation is represented by integrin receptors activation.
Several studies that have investigated avp3, avp5 and avp6
expression in BM and corresponding primary tumorst’*’¥
found that avB3 activation strongly promotes metastatic
growth in the brain by inducing endothelial cell proliferation
and network formation.!””

Interestingly, a recent study performed on formalin fixed
paraffin-embedded human primary NSCLC and BM
specimen showed that expression of avp3, avp5 and avp6
integrins is associated with pathological parameters such
as enhanced tumor cell proliferation index and increased
hypoxia-inducing factor (HIF-1a) expression. Moreover,
avf3 and avpB5 were mainly expressed on proliferating
endothelium of sprouting vessels, in agreement with
previous observations that have hypothesized their
involvement in neoangiogenesis./’®!

Among factors that stimulate vascular proliferation and
vessel formation, MMP have been shown to promote
endothelial cell migration and induce vascular endothelial
growth factor (VEGF) release, leading to development of
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angiogenic vasculature.’” In agreement with these findings,
in lung carcinoma BM a correlation between MMP2 and
angiogenesis was also found."® In this study tumors
expressing MMP2 display a more proliferating vasculature
at the tumor-brain interface compared to MMP2-negative
tumors, suggesting that MMP2 expression may be a key
player in this process by enhancing both invasion and
vascularization.

Fibroblast growth factor receptor 1 (FGFR1) signaling has
repeatedly been described as a critical permissive factor for
distant spread of cancer cells through induction of EMT,
interaction with neural cell adhesion molecule neural
cell adhesion molecule and N-cadherin or upregulation
of osteopontin and matrix metalloproteases.’” FGFRI
amplifications are common in squamous cell carcinoma and
rare in adenocarcinoma of the lung but a recent study found
enrichment of FGFR1 amplifications, not related to patients
survival, in BM of NSCLC and adenocarcinomas (5-fold
more frequent than in primary tumors) suggesting a specific
role of FGFR1 in metastasis formation.

In order to identify new molecular features associated to
BM formation, chromosomal copy number alterations
in NSCLC samples was performed; selectively amplified
regions of primary lung adenocarcinomas (5935, 10g23 and
17q23-24) were identifi ed as signifi cantly associated with
the development of early BM within 3 months after first
diagnosis of primary tumors. Interestingly, those regions
were found to contain putative metastasis promoting
genes, such as NeurLIB, ACTA2, FAS and ICAM2,*" but
the biological significance of these amplifi cations still
remains to be elucidated.

BREAST CANCER

Breast cancer types are routinely classified on the basis of
clinical parameters (age, lymph node status, tumor size,
histological grade) and pathological markers that usually
direct clinicians for the therapy [estrogen receptor (ER),
progesterone receptor (PR), human epidermal growth factor
receptor 2 (HER2)]. During the last 15 years, 5 sub-types of
breast cancer have been identified, on the basis of molecular
markers: luminal A, luminal B, HER2-enriched, basal-like
and claudin-low.®!

In patients with breast cancer BM are less common than
bone or visceral metastases and frequently represent a late
event; nevertheless, up to 16% of metastatic breast cancer
patients develop clinically significant BM while autopsy
studies showed that up to 30% of patients actually develop
brain disease.l*5

Several risk factors have been associated with the
development of BM in patients with metastatic breast
cancer, particularly the young age (35 or younger), HER2-
enriched sub-type and triple-negative breast cancer (ER",

PR", HER2").®3 Patients with HER2-positive metastatic
breast tumors are 2-4 times more likely to develop CNS
tumors than patients with HER2-negative disease®® and
patients with triple negative breast cancer and basal like
breast cancer (BLBC) also appear to be at a high risk for
developing BM.14

The HER2/neu gene is amplified in 20-25% of primary
breast cancer cases; however, gene expression profiles can
vary between the primary tumor and metastatic formations
and therefore it could not be correct to assume that the HER2
status of the metastatic tumor reflects that of the primary
tumor.® Biopsies of metastases could provide essential
informations in the case of HER2 expression discordance,
thus redirecting therapeutic strategies by clinicians. It was
found that loss of HER2-positive status in metastatic tumors
from patients with primary HER2-positive breast cancer is
related to therapeutic treatments with chemotherapy with or
without trastuzumab and in addition, patients with HER2
discordance between their primary and metastatic tumors
have shorter OS.[3]

Another study found that 243 genes were up or down-
regulated in brain metastatic cell lines, compared to the
primary tumor derived cell line® and that the expression
of 17 genes was correlated with brain relapse. Interestingly,
the expression of these 17 genes in breast tumors was not
associated with relapse to bones, liver or lymph nodes and
the association with brain relapse was significant within ER-
tumours and in patients who received no adjuvant therapy.
A sub-set of these 17 genes that includes prostaglandin-
synthesizing enzyme COX2, collagenase-1 (MMPI),
angiopoietin-like 4, LTBP1 and FSCNI, the putative
metastasis suppressor retinoic acid receptor responder three
and heparin-binding EG plays fundamental roles in cell
extra-vasation and invasion and in general, in supporting
cancer cells migration and survival.[-!

Among the genes upregulated in breast cancer BM, an
important role is also played by the a2,6-sialyltransferase
(ST6GALNACS) because its mRNA levels were found to
be notably higher in brain metastatic cells than in parental,
primary tumor derived cell lines.’®! Sialyltransferases
are a family of at least 18 different intra-cellular Golgi
membrane-bound glycosyltransferases that catalyse the
addition of sialic acid to gangliosides and glycoproteins.
Cell-surface sialylation has been implicated in cell-cell
interactions®® and metastatic cells overexpressing the
ST6GALNACS messenger, compared to the parental
cell lines, showa more marked adhesive behaviour to
monolayers of human primary brain endothelial cells.
Conversely, ST6GALNACS-knockdown decreased the
brain metastatic activity of BM derived cells.[

Another gene implicated in BM is hexokinase 2 (HK2).
HK2 is one of four members of the HK family that includes
HK1, HK2, HK3 and Glucokinase, enzymes involved
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in glycolysis by phosphorylating glucose to produce
glucose-6-phosphate. A microarray study, comparing gene
expression profiles of BM and primary breast tumors, found
an overexpression of HK2 in BM.*l HK2 is overexpressed
in several cancer types, compared to normal tissues, and its
overexpression is generally related to a poor prognosis;P4 its
upregulation in BM suggests that it could be instrumental for
cell growth under conditions of limited nutrient availability.

Also, in a recent work 86 matched BM and primary tumors
were analyzed by whole-exome sequencing and the authors
found that metastatic samples, though showing common
features with the primary counterpart, display alterations
particularly related to PI3K/AKT/mTOR, CDK, and
HER2/EGFR cascade.””

Another gene that appears to have a role in the metastatic
behaviour of breast cancer is the Forkhead-box
transcription factor C1 (FOXC1), essential for mesoderm
tissue development and highly expressed in the basal-
like (BLBC) and in the triple-negative breast cancer.
Overexpression of FOXC1 in BLBC cells and in MCF-7
cell line increases cell proliferation, migration, invasion
and anchorage-independent growth of MCF-7 cells in
soft agar.l”® The mechanism underlying FOXC1-mediated
invasive behaviour is the induction of MMP7 expression
in breast cancer cells and interestingly, both FOXCI and
MMP7 are overexpressed in BLBC samples, suggesting a
possible new molecular target for BLBC therapy.”

Finally, an analysis of circulating tumor cells (CTCs) from
breast cancer patients demonstrated that CTCs, circulating
as single cells or as clusters bound to platelets, express EMT
markers such as TGF-3 and FOXCI, thus supporting the
role of EMT in metastasic cells and indicating FOXC1 as a
reliable peripheral marker of breast cancer dissemination.*®

MELANOMA

Malignant melanoma is a frequently lethal malignant
tumor that accounts for 4% of all skin cancers but it is
responsible for 80% of skin-cancer deaths.”” BM are a
frequent complication in melanoma patients, and unlike in
other solid tumors, arise independently from other visceral
metastasis. Many melanoma patients are cured after
excision of the primary tumor but, in some cases, a disease
recurrence appears in different sites as metastatic lesions!!*”
suggesting that melanoma cells had already spread before
excision of the primary tumor.

Melanomas are classified into four major sub-types
according to their histological features: lentigo maligna
melanoma, superficial spreading melanoma, acral
lentiginous melanoma and nodular melanoma.l'® A series
of parameters are usually taken into account for patient
prognosis: tumor thickness, tumor location, histological
sub-type and ulceration. Melanoma classifi cation based on

genetic analysis are instrumental for prognosis and targeted
therapy;'®? for example, mutations of BRAF, particularly
the V600E and V600K mutations, have been identified both
in benign melanocytic proliferations and in all stages of
metastatic melanoma, with the frequency of 36-45% BRAF
mutations in primary melanomas and 42-55% in metastatic
melanomas. The presence of a BRAF mutation in patients
with primary melanoma appears to be related to the OS and
to a worse prognosis compared to patients who lack the
mutation.l'! Nearly 50% of melanoma BM display V600
BRAF mutation!!* and the analysis of BRAF alterations in
melanoma BM is of critical in the selection of patients for
targeted therapy with specific inhibitors.

In a very recent and extensive study the Cancer Genome
Atlas program performed a systematic characterization of
333 cutaneous melanomas at the DNA, RNA and protein
levels with the specifi ¢ goal to create a catalog of somatic
alterations with important and potential implications for
prognosis and therapy.[!*

The first step of metastasis formation, before detachment
from the primary tumor, is supposed to be represented by
EMT. During this step cancer melanocytes change their
adhesion properties and modify their gene expression
profiles that results in changes in the amount of integrins
and cadherins at protein levels,!'* associated to an increased
expression of EMT markers such as SNA1 (Snail and
twist), Wnt, Notch, SPARC and Hedgehog.'" Early-stage
melanocytes express CDH5/non-epithelial cadherin!!%”1%8!
that leads to the loss of epithelial adhesion properties and
to gain of mesenchimal progenitor cells features.

Melanoma metastatic cells are driven to lymph or
blood vessels by concentration gradients of cytokines,
chemokines, and growth factors.!'®! Like in other metastatic
tumors, in the bloodstream most cancer cells undergo
anoikis but a sub-set acquires some genetic modifications
that confer survival advantages such as anoikis resistance.
Deregulated activation of the PI3K/Akt pathway, in
particular the increased phosphorylation of Akt3, confers
resistance to anoikis to melanoma cancer cells and like in
other metastatic tumors, loss of phosphatase and tensin
homologue contributes to the Akt pathway deregulation
related to the tumor malignancy.[''!'!]

The circulating melanoma cancer cells that have acquired
the ability to survive in the circulatory system may also
form microaggregates with platelets or leucocytes and
travel protected in bloodstream.["! These microemboli,
once finding a niche in very small size capillaries, promote
extra-vasation in tissues displaying the appropriate feature
such as brain parenchyma.

It has been found that extra-vasation of melanoma
circulating cells is prompted by interleukin-8 (IL-8)
secretion by melanoma cells and IL-8 summons neutrophils
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to establish a connection between neutofils and molecular
cocrystals through interaction of ICAM-1 protein and B2
integrin.'"”! Subsequently, the neutrophil-melanoma cell
complex binds to endothelial cells of capillaries to promote
brain tissue invasion and metastasis growth.

Neoangiogenesis, prompted by VEGF release and increase
in levels of HIF-la, is another necessary step for the
tumor growth that regulates tumor cell-microenvironment
interactions.!"!?

Finally, in the brain, astrocytes forming and surrounding the
tumoral niche may play a protective role towards the tumor
cells growth, including melanoma BM, by priming reactive
astrocytosis or protecting tumor cells from cytotoxicity
induced by chemotherapeutic drugs.!''*

CONCLUSION

The emerging picture depicted here appears quite
complicated and the genes, with the related cellular
mechanisms, that have been found to be involved in
BM carry out a number of different but still interrelated
functions. In addition, a plethora of different cell types
like platelets, leukocytes, endothelial cells and astrocytes
cooperate all together to sustain the survival of metastatic
cells in the blood flow and in the brain parenchyma.

However, although the intrinsic complexity of BM appears
to be a daunting task, recent findings may boost the efforts
in the field. The development and refinement of existing
in vitro three-dimension models of BBB, traditionally
employed in the screening of drugs or molecule designed
to cross the BBB, could be used as a novel approach to
investigate the genotype and phenotype of cancer cells that
migrate through artifi cial BBBs.[!14!15]

Also, the previous mentioned breakthrough discovery of
the presence of lymphatic vessels in the brain could open
an avenue of cutting edge experimental approaches in the
study of CTCs and BM.
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