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tumor cell homing in the brain and to 
indicate potential targets for preventive 
and therapeutic strategies.

METASTATIC DISSEMINATION
Metastatic progression is usually 

described as a sequence of distinct 
steps, termed a “metastasis cascade.” 
Briefly, these steps include local inva-
sion, intravasation into the circulation 
(either directly into the bloodstream 
or via lymphatics and lymph nodes), 
survival in the circulation, arrest in 
a new organ, extravasation into the 
surrounding tissue, and initiation and 
maintenance of growth at the distant 
organ site (Figure 1) (6–8). All of these 
steps must be completed to give rise 
to a secondary lesion and the success 
of the process depends not only on the 
features of tumor cell, but also on local 
and distant environmental factors, at 
both cellular and molecular levels (9). 
Some primary lesions shed tens of 
thousands of tumor cells into the circu-
lation on daily basis, but few secondary 
tumors eventually develop, implying 
that tumor cells frequently fail to 
complete all of the steps of metastatic 
cascade (6). It has been demonstrated 
that the early steps of metastasis, from 

the complexity of cancer biology and 
include the following: self-sufficiency in 
proliferative signals, evasion of growth 
suppression, cell death resistance, 
replicative immortality, induction of 
angiogenesis, dysregulation of energy 
metabolism, avoidance of immune 
destruction and initiation of tissue inva-
sion and metastasis (3).

 While early detection of many 
primary tumors often allows success-
ful treatment and cure, detection of 
metastatic cancers, and, in particular, 
brain metastases, is usually associ-
ated with poor prognosis and high 
mortality (4,5). The purpose of the pres-
ent review was to examine the literature 
and summarize the current knowledge 
of metastatic progression, focusing on 

INTRODUCTION
The term “cancer” is used to describe 

a heterogeneous group of more than 
100 diseases, defined by dynamic changes 
in the genome that lead to uncontrolled 
cellular growth (1). Behind cardiovascular 
disease, cancer is the second leading 
cause of death in the majority of devel-
oped countries, with foreseen increased 
incidence in low- and middle-income 
countries in the upcoming decades (2). 
Each cancer type has its own character-
istics, but several functional capabilities, 
acquired through alterations in normal 
cellular function, are considered integral 
components of all human cancers and are 
essential for their development, growth 
and dissemination (3). Those capabilities 
serve as a framework for understanding 
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after arriving at the secondary site is 
considered a major source of failure 
in the metastatic process (4,10,11). 

higher efficiency compared with the 
final events of metastatic progres-
sion. Apoptosis of tumor cells shortly 

the time that cells enter the systemic 
circulation until they extravasate into 
secondary sites, are completed with 

Figure 1. The metastatic cascade. Tumor cells that acquired an invasive phenotype detach from the primary lesion, invade the sur-
rounding tissues and move toward neighboring blood vessels. Then tumor cells intravasate into the blood circulation are carried by the 
flow, usually until they arrest by size restriction in small capillaries at the distant site. In the following step, tumor cells exit the circulation 
and invade the foreign microenvironment. In a secondary site, tumor cells can exist as small pre-angiogenic micrometastases, solitary 
dormant tumor cells or dormant micrometastatic lesions. To develop into an active macrometastatic lesion, the tumor cells must evade 
destruction by host defense mechanisms, adapt to the new microenvironment, initiate proliferation and create vascular network. Very 
few extravasated tumor cells are able to accomplish these tasks, and the majority of them undergo apoptosis.
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INTRAVASATION
Crossing the endothelial barrier is 

commonly considered a rate-limiting 
step against tumor dissemination 
during metastatic progression (26). 
Two routes are used by tumor cells to 
cross the endothelial barrier: paracel-
lular and transcellular transendothelial 
migration (TEM) (Figure 2) (25,26). 
Paracellular TEM involves disruption 
of endothelial cell junctions between 
neighboring endothelial cells, which 
allows tumor cells to squeeze between 
them. Tumor cells induce endothelial cell 
junction opening by secreting a variety 
of factors (25). For example, transform-
ing growth factor (TGF)-β and vascular 
endothelial growth factor (VEGF) were 
reported to locally reduce endothe-
lial barrier function by disrupting the 
VE-cadherin–β-catenin complex and 
therefore inducing endothelial cell junc-
tion opening (25,27,28). Some tumor cells 
during TEM secrete pro-apoptotic factors, 
which results in permanent damage to 
the endothelium (25). In addition, TAMs 
can promote TEM of tumor cells by 
secreting tumor necrosis factor-α, which 
induces opening of endothelial junctions 
(7,25). Transcellular TEM refers to the 
migration of tumor cells directly through 
the endothelial cell body, and this route 
of TEM seems to be used by tumor cells 
less often than the paracellular migratory 
mechanism (29). It is hypothesized that 
the mechanism of intravasation depends 
on the structural features of the vessels 
and on the cancer type (25).

SURVIVAL IN THE CIRCULATION
As tumor cells intravasate into blood 

vessels, they encounter an entirely dif-
ferent microenvironment. It is estimated 
that as few as only 0.01% of all tumor 
cells entering the bloodstream survive to 
create secondary lesions (9,23,25). Var-
ious challenges, including mechanical 
destruction caused by the shear stress 
of the blood circulation and surveil-
lance by immune cells, make the blood 
a particularly severe environment for 
a metastasizing cell (23). Tumor cells 
developed several strategies designed to 

including breast and colon carcinoma, 
prostate cancer, as well as melanoma (14).

 To invade the stroma, tumor cells 
must overcome the basement mem-
brane. The degradation of the base-
ment membrane barrier is achieved 
though active proteolysis by matrix 
metalloproteinases (MMPs) (5,16). 
Whereas the function of MMPs is com-
plex and they affect multiple signaling 
pathways, in cancer, their principal tasks 
are to downregulate cellular adhesion 
and degrade extracellular matrix (ECM), 
paving the way through the periph-
eral tissue to the blood or lymphatic 
vessels (16). It has been suggested 
that the expression of MMPs might be 
particularly important in the process 
of migration of tumor cells through 
the blood–brain barrier (BBB). Indeed, 
MMP-9 was found to be overexpressed 
in brain metastatic lung adenocarcinoma 
cells, whereas it has been demonstrated 
that MMP-2 plays a crucial role in brain 
metastasis formation of breast cancer 
and melanoma cells (17–19). MMPs 
secreted by metastasizing tumor cells 
disrupt tight junctions, which are pro-
teins that seal brain microvascular endo-
thelium and represent the core structure 
of the BBB (20,21). Additionally, it has 
been reported that metastasizing mela-
noma cells produce high levels of serine 
proteases, which degrade components 
of the basement membrane surrounding 
brain microvessels (22).

 When metastasizing tumor cells 
manage to overcome the basement mem-
brane, they enter the stroma and encoun-
ter a variety of stromal cells, including 
fibroblasts, adipocytes, macrophages, 
granulocytes and other immune cells 
(5,23,24). The stromal cells can further 
enhance the metastatic potential of tumor 
cells through various types of hetero-
typic signaling (5,24). Invasion through 
the stroma is often stimulated by 
tumor-associated macrophages (TAMs) 
that attract tumor cells toward blood ves-
sels by secreting epidermal growth factor 
(EGF) and contribute to ECM remod-
eling by secretion of matrix-degrading 
enzymes (7,10,25).

Moreover, neoplasms are biologically 
heterogeneous and contain genotypi-
cally and phenotypically diverse sub-
populations of cells, indicating that 
the same primary tumor can shed into 
circulation cells of different metastatic 
potential (10,12,13).

 For years, lack of appropriate techno-
logical resources restrained the advance-
ment in the field of metastasis. Progress 
in microscopy techniques, better tumor 
models and the development of reliable 
tools that allow to track tumor cells 
in vivo brought our understanding of the 
process to a new level, yet metastasis re-
mains the most enigmatic component of 
cancer pathogenesis (4,10).

LOCAL INVASION
Local invasion involves detach-

ment of cancer cells from the primary 
tumor, entry and migration through the 
surrounding stroma and subsequent 
invasion into the neighboring normal 
tissue (5,13).

 The acquisition of invasive pheno-
type is the first step for tumor cells 
to initiate the metastatic process. To 
migrate, the tumor cell body must adapt 
its shape and stiffness (14,15). First, the 
tumor cell elongates, pseudopodia are 
formed and then the entire cell body 
contracts, generating traction force 
that leads to amoeboid (for example, 
lymphoma, small-cell lung carcinoma) 
or mesenchymal-type movement (for 
example, fibrosarcoma, glioblastoma) 
(7,14,15). Cell motility is driven by 
cycles of actin polymerization, cell 
adhesion and acto–myosin contraction. 
Recent studies demonstrated that a 
low number of cells within the primary 
tumor are motile, but the tumor cells 
that acquired this ability move at high 
speeds (up to 15 μm a minute) and can 
rapidly change shape and direction 
of the movement (10). Some types of 
cancers instead of individual tumor cell 
dissemination use collective migration 
strategy (15). Disseminating clusters or 
cohorts of tumor cells are common in 
epithelial cancers that maintain high or 
intermediate levels of differentiation, 
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in the process of brain metastasis for-
mation, and the ability of tumor cells to 
survive in such an environment greatly 
depends on the interactions between 
tumor cells and components of the vessel 
wall (32,35). 

ARREST IN A NEW ORGAN
If tumor cells manage to survive in the 

circulation, they are carried by the flow 
until they get arrested in small capillaries 
in the new organ. A growing body of 
evidence suggests that the majority 
of tumor cells arrest in capillaries of a 
similar diameter, indicating that physi-
cal restriction initially plays the crucial 
role, and the stable attachments form in 
the following stage (27,34). Tumor cells 
metastasizing to the brain usually arrest 

via the bloodstream (31). Because of the 
existence of the BBB, to migrate into 
the brain tissue, tumor cells need mark-
edly more time compared with other 
organs (31,32). For instance, it has been 
reported that ~48 h is required for lung 
cancer cells to extravasate into the brain, 
whereas extravasation into the liver takes 
only 6 h for the same tumor cells (33). 
Breast cancer cells extravasate into the 
brain within 2–7 d, whereas melanoma 
cells were reported to take up to 14 d be-
fore reaching brain parenchyma (32,34). 
Consequently, arrested tumor cells have 
to survive within the brain vasculature 
for a significantly longer time than at 
other metastatic sites. Tumor cell sur-
vival in the cerebral microvasculature is 
therefore a particularly important step 

enhance their chances of survival. One 
of them is using platelets as a shield. 
P-selectin, expressed on the surface of 
platelets, binds a wide variety of tumor 
cell lines (27,30). The aggregation with 
platelets provides tumor cell protection 
from NK cell–mediated lysis and reduces 
shear stress that can destroy individually 
circulating cells (23,27). Moreover, plate-
lets can escort tumor cells through the 
steps of metastatic progression, facilitat-
ing tumor cell adhesion, migration and 
extravasation to the secondary site (27).

Although tumor cells can also enter 
the circulation indirectly (through the 
lymphatic vessels), the central nervous 
system (CNS) lacks a classic lymphatic 
drainage system, and the only entry 
route for tumor cells into the brain is 

Figure 2. Crossing the endothelial barrier. There are two routes used by tumor cells to cross the endothelial cell barrier: paracellular and 
transcellular TEM. Paracellular TEM involves disruption of endothelial cell junctions between neighboring endothelial cells, which allows 
tumor cells to squeeze between them. Tumor cells induce endothelial cell junction opening by secreting a variety of factors, for exam-
ple, TGF-β and VEGF. Additionally, the opening of endothelial junctions can be promoted by tumor-associated macrophages (TAMs). 
Transcellular TEM refers to the migration of tumor cells through the endothelial cell body, and this route of TEM seems to be used by 
tumor cells less often than the paracellular migratory mechanism. As tumor cells enter into the bloodstream, they encounter various 
challenges that dramatically decrease their chances to survive and arrive to the distant site. Aggregation with platelets provides tumor 
cells protection from immune cells, reduces shear stress and facilitates tumor cell adhesion and extravasation to the secondary site. 
Extravasation involves the specific interaction of tumor cells with vascular endothelium via cell adhesion- and chemokine-related pro-
cesses. Similarly to the process of intravasation, extravasating tumor cells can cross the endothelial barrier via a para- or transcellular 
mechanism.
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endothelial barrier using the paracellular 
or transcellular route (31). Regardless 
of the exact mechanism, the process of 
extravasation requires dynamic changes 
to tumor cell shape, as well as formation 
of specific protrusive structures that 
facilitate the migration (37). It was demon-
strated that cancer-specific protrusions 
called invadopodia are necessary for 
successful extravasation of tumor cells; 
therefore, modulating TEM by targeting 
these and potentially other metastatic 
protrusions for therapy may prove 
beneficial (29,49). In addition, it has 
been shown that RHO-family GTPases 
regulate the cytoskeleton and actomyosin 
contractility and play an important role 
in the extravasation of tumor cells to the 
tissue surrounding the vessel (25,37).

 If tumor cells manage to overcome 
the endothelial barrier, the next obstacle 
on their way to the target organ is the 
basement membrane that surrounds the 
vasculature. Although, this step seems to 
share some similarities with the invasion 
of the basement membrane surrounding 
the primary tumor, the process of cross-
ing the vascular basement membrane 
requires further investigation, since many 
aspects of it remain unknown. Neutro-
phils and monocytes have been shown 
to preferentially cross the vascular base-
ment membrane at sites that are charac-
terized by low levels of specific basement 
membrane proteins and, because of that, 
are more permissive to invasion. It 
remains unclear whether tumor cells use 
similar strategies to cross the basement 
membrane (25).

 Reports in the literature differ on the 
matter whether tumor cells leave the 
brain endothelium intact or disrupt the 
vessel wall during TEM. TEM of breast 
cancer cells was reported to occur at 
sites of discontinuity of the vessel wall, 
without endothelial apoptosis or hypoxia 
(32). In vitro studies demonstrated that 
melanoma cells impaired the integrity 
of the brain endothelial monolayer, in-
duced endothelial apoptosis and reduced 
transendothelial electrical resistance (22). 
Although it has been suggested that the 
barrier can be restored after tumor cell 

tumor cell ICAM-1 and β2 integrin on 
neutrophils has been shown to increase 
the levels of melanoma cell anchoring to 
the endothelium in vivo (42).

 Several mechanisms facilitating the 
migration of tumor cells through the BBB 
have been identified. Endothelial cell junc-
tion opening can be stimulated by vari-
ous factors secreted by tumor cells. For 
instance, angiopoietin-2 has been linked 
with early BBB breakdown and increased 
brain colonization by metastasizing breast 
cancer cells (43). Also cathepsin S has 
been shown to specifically mediate BBB 
transmigration of breast tumor cells via 
proteolytic processing of the junctional 
adhesion molecule (JAM)-B. Importantly, 
genetic or pharmacological inhibition 
of cathepsin S significantly impaired ex-
perimental brain metastasis (44). Specific 
adhesion molecules have also been found 
to facilitate tumor cell migration to the 
brain. The expression of integrin α3β1 has 
been associated with lung cancer brain 
metastasis, since tumor cells that prefera-
bly metastasize to the brain were shown 
to express high levels of this receptor (45). 
The interaction of the α3β1 integrin with 
laminin, which is implicated in tumor 
cell TEM and invasion, is suggested to 
also be critical (45). TEM of melanoma 
cells is facilitated by αVβ3 and α4β1 
integrins (46). The binding of αVβ3 inte-
grin to platelet endothelial cell adhesion 
molecule 1 (PECAM1) has been proposed 
to be involved in endothelial junction 
disruption (25). αB-crystallin, a molec-
ular chaperone commonly expressed in 
aggressive tumors, has also been associ-
ated with increased adhesion of breast 
cancer cells to brain endothelium via 
α3β1 integrin-dependent mechanism (47). 
Recently, another mechanism of BBB 
breakdown, involving cancer-derived ex-
tracellular vesicles, was proposed. It was 
reported that tumor-derived miRNA-181c 
containing extracellular vesicles can im-
pair the dynamics of intracellular actin 
by downregulating 3-phosphoinositide-
dependent protein kinase 1 (PDPK1) 
in brain endothelial cells (48).

 Analogically, as during intravasation, 
extravasating tumor cells can cross the 

in sites of slow flow within the capillary 
bed at vascular branch points (36).

EXTRAVASATION
At first, the vascular endothelium was 

considered to be a passive participant in 
the process of tumor cell extravasation; 
however, now it is clear that the endo-
thelium activated by proinflammatory 
cytokines plays an essential role in mod-
ulating the adhesion of tumor cells and 
facilitating TEM (37). Adhesion to the 
endothelial cells requires the expression 
of cognate linkages and receptors on 
both tumor and endothelial cells. A wide 
range of ligands/linkages and receptors 
are involved in the process, including 
selectins, integrins, cadherins, CD44 and 
immunoglobulin superfamily receptors 
(25,27). A single tumor cell possesses 
multiple adhesion receptors, all of them 
facilitating the adhesion process and 
expressing slightly different functions. 
For instance, it has been demonstrated 
that endothelial selectin (E-selectin) is 
involved in melanoma cell extravasation 
to the brain (38). Several members of 
the immunoglobulin superfamily of cell 
adhesion molecules (in particular, inter-
cellular adhesion molecule-1 [ICAM-1] 
and vascular cell adhesion molecule-1 
[VCAM-1]) have also been identified 
as key participants of melanoma cell 
migration through the endothelial barrier 
(39,40). Thus, to completely halt the ad-
hesion of tumor cells to the endothelium, 
several different receptors would need 
to be blocked (25). Additionally, the ad-
hesion receptors may vary depending 
on the cancer type and the vascular bed. 
For example, the interaction between 
integrin α4β1 (VLA-4) and endothelial 
VCAM-1 seems to be exclusive for mela-
noma cells and has not been observed in 
metastatic carcinoma cells (40,41). More-
over, whereas tumor cells are attached 
to the endothelium, they interact with 
a wide variety of cell type circulating 
in the bloodstream, including platelets, 
monocytes, neutrophils and NK cells, 
and all of these cells can modulate the 
rate and efficiency of the extravasation 
process (25). The interaction between 
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The most common primary tumors me-
tastasizing to the brain are lung (40–50%) 
and breast cancers (15–25%), followed 
by malignant melanoma (5–20%) (57,58). 
The main function of the BBB, located at 
the level of cerebral capillaries, is to pro-
vide a stable environment for the CNS 
(31,58). It is composed of capillary en-
dothelial cells and pericytes surrounded 
by basal lamina, astrocytic end-feet and 
perivascular interneurons (58,60). The 
tight junctions formed between endo-
thelial cells consist of transmembrane 
and cytoplasmic proteins that act as a 
highly selective barrier that allows the 
entry of necessary nutrients and protects 
the CNS from pathogens and potentially 
harmful small molecules circulating in 
the blood (31). To create a lesion in the 
brain, metastatic tumor cells have to 
migrate through the BBB. While the BBB 
blocks the entrance to the brain for most 
of the tumor cells, it remains unclear why 
some types of tumor cells can relatively 
easily pass through this highly selective 
barrier (31,61). It has been suggested that 
the brain endothelial cells can actively 
participate in metastatic progression and 
stimulate increased BBB permeability 
(58,62). Impairment of endothelial tight 
junctions that results in increased bar-
rier permeability was reported to occur 
in a number of neurological disorders, 
including brain primary and metastatic 
tumors, multiple sclerosis and Alzheimer 
disease (63). Additionally, it was pro-
posed that to take over the brain, dissem-
inating tumor cells must express some 
specialized functions. In vitro studies 
have demonstrated that different types of 
melanoma cells reduced transendothelial 
electrical resistance of the endothelial cell 
monolayer, indicating that specific tumor 
cells can modulate junctional integrity 
(22). It was also reported that the ability 
of melanoma cells to pass through the 
BBB corresponds closely with melano-
transferrin (MTf) expression (22,64). MTf 
is one of several antigens associated with 
the surface of melanoma cells. In addition 
to being an attractive target for strategies 
aimed at preventing brain metastasis 
formation, it was proposed to be a useful 

conventional anticancer therapeutics, 
which target actively proliferating cells, 
have little or no impact on dormant tumor 
cells and micrometastatic colonies (13).

 Successful colonization and trans-
formation into an actively growing 
macrometastatic lesion requires recruit-
ment of necessary supporting stroma 
and development of a vascular network 
(4,12,13). Whereas a wide variety of 
molecular pathways are involved in 
the development of angiogenic vessels 
supporting secondary tumor growth, 
VEGF represents a crucial factor that 
modulates almost all aspects of neo-
angiogenesis, including endothelial 
cell proliferation and assembly, lumen 
formation and the patterning of vas-
cular networks. It was reported that 
tumor cells with high brain metastatic 
activity are characterized by increased 
VEGF secretion (54). Moreover, anti-
sense VEGF transfectants of PC14-PE6 
lung adenocarcinoma cells showed 
decreased incidence of experimental 
brain metastases, indicating that VEGF 
is required for tumor growth in the 
brain (55). The consequence of develop-
ment of an adequate blood supply and 
successful colonization at the secondary 
site is a rapidly expanding macromet-
astatic lesion that can potentially serve 
as a new source for further metastatic 
dissemination (13).

BRAIN METASTASIS
Brain metastases affect 10–30% of all 

cancer patients (31,32,56,57). The pro-
gressive growth of metastases in the 
brain tissue is usually associated with 
the terminal stage of disease, and the 
majority of patients exhibit multiple 
tumors at the time of the diagnosis (32). 
The localization of brain metastatic 
tumors usually correlates with the 
blood flow and tissue volume, with 
80% of the tumors detected in the cere-
bral hemispheres, 15% in the cerebel-
lum and 5% in the brainstem (58). The 
median survival for untreated patients 
is 1–2 months, which may be extended 
to 6 months with the appropriate 
treatment (58–60).

extravasation, intravascular proliferation, 
which characterizes some tumor cell 
lines with high affinity for the brain, may 
destroy a portion of the vessel leading to 
disruption of the BBB (15,31,32).

INITIATION AND MAINTENANCE OF 
GROWTH AT SECONDARY SITES

Most of the tumor cells undergo apop-
tosis within 24 h after the extravasation 
into the secondary organ (10,13). The 
ability to survive and initiate tumor 
growth in a distant organ is determined 
by specific features of metastasiz-
ing tumor cells, as well as molecular 
interactions with the new microenviron-
ment. For example, tumor cell adhesion 
receptor integrin αVβ3 has been shown 
to induce continuous upregulation of 
VEGF and promote metastatic growth 
and recruitment of supporting blood 
vessels within the brain microenvi-
ronment (50). Importantly, the effects 
mediated by activated αVβ3 receptors 
seem to be strictly microenvironment 
dependent and have not been observed 
at other metastatic sites (50). In addition, 
increased activity of the PI3K-Akt path-
way, a crucial regulator of cell survival 
and proliferation, has been reported 
in several tumor cell types, including 
melanoma and breast cancer cells metas-
tasizing to the brain (51–53). Recent stud-
ies demonstrated that inhibition of PI3K 
effectively controls metastatic growth of 
HER2-positive breast cancer cells in the 
brain (52).

 If tumor cells manage to evade 
destruction by host defense mechanisms, 
they can exist in a secondary site in four 
alternative states: as dormant solitary 
cells, dormant micrometastases, pre-
angiogenic micrometastases or fully de-
veloped vascularized metastatic lesions 
(Figure 1) (4,13). Dormant solitary cells 
are cells that are not proliferating or 
undergoing apoptosis, whereas dormant 
pre-angiogenic micrometastases refer 
to lesions in which cell proliferation is 
counterpoised by apoptosis, resulting 
in no change in tumor size. Solitary 
cells and micrometastases are usually 
clinically undetectable (13). Additionally, 
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cells that constitute the BBB express 
enhanced levels of active drug efflux 
transporters of the ATP-binding cassette 
(ABC) gene family, which have been 
recognized as key determinants of drug 
distribution to, and elimination from, 
the CNS (58,77). The most widely char-
acterized transporter of the ABC family 
is P-glycoprotein (P-gp), which has been 
a subject of numerous investigations 
and for years was considered a major 
obstacle in the delivery of therapeutics 
into the brain (78,79). Recent studies 
indicated P-gp function is largely sup-
ported by the breast cancer resistance 
protein (BCRP), and overexpression 
of BCRP is associated with resistance 
to a wide range of different anticancer 
agents including mitoxantrone, campto-
thecins, anthracyclines, flavopiridol and 
antifolates (80,81). P-gp and BCRP are 
considered to be the two dominant efflux 
transporters at the BBB (80). Importantly, 
BCRP can transport not only hydro-
phobic substrates, but also hydrophilic-
conjugated organic anions, whereas P-gp 
transports mostly hydrophobic com-
pounds (82). This overlap in substrate 
specificity between BCRP and P-gp leads 
to a synergistic effect of the transporters 
further limiting drug migration through 
the BBB (80,82,83). Additionally, astro-
cytes have been shown to protect tumor 
cells within the brain from cytotoxicity 
induced by chemotherapeutic drugs 
(31,58,60). For example, it was reported 
that in coculture experiments, the pres-
ence of astrocytes dramatically reduced 
5-fluorouracil– and cisplatin-induced 
apoptosis in human tumor cells (58,60).

CONCLUSION
The incidence rates of brain metastasis 

are still increasing because of improved 
diagnostic methods and better control of 
primary tumors, resulting in longer patient 
survival. The limited therapeutic options 
for patients affected by the brain metastasis 
emphasize the urgent need for strategies 
designed to prevent the formation of met-
astatic tumors in the brain. Characterizing 
in detail the process of tumor cell migra-
tion through the BBB and the interactions 

ECM-degrading enzyme heparanase (72). 
The production of cytokines by astrocytes 
may also stimulate brain metastatic tumor 
growth by paracrine signaling (73). On 
the other hand, it was reported that that 
plasmin can convert membrane-bound as-
trocytic FasL into a paracrine death signal 
for extravasated lung and breast cancer 
cells. To prevent plasmin generation, me-
tastasizing tumor cells express high levels 
of anti-plasminogen activator serpins (74). 
Microglia are the main immunocompe-
tent cells in the CNS. Recently, it was 
reported that elevated expression of 
neurotrophin-3 (NT-3) in metastasizing 
breast tumor cells reduces the number of 
fully activated cytotoxic microglia and 
correlates with increased brain metasta-
ses formation (75). The role of neurons 
on tumor cell brain colonization is not 
fully understood. It was suggested that to 
metastasize to the brain, tumor cells may 
escape their normative genetic constraints 
by coinhabiting the neural niche. Indeed, 
breast tumor cells metastasizing to the 
brain were found to display a GABAergic 
phenotype analogous to that of neurons, 
indicating a metastasis-promoting effect 
of coinhabitation of the neuronal niche in 
the brain (76).

 Once tumor cells enter into the brain, 
they encounter environment that is more 
permissive to tumor growth than all 
other metastatic sites. The BBB provides 
the protection from immune surveil-
lance, chemotherapeutics and other 
potentially harmful substances (31,71). 
Effective therapies for brain metastasis 
are therefore particularly difficult. Sur-
gical excision along with whole-brain 
radiation is the most common treatment 
for a patient with a solitary metastatic 
lesion, whereas radiation, chemother-
apy or a combination of both are used 
for multiple brain metastases. The role 
of chemotherapy in the treatment of 
brain metastatic tumors is limited for 
several reasons (58). First, large hy-
drophilic molecules, including many 
chemotherapeutic, are excluded from 
the CNS unless they can be actively 
transported by receptor-mediated tran-
scytosis (58). Moreover, endothelial 

prognostic indicator for the develop-
ment of brain metastases among patients 
with malignant melanoma (64). Another 
study reported that signal transducer 
and activator of transcription 3 (STAT3) 
activity was markedly elevated in human 
brain metastatic melanoma cells com-
pared with cutaneous melanoma cells, 
suggesting close association between 
STAT3 expression and melanoma cell 
migration to the brain (19). Within met-
astatic breast cancer cells, several targets 
have been identified as mediators that 
promote tumor cell migration through 
the BBB, including cyclooxygenase-2 
(COX2), the epidermal growth factor 
receptor (EGFR) ligand HBEGF and 
α-2,6-sialyltransferase 5 (ST6GALNAC5) 
(65,66). Whereas EGFR ligands and COX2 
were previously linked to breast cancer 
infiltration of the lung, ST6GALNAC5 
was recognized as a specific mediator 
of tumor cell passage through the BBB 
and thus may constitute a particularly 
valuable therapeutic target (65,67). Stud-
ies on primary tumors from lung cancer 
patients who developed metastases in 
the brain reported that the expression 
levels of three genes, namely CDH2, 
KIFC1, and FALZ, were highly predic-
tive of brain metastases (68). Indeed, 
N-cadherin, coded by the CDH2 gene, 
is known to be involved in numerous 
processes associated with tumor pro-
gression, including tumor invasion and 
migration (69). It was also suggested 
that the expression of DCUN1D1, a 
squamous cell carcinoma-related on-
cogene, may play a role in tumor cell 
migration through the BBB and facilitate 
the development of brain metastasis 
in patients with non–small cell lung 
carcinoma (70).

 Brain colonization by tumor cells is 
also largely regulated by cellular interac-
tions with astrocytes, microglia cells and 
neurons (71). Astrocytes are the first brain 
cells encountered by extravasated tumor 
cells, and it has been observed that they 
can play both brain metastases–promoting 
as well as brain metastases–suppressing 
roles (71). Astrocytes support mela-
noma brain invasion by producing the 



R E V I E W  A R T I C L E

	 M OL   M E D  2 2 : 3 2 - 4 0 ,  2 0 1 6  |  W r o b e l  A N D  T OBORE     K  |  3 9

30.	 Wels J, Kaplan RN, Rafii S, Lyden D. (2008) 
Migratory neighbors and distant invaders: 
tumor-associated niche cells. Genes Dev. 22:559–74.

31.	 Wilhelm I, Molnar J, Fazakas C, Hasko J, Krizbai IA. 
(2013) Role of the blood-brain barrier in the forma-
tion of brain metastases. Int. J. Mol. Sci. 14:1383–411.

32.	 Lorger M, Felding-Habermann B. (2010) Cap-
turing changes in the brain microenvironment 
during initial steps of breast cancer brain metas-
tasis. Am. J. Pathol. 176:2958–71.

33.	 Paku S, Dome B, Toth R, Timar J. (2000) 
Organ-specificity of the extravasation process: 
an ultrastructural study. Clin. Exp. Metastasis. 
18:481–92.

34.	 Kienast Y, et al. (2010) Real-time imaging reveals 
the single steps of brain metastasis formation. 
Nat. Med. 16:116–22.

35.	 JuanYin J, et al. (2009) Noninvasive imaging of 
the functional effects of anti-VEGF therapy on 
tumor cell extravasation and regional blood vol-
ume in an experimental brain metastasis model. 
Clin. Exp. Metastasis. 26:403–14.

36.	 Hanibuchi M, Kim SJ, Fidler IJ, Nishioka Y. 
(2014) The molecular biology of lung cancer 
brain metastasis: an overview of current compre-
hensions and future perspectives. J. Med. Invest. 
61:241–53.

37.	 Miles FL, Pruitt FL, van Golen KL, Cooper CR. 
(2008) Stepping out of the flow: capillary extrav-
asation in cancer metastasis. Clin. Exp. Metastasis. 
25:305–24.

38.	 Ravindranath MH, et al. (1997) Endothelial-selectin 
ligands sialyl Lewis(x) and sialyl Lewis(a) are 
differentiation antigens immunogenic in human 
melanoma. Cancer. 79:1686–97.

39.	 Ghislin S, et al. (2012) LFA-1 and ICAM-1 expres-
sion induced during melanoma-endothelial cell 
co-culture favors the transendothelial migration of 
melanoma cell lines in vitro. BMC Cancer. 12:455.

40.	 Klemke M, Weschenfelder T, Konstandin MH, 
Samstag Y. (2007) High affinity interaction of 
integrin alpha4beta1 (VLA-4) and vascular cell 
adhesion molecule 1 (VCAM-1) enhances migra-
tion of human melanoma cells across activated 
endothelial cell layers. J. Cell. Physiol. 212:368–74.

41.	 Fritzsche J, Simonis D, Bendas G. (2008) 
Melanoma cell adhesion can be blocked by 
heparin in vitro: suggestion of VLA-4 as a novel 
target for antimetastatic approaches. Thromb. 
Haemost. 100:1166–75.

42.	 Huh SJ, Liang S, Sharma A, Dong C, 
Robertson GP. (2010) Transiently entrapped 
circulating tumor cells interact with neutrophils 
to facilitate lung metastasis development. Cancer 
Res. 70:6071–82.

43.	 Avraham HK, et al. (2014) Angiopoietin-2 
mediates blood-brain barrier impairment and 
colonization of triple-negative breast cancer cells 
in brain. J. Pathol. 232:369–81.

44.	 Sevenich L, et al. (2014) Analysis of tumour- and 
stroma-supplied proteolytic networks reveals a 
brain-metastasis-promoting role for cathepsin S. 
Nat. Cell. Biol. 16:876–88.

12.	 Fidler IJ. (2003) The pathogenesis of cancer 
metastasis: the ‘seed and soil’ hypothesis revis-
ited. Nat. Rev. Cancer. 3:453–8.

13.	 Chaffer CL, Weinberg RA. (2011) A perspective 
on cancer cell metastasis. Science. 331:1559–64.

14.	 Friedl P, Wolf K. (2003) Tumour-cell invasion 
and migration: diversity and escape mechanisms. 
Nat. Rev. Cancer. 3:362–74.

15.	 Friedl P, Alexander S. (2011) Cancer invasion 
and the microenvironment: plasticity and reci-
procity. Cell. 147:992–1009.

16.	 Kessenbrock K, Plaks V, Werb Z. (2010) Matrix 
metalloproteinases: regulators of the tumor 
microenvironment. Cell. 141:52–67.

17.	 Hu L, et al. (2010) Biological characteristics 
of a specific brain metastatic cell line derived 
from human lung adenocarcinoma. Med. Oncol. 
27:708–14.

18.	 Mendes O, Kim HT, Stoica G. (2005) Expression 
of MMP2, MMP9 and MMP3 in breast cancer 
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Biol. 762:333–45.
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serine proteases. PLoS One. 6:e20758.
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between tumor cells and reactive brain 
cells has fundamental significance for 
developing effective preventive therapies 
that could be lifesaving for patients who 
are at risk for cancer spread to the brain. 
Recent discovery that tumor cell metasta-
sizing to the brain express specific genes 
that promote their migration through the 
BBB may result in the identification of new 
therapeutic targets and the development of 
innovative therapeutic approaches.
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