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Dissection of the Process of Brain Metastasis Reveals Targets
and Mechanisms for Molecular-based Intervention
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Abstract. Brain metastases outnumber the incidence of brain
tumors by a factor of ten. Patients with brain metastases have
a dismal prognosis and current treatment modalities achieve
only a modest clinical benefit. We discuss the process of brain
metastasis with respect to mechanisms and involved targets to
outline options for therapeutic intervention and focus on
breast and lung cancer, as well as melanoma. We describe the
process of penetration of the blood-brain-barrier (BBB) by
disseminated tumor cells, establishment of a metastatic niche,
colonization and outgrowth in the brain parenchyma.
Furthermore, the role of angiogenesis in colonization of the
brain parenchyma, interactions of extravasated tumor cells
with microglia and astrocytes, as well as their propensity for
neuromimicry, is discussed. We outline targets suitable for
prevention of metastasis and summarize targets suitable for
treatment of established brain metastases. Finally, we
highlight the implications of findings revealing druggable
mutations in brain metastases that cannot be identified in
matching primary tumors.

In the U.S., 200,000 cancer patients with brain metastasis are
diagnosed each year (1). The incidence of primary brain tumors
is outnumbered at least ten-fold by the number of patients with
brain metastases (2). Like primary brain tumors, brain
metastases deteriorate neuronal functions, displace and destruct
normal brain tissue and induce cerebral edema, resulting in
neurocognitive impairment (3). As a rule, multiple metastatic
lesions are detected at the time of diagnosis (4). By the time
brain metastasis has been diagnosed, the median survival time
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of these patients is in the range of five weeks and can be
extended to 3-18 months by multi-modality therapy (4).
Several different types of tumors display a pronounced tropism
of metastasis to the brain. The incidence varies with the source
of information and ranges between 40-50% for lung cancer, 20-
30% for breast cancer, 20-25% for melanoma, 10-20% for
renal carcinoma and 4-6% for gastrointestinal tumors (5-8).
Different compartments and microenvironments of the brain
can be colonized. For example, in patients with malignant
melanoma, 49% of the metastases are of intraparenchymal,
22% of leptomingeal and 29% of dural location (9). In this
review, we focus on parenchymal brain metastases originating
from the tumor types as described above. We outline
experimental systems for investigating brain metastases and
describe the process and targets involved in metastasis,
homing, colonization and, finally, their outgrowth in the brain
parenchyma. There are two categories of animal models for
studying brain metastases (10). The first one makes use of cell
lines that preferentially metastasize to the brain after injection
into the arterial circulation and the second one is based on
stereotactic injection of cell lines into the brain. We discuss
issues, such as transmigration of tumor cells through brain
capillaries, dormancy, establishment of a neuronal niche as a
prerequisite of metastasis by brain-metastasis initiating cells
(BMIC), interactions of tumor cells with endothelial, glial cells
and astrocytes, as well as neuronal mimicry, as an adaption
strategy for brain colonization. We also outline biomarkers and
gene signatures predictive for brain metastasis, as well as their
genetics, all in the context of translational applications. The
issue of drug delivery into brain metastases was covered by us
in a previous review (11). The targets discussed in this review
are summarized in Figure 1.

Blood-Brain-Barrier (BBB)
Since there are no lymphatic vessels in the brain, circulating

tumor cells (CTCs) reach the brain via the hematogenous
route and have to surpass the BBB as a prerequisite for
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homing, colonization and outgrowth in the brain
parenchyma. The BBB is a neurovascular unit acting as a
gatekeeper and restricts the entrance of macromolecules into
the brain (12, 13). It is composed of endothelial cells,
pericytes and astrocytes. The cerebral vasculature exhibits
unique features, such as non-fenestration, continuous tight
junctions and low pinocytic activity at the capillary level, all
contributing to its gatekeeper function (14). At the interface
between blood and brain, endothelial cells are stitched
together by tight junctions, which are composed of
transmembrane proteins, such as occludin, claudins and
junctional adhesion molecules (JAMs) (15). These
transmembrane proteins are anchored to the cytoskeleton of
endothelial cells by an intracellular protein complex, which
includes ZO-1 and other associated proteins (15). Endothelial
cells are covered by a basement membrane, pericytes, which
regulate BBB permeability, and end-feet of astrocytes that
form a perivascular sheath (16). Astrocytic end-feet express
and regulate expression of several molecules on tumor cells,
such as P-glycoprotein, aquaporin 4 (AQP4), glucose-
transporter (GLUT1) and connexin 43, which are involved
in transport of various compounds across the BBB (17).

While this ensures tight control of vascular permeability
under normal circumstances, increased permeability of
tumor-associated vessels has been observed in tumor patients
and in experimental systems in the mouse (18, 19).
Leakiness of the BBB has been found in xenografts of mice
with brain metastases that are larger than 0.5 mm due to
production of vascular endothelial growth factor (VEGF) by
metastatic cells (18).

Another feature of the BBB is its heterogeneity across
different regions of the brain with respect to morphology,
histochemistry and functionality (19, 20). High heterogeneity
of the permeability of tumor-associated blood vessels has
been observed by imaging studies tracking isotope-labeled
chemotherapeutic drugs (20). Increase of permeability of the
BBB has also been observed in ischemic regions of the brain
(21). Mediators and mechanisms of penetration of the BBB
by CTCs will be described in the next chapter.

Transmigration

In order to colonize the brain parenchyma, CTCs have to
traverse brain endothelial cells, a process referred to as
transendothelial migration. Arrest of CTCs at branch points
of capillaries and postcapillary venules as a first step of the
transmigration process has been observed (22, 23). Two
pathways for transmigration have been discussed: the
paracellular pathway through inter-endothelial junctions and
the transcellular pathway through endothelial cells (24).
Whereas the process of leukocyte diapedesis can use both
routes, for transmigration of CTCs into the brain, the
paracellular pathway is clearly the preferred option (24).
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Real-time imaging of i.v. injected tumor cells reach an
extraluminal position in two days, in case of lung cancer
cells, and in seven days, in case of breast cancer cells, after
their injection (22). The targets promoting transmigration are
at least partially organ- and tumor type-specific (17, 25-27).
Targets and pathways involved in transmigration are
comprehensively summarized in previous reviews (24, 25).
We will now focus on pre-clinically validated targets with
potential for translation into agents preventing brain metastasis
at the level of transmigration. Gene expression analysis of breast
cancer cell lines with high propensity for metastasis into the
brain, followed by analysis of their function and their expression
in clinical samples, has revealed several gene products involved
in transmigration into the brain (26). Some of the mediators of
transmigration are shared by both lung and brain tropism of
metastasis models, for example cyclooxygenase COX2
(PTSG2), angiopoietin-like 4 (ANGPTL4) and EGFR ligand
heparin-binding EGF (HB-EGF). COX2 activity creates
prostaglandin, which increases BBB permeability (27),
ANGPTLA4 is induced by tumor cell derived transforming
growth factor-3 (TGFf) and disrupts endothelial junctions (28)
and autocrine HB-EGF induces enhanced formation of
invadopodia (29). In the breast cancer system, as mentioned
above, aN-acetylgalactosaminide 02,6 sialyltransferase 5
(ST6GALNACS) was identified as a facilitator of tumor
cell/brain endothelial cell adhesion. Sialyltransferases are
enzymes adding sialic acid to gangliosides and glycoproteins
(30). The special impact of this finding is that STOGALNACS,
a brain-specific enzyme, can be co-opted by cancer cells for
penetration of the BBB. Since sialyltransferases can be inhibited
by small molecules, identification of ST6GALNACS as a
mediator of transmigration may have translational impact for
the prevention of brain metastases (31). An additional important
mediator of transmigration of breast cancer cells was identified
as cathepsin S (CTSS) (32, 33). CTSS is a lysosomal cysteine
protease, which can be secreted by a process termed lysosomal
exocytosis. It is involved in extracellular matrix (ECM)
degradation and major histocompatibility complex (MHC) II
peptide presentation (34). Disruption of the junctions by
degradation of JAMs, especially JAM-B, by tumor cell-secreted
CTSS plays an important role in cancer cell extravasation at the
BBB (32, 33). Importantly, transmigration could be inhibited
with CTSS-specific inhibitor VBY-999 (ViroBay, Menlo Park,
CA, USA), emphasizing the druggability of CTSS as a target
(35). Another transmigration-promoting system between breast
cancer cells and human brain endothelial cells was identified as
the interaction between SDF-1a (CXCL12) and its receptor
CXCR4, a seven transmembrane G-protein coupled receptor
(36). This signaling pathway induces blood vessel instability
through increased vascular permeability based on activation of
phosphatidylinositol-3-kinase (PI3K), protein kinase B (PI3K,
AKT) and focal adhesion kinase (FAK) (36). It should be
stressed that the SDF-10/CXCR4 interaction is druggable since
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Figure 1. Schematic representation of brain tropism of metastasis-related targets discussed in this review. Targets associated with the primary tumor,
disseminated tumor cells (DTC), the blood-brain-barrier (BBB), brain metastases, astrocytes, neutrophils and exosomes are shown. ADAMS, a
disintegrin and metalloproteinase domain-containing protein 8; ANGPTLA, angiopoietin-like 4, alpha v beta 3, integrin avf33; BCL2L1, BCL2 Like
1; CCL2, CC chemokine ligand 2; COX2, cyclooxygenase 2; CPTIC, carnitine palmitoyl-CoA transferase 1C; CTSS, cathepsin S; CXCLI2, CXC
chemokine ligand 12; CXCR4, CXC chemokine receptor 4; EGF, epidermal growth factor; FASL, FAS ligand; GABA-R, y-aminobutyric acid receptor,
GLUT-R, glutamate receptor; GSTAS, glutathione S-transferase; HB-EGF, heparin-binding EGF; IL1, interleukin 1; IL6, interleukin 6; LICAM,
L1 cell adhesion molecule; miR-19, micro RNA 19; MMP1, matrix metalloproteinase 1; MTF, melanotransferrin; NCAM, neural cell adhesion
molecule; NO, nitric oxide; NS, neuroserpin; PD-LI, programmed death 1 ligand; PLEKHAS, pleckstrin homology domain-containing family A
PTSG2, prostaglandin-endoperoxide synthase 2; STGALNACS, a-N-
acetylgalactosaminide a2,6-sialyltransferase 5; TNFa, tumor necrosis factor o, TWIST1, Twist family BHLH transcription factor 1; t-PA, tissue-type
plasminogen activator; u-PA, urokinase plasminogen activator; VEGFA, vascular endothelial growth factor isoform A.

member 5; PLN, plasmin; PTEN, phosphatase and tensin homolog;

plerixafor, a small molecule inhibiting this interaction, has been
approved for stem cell mobilization in patients with lymphoma
and multiple myeloma after autologous transplantation (37).
Many investigations have studied transmigration of
melanoma cells through brain endothelial cells (38, 39).
Several potential targets were revealed; we focus here on a
possible key target. It was shown that melanotransferrin
(MTF) plays a crucial role in this process (40,41). MTF is a
glycosyl-phosphatidyl-inositol anchored protein and member
of the transferrin family of iron (Fe) binding proteins (40).
Plasmin formation, through interaction of MTF with
plasminogen, might be the underlying mechanism for
promotion of transmigration (42). For transmigration of non-
small cell lung cancer (NSCLC) cells, N-cadherin and neural
cell adhesion molecule (NCAM) are possible transmigration-

enhancing targets; however, these targets have to be
validated in more detail (43, 44). Transmigration promoting
activity has also been assigned to pleckstrin homology
domain-containing family A member 5 (PLEKHAS5) for
melanoma cells (45, 46), as well as a-cyrstallin and matrix
metalloproteinase 1 (MMP1) for breast cancer cells (47, 48).
These targets will be described in more detail in the section
“biomarkers prognostic for brain metastases”.

Angiogenesis
After passage of the BBB, CTCs reach the brain parenchyma. A
prerequisite for successful colonization of the parenchyma is the

establishment of a metastatic niche based on interactions with
several types of cells as outlined in the following chapters.
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Interactions of extravasated tumor cells (TCs) with endothelial
cells (ECs) are crucial for their survival and colonization of the
brain parenchyma. In experimental mouse models,
intravascularly injected tumor cells colonize the brain at day 7-
10 post-injection (22, 23). After extravasation, TCs have been
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Figure 2. Continued

found to be associated with microvessels or sprouting existing
vessels (angiogenesis) in case of lung carcinoma cells or with
non-proliferating existing blood vessels (co-option) in case of
melanoma cells (22, 23). Association of extravasated TCs with
brain endothelial cells also has been described by other groups
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Figure 2. Steady-state RNA levels of selected brain metastasis-related genes in tumors and corresponding normal tissues. A: Protease-related genes.
Cathepsin S (CTSS), Neuroserpin (NS) and Serpin B2 (SERPINB2). B: Brain mimicry-related genes. aN-acetylgalactosaminide 02,6 sialyltransferase
5 (ST6GALNACS), carnitine O-palmitoyl 1 brain isoform (CPTIC). C: Brain metastasis biomarker related genes. Crystallin B (CRYAB), human
pleckstrin homology domain-containing family A member 5 (PLEKHAS). Data for RNA expression of selected genes were collected from The Cancer
Genome Atlas (TCGA) for breast invasive carcinoma, lung adenocarcinoma, lung squamous cell carcinoma, kidney clear cell carcinoma, colon
adenocarcinoma and their corresponding normal tissues. In more detail the cohorts have the following numbers of data points: breast invasive
carcinoma (111 matched normal and 1,046 tumor samples), lung adenocarcinoma (58 matched normal and 466 tumor samples), lung squamous
cell carcinoma (45 matched normal, 419 tumor samples), kidney clear cell carcinoma (72 matched normal and 519 tumor samples) and colon
adenocarcinoma (41 matched normal and 439 tumor samples). Expression values are given as log2 normalized read counts for the TCGA data.
The red lines (set at 100 normalized reads) discriminate lower from higher expression. Expression data are shown as box plots where the line in the
box represents the data median, whereas the rectangle shows the upper and lower 25% quartile. Therefore, 50% of all data points are included in

the rectangle. All other data points, except for outliers, are located within the upper and lower whiskers.

(49-51). Adhesion of TCs to the vascular basement membrane
(52) and integrin a.33-mediated adhesion of tumor cells to
endothelial cells, resulting in production of VEGF, have been
observed (53). TCs in the parenchyma can activate angiogenic
programs in the adjacent microvascular ECs, increasing the
probability of further dissemination (54, 55). L1 cell adhesion
molecule (L1-CAM) has been identified as a mediator of co-
option between TCs and blood vessels in the brain (56). An
interesting observation is that stromal cells associated with the
primary tumor can be involved in metastatic nodules in the
brain, demonstrating that tumor cells can bring their own “soil”
into the brain parenchyma (57). Overall, it is argued that post-
extravasation growth is the major rate-limiting step in brain
metastasis (22, 58). Tumor vessels associated with metastasizing
brain TCs have a lower microvascular density than surrounding
normal brain parenchyma and contain dilated blood vessels with
large volume (59). It is generally agreed that the growth of
metastatic brain tumors is dependent on adequate blood supply

(60, 61) and that VEGF is involved in colonization and
outgrowth of brain metastases (62). The role of VEGF in this
context is underlined by the following observations. VEGF has
been shown to increase adhesion of MDA-MB 231 cells to
brain endothelial monolayers (63). VEGF expression increases
in a metastatic variant of this cell line and inhibition reduced
brain metastatic burden after intracarotic injection (64). Six
different human cancer cell lines proven to produce brain
metastases were investigated with respect to VEGF as a
contributor to metastasis (65). The results support investigation
of VEGF inhibition in patients with brain metastases.
Bevacizumab, a humanized monoclonal antibody (mAb)
directed against VEGF-A, in combination with paclitaxel-
carboplatin therapy, significantly increased progression-free
survival (PFS) and overall survival (OS) in patients with
advanced NSCLC (66, 67) recommending further exploration
of bevacizumab and small molecule inhibitors of the
VEGF/VEGER signaling system in metastatic brain disease.
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Process of Colonization of the Brain
Parenchyma — Interactions of Tumor
Cells with the Microenvironment

After passage of the BBB, a dynamic interaction between
tumor cells and the new microenvironment takes place,
resulting in creation of a neural niche (68). Since tumor
cells and cells of the metastatic niche originate from
disparate germ-line lineages, an adaption process for tumor
cells is required in order to survive in the new
microenvironment. Consistently, a phase of dormancy in
which tumor cell proliferation is inhibited without
induction of cell death mediated by host stress signal-
induced activation of the p38 kinase pathway is observed
(69, 70). Their reactivation and transition into brain
metastasis-initiating cells (BMIC) requires further
investigation (71, 72). Dormancy and BMIC are not in the
focus of this review. We next outline the interaction of
disseminated tumor cells with microglia and astrocytes as
pivotal processes for the colonization of the brain
parenchyma. Also, the acquisition of novel traits by
advantageous mutations (73, 74) may play an important
role in the process of neural selection (39, 75), as will be
outlined in one of the following chapters in more detail.

Interactions of Tumor Cells with the Microglia

Microglia are brain-type macrophages and considered to
be the most important immune effector cells of the brain.
Under pathological conditions, they acquire the ability to
divide and phagocytose materials. Microglia can activate
specific immune responses including B- and T-cells (76).
Moreover,  microglia-mediated  immune-repressive
functions, such as expression of programmed death-ligand
1 (PD-L1), the ligand of the inhibitory T-cell receptor
PDI1, have been identified (77). Activated microglia
surrounding areas of tumor burden have been observed
(78, 79). In line with anti-tumoral functions of microglia
is the observation of a tumoricidal effect of glial cells and
macrophages based on nitric oxide (NO)-induced cell
death. Inhibition of inducible NO synthase activity in
either microglia or macrophages abrogated the tumoricidal
effects (80, 81). On the other hand, microglia exert pro-
tumoral effects by secretion of multiple cytokines, growth
factors and enzymes. Examples are IL1 and IL6,
angiogenesis promoter VEGF, tumor proliferation
mediator EGF and invasion-promoting metalloproteinases
(82). The involvement of the Wnt-pathway in colonization
of brain parenchyma with tumor cells mediated by
resident macrophages is another example of pro-tumoral
activity of these cells. The effect could be antagonized by
inactivation of microglia, as well as by Wnt-inhibitor
dickkopf-2 (83).
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The Role of Astrocytes in Colonization of
the Brain Parenchyma by Tumor Cells

Astrocytes maintain homeostasis of the brain micro-
environment and protect neurons from injury-induced
apoptosis (84, 85). Especially, their survival-promoting role is
adapted by tumor cells. Astrocytes release inflammatory
cytokines promoting tumor cell proliferation in vitro, such as
IL1, tumor necrosis factor oo (TNFa) and IL6 (62, 86, 87). An
example for harnessing the neuroprotective effects of reactive
astrocytes is the protection of melanoma from chemotherapy-
induced apoptosis by sequestering intracellular calcium
through gap junction channels (88). Calcium acts as a second
messenger and plays a crucial role in cell death (89). In line
with these findings is the observation that cell contact-
dependent induction of survival genes, such as glutathione-S-
transferase a5 (GSTAS), BCL2-Like 1 (BCL2LI) and Twist
family BHLH transcription factor 1 (TWIST!), are induced in
tumor cells after co-culture of human breast and lung cancer
cells with murine astrocytes, but not with fibroblasts (90).
GSTAS catalyzes conjugation of glutathione to proteins via
sulfhydryl groups and prevents apoptosis by inhibition of c-
jun phosphorylation by jun N-terminal kinase (JNK) (91).
BCL2-L1 is the longer isoform of BCL-XL and exerts an anti-
apoptotic function (92). TWIST1 is a helix-loop-helix
transcription factor mediating an anti-apoptotic function by
inhibition of the JNK/mitochondrial pathway (93).

Another strategy for survival of tumor cells in the brain
parenchyma is to overcome the tumor growth-inhibiting
effect of neural stem cells (NSCs). NSCs have been observed
in adjacent brain tissue of breast cancer metastases and
tumor cell-expressed bone morphogenetic protein 2 (BMP2)
has the ability to differentiate NSCs into astrocytes (94). On
the other hand, an anti-tumoral function of astrocytes has
been observed. Astrocytes secrete tissue-type plasminogen
activator (t-PA) and urokinase plasminogen activator (u-PA),
both of them being involved in conversion of enzymatically
inactive plasminogen to its active form plasmin, which has
serine protease activity (95). The latter has been shown to be
toxic for tumor cells, thus suppressing brain metastases (96).
The lethal effect of plasmin is mediated by a paracrine
FAS/FASL-mediated death signal induced by shedding of
transmembrane FASL by plasmin on astrocytes (97, 98), as
shown in an experimental mouse model with brain-
metastasizing breast cancer cells (97, 98). Furthermore,
plasmin inactivates cell adhesion molecule LICAM. This
transmembrane receptor is expressed on neurons where it
mediates axonal guidance through the growth cone. In the
context of brain metastasis, LICAM has been identified as a
mediator of co-option between tumor cells and brain
endothelial cells enabling spread of tumor cells on the
abluminal surface of brain capillaries (99). In the brain
metastasis model as outlined above, expression of serpins by
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the tumor cells circumvented the lethal effect of plasmin and,
thus, promoted colonization of the brain parenchyma (97).
Thirty-six serpins inhibiting 18 proteases have been
identified (100). Four of these, the brain-specific neuroserpin
(NS) and the more broadly expressed serpins B2, E1 and E2
are selective inhibitors of plasmin (101). The most frequently
up-regulated serpins in brain-seeking metastasis models were
identified as NS and serpin B2, which were found to be
expressed in a high percentage of brain metastases from
breast and lung cancer patients (97).

An additional remarkable interaction between astrocytes and
tumor cells has been noted. Exosomes, derived from astrocytes
containing miR-19a, were shown to reversibly down-regulate
phosphatase and tensin homolog (PTEN) in tumor cells,
resulting in secretion of chemokine (C-C motif) ligand 2
(CCL2), which is able to recruit brain metastasis-promoting
myeloid cells (102). This is an example of microenvironment-
induced loss of PTEN as a priming event for outgrowth of
breast cancer cells in the brain parenchyma due to breast cancer
cell-induced gliosis (102). In addition to its transmigration-
promoting function as outlined previously, tumor cell-derived
and macrophage-derived CTSS supports survival of tumor cells
to form micrometastases successfully. In animal models, only
combined inhibition of mouse and human CTSS impairs both
metastatic seeding and outgrowth (32).

Neuromimicry

Colonization of the brain with tumor cells is the result of
reciprocal interactions with the tumor microenvironment. One
of the consistent features observed in this context is the
acquisition of a neuronal phenotype based on transcriptional
reprograming, as outlined below. On the other hand, it has been
observed that breast cancer cells derived from primary tumors
already express proteins that are essential for outgrowth as brain
metastases. Examples are a-crystallin (47, 103), a disintegrin
and metalloproteinase domain-containing protein 8 (ADAMS)
(104), and metalloproteinases (105). The concept of neuronal
mimicry of tumor cells for survival and colonization of the brain
parenchyma has been demonstrated with three experimental
approaches. The first one is based on comparative
transcriptional profiling of triple-negative, as well as HER2-
positive breast tumors with brain metastases and representative
cell lines (94, 106, 107). The second one is based on
transcriptome analysis of four tumor cell lines representing
breast, lung, colon cancer and melanoma xenografted into brain,
skin and orthotopic sites (108). The third one follows the
transcriptional profile of metastases of the brain, bones and
lungs after left ventricular injection of two human melanoma
cell lines into immunosuppressed rats (109). The common
observation in these systems is the emergence of a brain-to-
brain transition, adaption to the brain microenvironment and
acquisition of characteristics of neuronal lineage cells. The

identified molecular candidates are involved in organizing the
metastatic niche and promotion of the brain-adaptive phenotype.
The derived brain-specific signatures involve genes with
neuron-specific functions involved in neurotransmission, neuron
excitation, neurogenesis, synaptic plasticity and neuro-
inflammation. The first study mentioned above revealed the up-
regulation of neurotransmitter y-aminobutyric acid (GABA)-
related components, such as GABA-A receptors, GABA
transporters and GABA-transaminase, in brain metastases of
breast cancer (94, 110). The neuronal-like GABA metabolism
provides a metabolic advantage to breast cancer cells in the
brain microenvironment through generation of additional energy
due to synthesis of nicotinamide adenine dinucleotide (NAD).
GABA-related intervention might emerge as an upcoming
treatment for brain metastases. It should be kept in mind that
several GABA inhibitors are approved for treatment of epilepsy
(110). Components of the glutamate receptor (GLUT-R)
signaling pathway, as possible therapeutic targets based on up-
regulation of its receptors, were identified in the melanoma-
based experimental system as described above (109). GLUT-R
activation allows the influx of Ca?* and activation of Ca®*-
dependent effector functions, such as activating transcription
factors CREB, EGR1, EGR2, NFAT and NF-kB that regulate
genes involved in survival, synaptic development and neuronal
plasticity (111). GLUT-R overactivation is involved in
exotoxicity and, therefore, corresponding antagonists are
presently evaluated in diseases, such as traumatic brain injury,
stroke and neurodegenerative diseases (112). In the second
experimental system as described above (108), a strong
correlation between epigenetic changes and transcriptomic
reprogramming was observed, indicating that methylation, at
least partly, might be involved in generation of the observed
transcriptional changes. However, the key events triggering
transcriptome reprograming remain to be elucidated.

Another intriguing observation that a brain-specific
enzyme, carnitine palmitoyltransferase 1C (CPT1C) was co-
opted by breast cancer cells before metastasis, possibly
facilitating metastasis and their outgrowth in the brain
parenchyma (113). CPT1C confers proliferation and survival
signals to cancer cells. CPT1C catalyzes the conversion of
acyl-CoA to carnitine-CoA, facilitating lipid transport through
mitochondrial membranes and subsequent 3-oxidation of fatty
acids and resulting production of ATP (114, 115). Data
correlating expression of CPT1C in different types of cancer
and corresponding normal tissues and correlation with brain
metastasis would be helpful for further elucidation of the
function of CPT1C in brain metastasis.

Genetic Aspects of Brain Metastases
Genetics-based information on the relationship between

primary tumors and their brain metastases is crucial for
understanding generation and evolution of brain metastases
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and to design individualized, precision medicine-based
therapeutic approaches. Whole-exome sequencing has paved
the way for high throughput sequencing of matching primary
tumors and their brain metastases in comparison to
corresponding normal tissues. Comparison of nucleotide
sequences of 79 stage IV squamous cell lung cancers
(SQCLC) and selected paired brain metastases revealed that
brain metastases are genetically highly different from their
primary tumors (116). Two subtypes of SQCLC have been
identified; one with FGFRI amplification and another one
with alterations in the PI3K pathway, such as loss of function
of PTEN and gain of function of PIK3CA mutations (116).
The latter patients revealed a higher incidence of brain
metastases, higher metastatic burden and strikingly shorter
OS compared to patients without these alterations. PTEN
loss or PIK3CA activation mutations were maintained in all
brain metastases analyzed, despite their genetic
heterogeneity. Another recent study is based on whole-exome
sequencing of 86 matched primary tumors and brain
metastases predominantly from patients with breast, lung and
renal cancer (117). An important finding of this study is that
53% of brain metastases had clinically informative
alterations not detected in the corresponding primary tumors.
Clinically actionable alterations in brain metastases resulting
in responsiveness to HER2/EGFR inhibitors (118), MAPK
pathway inhibitors (119), CDK inhibitors (120) or inhibition
of PI3K/AKT/mTOR signaling (121) were shared in all brain
metastases of a patient. In 26 cases, there were 32 alterations
predicting sensitivity to HER2/EGFR signaling, 20 mutations
were found in both primary and secondary tumors, 2 of them
were only in primary tumors and 10 of them were only in
brain metastases. Regarding sensitization to MAPK
inhibitors based on 29 cases, 36 alterations were found with
a distribution of 24/6/6 as described above. Mutations
predicting sensitivity to CDK inhibitors are based on 71
alterations with a distribution of 44/7/20. Similarly, 43
alterations in 37 cases were identified, predicting sensitivity
to inhibition of the PI3K/AKT/mTOR signaling with a
distribution of 24/5/14 (117). Taken together, primary tumors
and metastases share mutations; however, unique mutations
are discovered in metastases and to a lesser frequency in
primary tumors. The mutations found in brain metastases are
not shared by lymph node or extracranial metastases,
implicating that these metastases are not reliable surrogates
for oncogenic mutations of brain metastasis. Analysis
confirmed heterogeneity of multiple anatomically and
temporally distinct brain metastases and suggests divergent
evolution at metastatic sites. The findings, as outlined
clearly, indicate that nucleotide sequencing of brain
metastases may result in an important translational impact.
Another study has assessed epigenetic differences in
primary breast cancers and their brain metastases by
bioinformatic screening of genome-wide breast cancer
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methylation data available at The Cancer Genome Atlas
(TGCA) and assessment of the methylation status of eleven
pairs of fixed paraffin-embedded primary breast tumors and
their corresponding brain metastases (122). The promoters
of three genes, GALNT9, CCDCS8 and BNCI, were found to
be frequently methylated in brain metastases (55%, 73% and
71%) and infrequently or not all methylated in primary
tumors. GALNTY is an initiator of O-glycosylation by
linking o-N-acetylglucosamine covalently to Ser and Thr
residues (123). CCDCS8 encodes a gene product involved in
maintaining microtubule dynamics (124). BNC1 (basonuclin
1) encodes a zinc transcription factor involved in expression
of many different genes (125). As shown with RNAi and
matrigel-coated invasion chambers, reduced expression of
either of these genes increased the invasive potential of
breast cancer cell lines. It can be speculated that deregulation
of these three genes may be more than just a marker for
breast cancer brain metastases.

Biomarkers for Brain Metastases

Reliable biomarkers with an expression profile that correlates
with brain metastasis would allow treatment of patients with
agents preventing brain metastasis. As will be outlined
herewith, brain tropism-predicting factors are tumor type-
specific and sharing of corresponding markers between
different types of tumors occurs rarely.

For breast cancer, several metastasis-predicting markers that
are partly validated with respect to their functional contribution
to brain metastasis have been identified. In this context,
expression of 23 metalloproteinases was evaluated in brain
metastasis-free  breast cancer patients. Only matrix
metalloproteinase 1 (MMP1) was significantly correlated with
brain metastasis (48). As previously described, MMP1
degrades claudin and occludin, two key components of the
BBB. Interestingly, MMP1 expression was promoted by
prostaglandins, the products of metastasis-associated COX2.
Another protease, CTSS, a mediator of transmigration of tumor
cells through endothelial cells by cleavage of JAM-B, was
identified as an additional marker for prediction of metastasis
of breast cancer to the brain (32, 33). High CTSS expression at
the primary site correlated with decreased metastases-free
survival in breast cancer patients (32, 33). Also, a-crystallin
was identified as a marker to predict high-risk breast cancer
patients for metastasis to the brain (47, 103). a-crystallin is a
chaperone member of the small heat-shock protein family that
inhibits ECM detachment-induced apoptosis and enhances
penetration through an endothelial cell/astrocyte co-culture
system of the BBB in vitro. Furthermore, it was shown that o-
crystallin acts as a cell death antagonist by inhibition of caspase
3-activation induced by oxidative stress (126) and promotes
lung and brain metastasis in an orthotopic model of triple-
negative breast cancer (TNBC) in immunodeficient mice (103,
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127). A 17-gene signature derived by profiling of brain-seeking
breast cancer cells in comparison to their less metastasizing
counterparts showed an association with brain relapses in two
independent breast cancer datasets (26). Six of the genes
involved in brain metastasis were shared with an 18-gene lung
metastasis signature that is associated with relapse to the lungs,
but not to bones, liver or lymph nodes (128). Genes shared
with the lung metastasis signature include cyclooxygenase
(COX2), matrix metalloproteinase 1 (MMP1), angiopoietin-like
4 (ANGPTL4), latent TGFp-binding protein (LTBPI) and
fascin 1 (FSCNI). Additionally, STGALNACS, a brain-specific
enzyme promoting transmigration of tumor cells through
endothelial cells (26) and heparin-binding EGF (HB-EGF) is
also part of the brain-metastasis signature. However, the 17-
gene brain metastasis signature remains to be further validated
by independent groups since other approaches to identify
reproducible genes’ signatures for central nervous system
(CNS) relapse have failed.

Several efforts have been addressed to identify a gene
signature predictive for brain metastasis of lung cancer (129,
130). Three candidate genes, CDH2, KIFIC and FALZ
(BPTF) were identified to be associated with brain metastasis
of NSCLC by transcriptional profiling techniques (129). N-
cadherin (CDH2) is a transmembrane, cell adhesion-
mediating protein expressed in multiple tissues (131). KIF1C
is a member of the kinesin family of microtubule binding
proteins, which slides along and cross-links microtubules
(132). FALZ (BPTF) is a histone binding component of the
nucleosome-remodeling factor (NURF), a complex that
catalyzes ATP-dependent nucleosome binding and
transcription of chromatin (133). Bioinformatic analysis of
human lung adenocarcinomas resulted in a T-cell factor 4
(TCF-4)-based signature prognostic for metastasis to bone
and brain (130). Three gene products, LEF1, HOXB9 and
BMP4 were highly correlated with metastatic development.
Lymphoid binding factor 1 (LEF1) (134) and homeobox
DNA-binding protein HOXBY (135) are transcription factors,
while bone morphogenetic protein 4 (BMP4) stimulates
expression of genes related to Smad- and MAPK-based
signal transduction pathways (136).

Few biomarkers predictive for brain metastases are shared
by different tumor entities. An example is neuroserpin and
serpin B2 whose expressions in lung adenocarcinoma and
breast cancer are associated with relapse (32).

A brain relapse-predicting factor for malignant melanoma
has been described. Expression of PLEKHAS in primary
tumors was associated with a shorter time to development of
brain metastases for both cerebral and extracerebral
metastases (45, 46). PLEKHAS was identified by expression
profiling of A375P melanoma cells and its cerebrotropic
variant A375Br (45, 46). Silencing of PLEKHAS decreased
cell viability and the in vitro potential for crossing the BBB.
PLEKHAS is member of a family of seven proteins,

PLEKHAI1-7, with pleckstrin (PH) and Trp-Trp WW
domains (137). PLEKHAS expression is associated with cell
membranes and microtubules playing a role in cell migration
and cell-cell interaction (138). PH domains, as found in
PLEKHAS, are known for phosphoinositide binding
properties and, therefore, PLEKHAS might interact with the
PIBK/AKT pathway. In melanoma, the PI3K/AKT pathway
can be activated through mutations in NRAS (139), whereas
loss of PTEN correlates with BRAF activation and earlier
development of brain metastases (140).

Expression of Brain Metastasis-related Genes
in Tumors and Corresponding Normal Tissues

Steady-state RNA levels for breast-invasive carcinoma, lung
adenocarcinoma, lung squamous cell carcinoma, kidney clear
cell carcinoma, colon adenocarcinoma and corresponding
normal tissues were derived from The Cancer Genome Atlas
(TCGA). Colon adenocarcinoma was included as a tumor type
that does not exhibit brain tropism of metastasis. Melanoma
was not included due to lack of data covering corresponding
normal tissues in TCGA. We have focused on protease-related
genes, such as cathepsin S (CTSS), neuroserpin (NS) and serpin
B2 (SERPINB2), brain mimicry-related genes such as
ST6GALNACS and CPTIC and brain metastasis biomarker-
related genes, such as crystallin a (CRYAB) and PLEKHAS. In
many of the pairs analyzed, the data median were identical or
even lower in corresponding tumor tissue (Figure 2A, B, C).
We observed up-regulation of NS, SERPINB2 and PLEKHAS
in lung squamous cell carcinoma, PLEKHAS5 in lung
adenocarcinoma and CTSS, NS, CPTIC and CRYAB in kidney
clear cell carcinoma. These correlations have to be investigated
further by analysis of occurrence of brain tumors and
expression levels of the corresponding genes in patients. In
invasive breast carcinoma no median up-regulation of CTSS,
NS, serpin B2, ST6GALNACS5 and CPTIC was observed;
however, outliers representing increased expression in
comparison to normal tissue were consistently noted. It cannot
be excluded that they are associated with the increased sample
numbers in tumor tissue in comparison to normal tissues.
Surprisingly, steady-state levels of a-crystallin were found to
be down-regulated in invasive breast carcinoma in comparison
to normal tissue and no outliers with increased expression were
observed. Regarding the discrepancy with respect to o-
crystallin, as a biomarker for brain metastasis, it should be kept
in mind that steady-state RNA levels do not necessarily
correlate with protein steady-state levels in all cases.

Concluding Remarks
The therapeutic benefit of current treatment modalities for

brain metastases, such as surgery, whole-brain radiation
therapy, stereotactic radiosurgery, chemotherapy and growth
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factor inhibitors, is limited (4, 61). Medium survival time of 5
weeks for untreated patients can be extended to several
months with multimodality therapy by combination treatments
as mentioned above (61, 62). Also, prevention of brain
metastasis with therapeutic agents is an important medical
challenge. We have outlined biomarkers in the primary
tumors’ predictive metastases to the brain, such as MMP1, a-
crystallin, PLEKHAS, cathepsin S, neuroserpin and serpin B2,
that still need further pre-clinical validation with respect to
their relevance as targets for prevention of brain metastases.
Targets involved in transmigration of tumor cells through the
BBB, such as CXCL12/CXCR4, ST6GALNACS, CTSS,
MMPI and o-crystallin can be identified by profiling of the
primary tumors. Inhibition of colonization of the brain
parenchyma and outgrowth of metastases is another issue.
Emerging targets in this context are serpins, such as
neuroserpin and serpin B2, as well as neuromimicry-based
targets, such as GABA and glutamate receptors. A possible
breakthrough was achieved by whole-exome sequencing of
brain metastases and their matching primary tumors. These
efforts have revealed that temporally and locally distinct
metastases from the same patient share druggable driver
mutations that are not present in the matching primary tumors.
These findings may result in new treatment modalities for
brain metastases as personalized medicines based on genetic
information of the metastases of individual patients.

References

1 Gavrilovic IT and Posner JB: Brain metastases: epidemiologoy
and pathophysiology. J Neuroncol 75: 5-14, 2005.

2 Patchell RA: The management of brain metastases. Cancer
Treat Rev 29: 533-540, 2003.

3 Eichler AF and Loeffler JS: Multidisciplinary management of
brain metastases. Oncologist 72: 884-898, 2007.

4 Myers CA, Smith JA, Bezjak A, Mehta MP, Liebmann J, Illidge
T, Kunkler I, Caudrelier JM, Eisenberg PD, Meerwaldt J,
Siemers R, Carrie C, Gaspar LE, Curran W, Phan SC, Miller
RA and Rentschler MF: Neurocognitive function and
progression in patients with brain metastases treated with
whole-brain radiation and motefin gadolinum. Results of a
randomized phase III trial. J Clin Oncol 22: 157-165, 2004.

5 Lassman AB and DeAngelis LM: Brain metastases. Neurol Clin
21:1-23,2003.

6  Nathoo N, Chahlavi A, Barnett GH and Toms SA: Pathobiology
of brain metastases. J Clin Pathol 58: 237-242, 2005.

7 Landis SH, Murray T, Bolden S and Wingo PA: Cancer
statistics 1999. CA Cancer J Clin 49: 8-31, 1999.

8 Saitoh H: Distant metastasis of renal adenocarcinoma. Cancer
48: 1487-1491, 1981.

9 Schouten LJ, Rutten J, Huveneers HA and Twijnstra A:
Incidence of brain metastases in a cohort of patients with
carcinoma of the breast, colon, kidney, and lung and melanoma.
Cancer 94: 2698-2705, 2002.

10 Daphu I, Sundstrom T, Horn S, Huszthy PC, Niclou SP,
Sakariassen PO, Immervoll H, Miletic H, Bjerkvig R and

254

11

12

13

14

15

16

17

18

20

21

22

23

24

25

26

27

Thorsen F: In vivo models for studying brain metastasis: value
and limitations. Clin Exp Metastasis 30: 695-710, 2013.
Weidle UH, Niewohner J and Tiefenthaler G: The Blood-Brain
Barrier challenge for the treatment of brain cancer, secondary
brain metastases and neurological diseases. Cancer Genomics
Proteomics 12: 167-177, 2015.

Lesniak MS and Brem H: Targeted therapy for brain tumors.
Nat Rev Drug Discov 3: 499-508, 2004.

Johansson BB: the physiology of the blood-brain barrier. Adv
Exp Med Biol 274: 25-39, 1990.

Huber JD, Egleton RD and Davies TP. Molecular physiology
and pathophysiology of tight junctions in the blood-brain
barrier. Trends Neurosc 24: 719-725, 2001.

Stamatovic SM, Keep RF and Andjelkovic AV: Brain
endothelial cell-cell junctions: how to "open" the blood-brain
barrier. Curr Neuropharmacol 6: 179-192, 2008.

Armulik A, Genove G, Mde M, Nisancioglu MH, Wallgard E,
Niaudet C, He L, Norlin J, Lindblom P, Strittmatter K,
Johansson BR and Betsholtz C: Pericytes regulate the blood-
brain barrier. Nature 468: 557-561, 2010.

Wilhelm I, Molnar J, Fazakas C, Hasko J and Krizbai IA: The
role of the blood-brain barrier in the formation of brain
metastases. Int J Mol Sci 7/4: 1383-1411, 2013.

Zhang RD, Price JE, Fujimaki T, Bucana CD and Fidler 1J:
Differential permeability of the blood-brain-barrier in
experimental brain metastasis produced by human neoplasms
implanted into nude mice. Am J Pathol /47: 1115-1124, 1992.
Fenstermacher J, Gross P, Sposito N, Acuff V, Pettersen S and
Gruber K: Structural and functional variations in capillary
systems within the brain. Ann NY Acad Sci 529: 21-30, 1988.
Lockman PR, Mittapalli RK, Taskar KS, Rudraraju V, Gril B,
Bohn KA, Adkins CE, Roberts A, Thorsheim HR, Gaasch JA,
Huang S, Palmieri D, Steeg PS and Smith QR: Heterogeneous
blood-tumor barrier permeability determines drug efficacy in
experimental brain metastases of breast cancer. Clin Cancer Res
16: 5664-5678,2010.

Dietrich WD, Busto R, Halley M and Valdes I: The importance of
brain temperature in alterations of the blood-brain barrier following
cerebral ischemia. J Neuropathol Exp Neurol 49: 486-497, 1990.
Kienast Y, von Baumgarten L, Fuhrmann M, Klinkert WE,
Goldbrunner R, Herms J and Winkler F: Real-time imaging
reveals the single steps of metastasis formation. Nat Med 16:
116-122, 2010.

Lorger M and Felding-Habermann B: Capturing changes in the
brain microenvironment during initial steps of breast cancer
metastasis. Am J Pathol /76: 2958-2971, 2010.

Carman CV: Mechanisms for transcellular diapedesis: probing
and pathfinding by “invadosome-like protrusions”. J Cell Sci
122: 3025-3035, 2009.

Martinez N, Boire A and DeAngelis LA: Molecular interactions
in the development of brain metastases. Int J Mol Sci /4:
17157-17167, 2013.

Bos PD, Zhang X H.-F, Nadal C, Shu W, Gomis RR, Nguyen
DX, Minn AJ, van de Vijver M, Gerald W, Foekens JA and
Massague J: Genes that mediate cancer metastasis to the brain.
Nature 459: 1005-1009, 2009.

de Vries HE, Blom-Roosemalen MC, vamn Oosten M, van
Berkel TJ, Breimer DD and Kuiper J: The influence of cytokines
on the integrity of the blood-brain barrier. ] Neuroimmunol 64:
37-43,1996.



Weidle et al: Molecular Targets for Prevention and Treatment of Brain Metastasis (Review)

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

Padua D, Zhang XH, Wang Q, Nadal C, Gerald WL, Gomis RR
and Massague J: TGFbeta primes breast tumors for lung
metastasis seeding through angiopoietin-like 4. Cell /33: 66-
77, 2008.

Zhou ZN, Sharma VP, Beaty BT, Roh-Johnson M, Petersen EA,
van Rooijen N, Kenny PA, Wiley HS, Condeelis JS and Segall
JE: Autocrine HBEGF expression promotes breast cancer
intravasation, metastasis and macrophage-independent invasion
in vivo. Oncogene 33: 3784-3793, 2013.

Harduin-Lepers A, Vallejo-Ruiz V, Krzewinski-Recchi MA,
Samyn-Petit B, Julien S and Delannoy P: The human
sialyltransferase family. Biochimie 83: 727-737, 2001.

Wang L, Liu Y, Wu L and Sun XL: Sialyltransferase and recent
advances. Biochim Biophys Acta /1864: 143-153, 2016.
Sevenich L, Bowman RL, Mason SD, Quail DF, Rapaport F,
Elie BT, Brogie E, Brastianos PK, Hahn WC, Holsinger LJ,
Massague J, Leslie CD and Joyce JA: Analysis of tumor- and
stroma-supplied proteolytic networks reveals a brain-metastasis-
promoting role for cathepsin S. Nat Cell Biol /6: 876-888,
2014.

Olson OC and Joyce JA: Cystein cathepsin proteases: regulators
of cancer progression and therapeutic response. Nat Rev Cancer
15: 712-729, 2015.

Sadegh-Nasseri S and Kim A: Exogenous antigens bind MHC
class II first, and are processed by cathepsins later. Mol
Immunol 68: 81-84, 2015.

Wiener JJ, Sun S and Thurmond RL: Recent advances in the
design of cathepsin S inhibitors. Curr Top Med Chem /0: 717-
732,2010.

Lee BC, Lee TH, Avraham S and Avraham HK: Involvement of
chemokine receptor CXCR4 and its ligand stromal cell-derived
factor lalpha in breast cancer cell migration through human
brain microvascular endothelial cells. Mol Cancer Res 2: 327-
338, 2004.

Fruehauf S: Current clinical indications for plerixafor. Transfus
Med Hemother 40: 246-250, 2013.

Gaziel-Sovran A, Osman I and Hernando E: In vivo modeling
and molecular characterization: a path toward targeted therapy
of melanoma brain metastasis. Front Oncol 3: 127, 2013.
Langley RR and Fidler 1J: The seed and soil hypothesis
revisited-the role of tumor-stroma interactions in metastasis to
different organs. Int J Cancer /28: 2527-2535, 2011.

Rolland Y, Demeule and Beliveau R: Inhibition of melanoma
brain metastasis by targeting melanotransferrin at the cell
surface. Pigment Cell Melanoma Res 22: 86-98, 2009.
Rahmanto S, Dunn LL and Richardson DR: The melanoma
tumor antigen melanotransferrin (p97): a 25 year hallmark —
from iron metabolism to tumorigenesis. Oncogene 26: 6113-
6124, 2007.

Demeule M, Bertrand Y, Michaud-Levesque J, Jodain J,
Rolland Y, Gabathuler R and Béliveau R: Regulation of
plasminogen activation: a role for melanotransferrin (p97) in
cell migration. Blood 702: 1723-1731, 2003.

Grinberg-Rashi H, Ofek E, Perelman M. Skarda J, Yaron P,
Haiduch M, Jacob-Hirsch J, Amariglio N, Krupsky M,
Simansky DA, Ram Z, Pfeffer R, Galernter I, Steinberg DM,
Ben-Dov I, Rechavi G and Izraeli S: The expression tree of
three genes in primary non-small cell ung cancer is associated
with metastatic spread to the brain. Clin Cancer Res 15: 1755-
1761, 2009.

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

Duenisch P, Reichart R, Mueller U, Brodhun M, Bjerkvig P,
Romeide B, Walter J, Herbold C, Regenbrecht CR, Kalff R and
Kuhn SA: Neural cell adhesion molecule isoform 140 declines
with rise of WHO grade in human gliomas and serves as
indicator for the invasion zone of multiform glioblastomas and
brain metastases. J Cancer Res Clin Oncol 737: 399-414, 2011.
Eisele SC, Gill CM, Shankar GM and Brastianos PK:
PLEKHAS: A key to lock unlock the blood-brain barrier? Clin
Cancer Res 27: 1978-1980, 2015.

Jilaveanu LB, Parisi F, Barr ML, Zito CR, Cruz-Munoz W,
Kerbel RS, Rimm DL, Rosenberg MW, Halaban R, Kluger Y
and Kluger HM: PLEKHAS as a biomarker and potential
mediator of melanoma brain metastasis. Clin Cancer Res 21:
2138-2147,2015.

Voduc KD, Nielsen TO, Perou CM, Harrell CJ, Fan C,
Kennecke H, Minn AJ, Cryns VL and Cheang MCU: oB-
crystallin expression in breast cancer is associated with brain
metastasis. Breast Cancer /: 15014, 2015.

Liu H, Kato Y, Erzinger SA, Kiriakova GM, Qian Y, Palmieri
D, Steeg PS and Price JE: The role of MMP-1 in breast cancer
growth and metastasis to the brain in a xenograft model. BMC
Cancer 712: 583, 2012.

Fitzgerald DP, Palmieri D, Hua E, Hargrave E, Herring JM,
Qian Y, Vega-Valle E, Weil RJ, Stark AM, Vortmeyer AO and
Steeg PS: Reactive glia are recruited by highly proliferative
brain metastases of breast cancer and promote tumor cell
colonization. Clin Exp Metastasis 25: 799-810, 2008.

Kiisters B, Leenders WP, Wesseling P, Smits D, Verrijp K,
Ruiter DJ, Peters JP, van Der Kogel AJ and de Waal RM:
Vascular endothelial growth factor-A(165) induces progression
of melanoma brain metastases without induction of sprouting
angiogenesis. Cancer Res 62: 341-345, 2002.

Soda Y, Marumoto T, Friedmann-Morvinski D, Soda M, Liu F,
Michiue H, Pastorino S, Yang M, Hofman RM, Kesari S and
Verma IM: Transdifferentiation of glioblastoma into vascular
endothelial cells. Proc Natl Acad Sci USA 108: 4274-4280, 2011.
Carbonell WS, Ansorge O, Sibson N and Muschel R: The
vascular basement membrane as ,,soil“ in brain metastasis.
PLoS One 4: 5857, 2009.

Lorger M, Krueger JS, O’Neal M, Staflin K and Felding-
Habermann B: Activation of tumor cell integrin alphavbeta3
controls angiogenesis and metastatic growth in the brain. Proc
Natl Acad Sci USA 106: 10666-1071, 2009.

Langley RR and Fidler 1J: Tumor cell-organ microenvironment
interactions in the pathogenesis of cancer metastases. Endocr
Rev 28: 297-321, 2007.

Liotta LA, Kleineman J and Saidel GM: Quantitative
relationships of intravascular tumor cells, tumor vessels, and
pulmonary metastases following tumor implantation. Cancer
Res 34: 997-1004, 1974.

Pezzella F and Harris AL: When cancer cells co-opt the
vasculature. N Engl J Med 370: 2146-2147, 2014.

Duda DG, Duyverman AM, Kohno M, Snuderl M, Steller EJ,
Fukumura D and Jain RK: Malignant cells facilitate lung
metastasis by bringing their own soil. Proc Natl Acad Sci USA
107: 21677-21682, 2010.

Chambers AF, MacDonald IC, Schmitt EE, Koop S, Morris VL,
Khokha R and Groom AC: Steps in tumor metastasis: new
concepts from intravital videomicroscopy. Cancer Metastasis
Rev 74: 279-301, 1995.

255



CANCER GENOMICS & PROTEOMICS 13: 245-258 (2016)

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

256

Fidler 1J, Yano S, Zhang RD, Fujimaki T and Bukana CD: The
seed and soil hypothesis. Lancet Oncol 3: 53-57, 2002.
Folkman J: Angiogenesis: an organizing principle for drug
discovery? Nat Rev Drug Discov 6: 273-286, 2007.

Eichler AF, Chung E, Kodack DP, Loeffler JS, Fukumura D and
Jain RK: The biology of brain metastases-translation to new
therapies. Nat Rev Clin Oncol 8: 344-356, 2011.

Langley RR and Fidler 1J: The biology of brain metastasis. Clin
Chem 59: 180-189, 2013.

Lee TH, Avraham HK, Jiang S and Avraham S: Vascular
endothelial growth factor modulates the transendothelial
migration of MDA-MB-231 breast cancer cells through
regulation of brain microvascular endothelial cell permeability.
J Biol Chem 278: 5277-5784, 2003.

Kim LS, Huang S, Lu W, Lev DC and Price JE: Vascular
endothelial growth factor expression promotes the growth of
breast cancer brain metastases in nude mice. Clin Exp
Metastasis 27: 107-118, 2004.

Yano S, Shinohara H, Herbst RS, Kuniyasu H, Bucana CD,
Elllis LM, Davis DW, McConkey DJ and Fidler 1J: Expression
of vascular endothelial growth factor is necessary but not
sufficient for production and growth of brain metastasis. Cancer
Res 60: 4959-4967, 2000.

Sandler A, Gray R, Perry MC, Brahmer J, Schiller JH, Dowlati
A, Lilienbaum R and Johnson DH: Paclitaxel-carboplatin alone
or with bevacizumab for non-small-cell lung cancer. N Engl J
Med 355: 2542-2550, 2006.

Yamamoto D, Iwase S, Tsubota Y, Sueoka N, Yamamoto C,
Kitamura K, Odagiri H and Nagumo Y: Bevacizumab in the
treatment of five patients with breast cancer and brain
metastases: Japan Breast Cancer Research Network-07 trial.
Onco Targets Ther 5: 185-189, 2012.

Termini J, Neman J and Jandial R: Role of the neural niche in
brain metastatic cancer. Cancer Res 74: 4011-4015, 2014.
Kim MY, Oskarsson T, Acharyya S, Nguen DX, Zhang XH,
Norton L and Massague J: Tumor self-seeding by circulating
cancer cells. Cell 139: 1315-1326, 2009.

Troester MA, Lee MH, Carter M, Fan C, Cowan DW, Perez
ER, Pirone JR, Perou CM, Jerry DJ and Schneider SS:
Activation of host wound responses in breast cancer
microenvironment. Clin Cancer Res 75: 7020-7028, 2009.
Nolte SM, Venugopal C, McFarlane N, Morozova O, Hallett
RM, O’Farrell E, Manoranjan B, Murty NK, Klurfan P, Kachur
E, Provias JP, Farrokhyar F, Hassell JA, Marra M and Singh
SK: A cancer stem cell model for studying brain metastases
from primary lung cancer. J Natl Cancer Inst /05: 551-562,
2013.

Singh M, Manoranjan B, Mahendram S, Mcfarlane N,
Venugopal C and Singh SK: Brain metastasis-initiating cells:
survival of the fittest. Int J Mol Sci /5: 9117-9133, 2014.
Fidler 1J and Kripke ML: Metastasis results from preexisting
variant cells within a malignant tumor. Science /97: 8§93-895,
1977.

Talmadge JE, Wolman SR and Fidler 1J: Evidence of clonal
origin of spontaneous metastases. Science 2/7: 361-363, 1982,
Fidler 1J: The biology of brain metastasis: challenge for therapy.
Cancer J 217: 284-293, 2015.

Berghoff AS and Preusser M: The inflammatory micro-
environment in brain metastases: potential treatment target?
Chin Clin Oncol 4: 21, 2015.

71

78

79

80

81

82

83

84

85

86

87

88

89

90

Berghoff AS, Kiesel B, Widhalm G, Rajky O, Ricken G,
Wohrer A, Dieckmann K, Filipits M, Brandstetter A, Weller M,
Kurscheid S, Hegi ME, Zielinski CC, Marosi C, Hainfellner JA,
Preusser M and Wick W: Programmed death ligand 1
expression and tumor-infiltrating lymphocytes in glioblastoma.
Neuro Oncol 77: 1064-1075, 2015.

Morantz RA, Wood GW, Foster M. Clark M and Gollahon K:
Macrophages in experimental and human brain tumors. Part 1:
Studies on the macrophage content of experimental rat brain
tumors of varying immunogenicity. J Neurosurg 50: 298-304,
1979.

Morantz RA, Wood GW, Foster M. Clark M and Gollahon K:
Macrophages in experimental and human brain tumors. Part 2:
studies of the macrophage content in human tumors. J
Neurosurg 50: 305-311, 1979.

Eue I, Kumar R, Dong Z, Killion JJ and Fidler 1J: Induction
of nitric oxide production and tumoricidal properties in
murine macrophages by a new synthetic lipopeptide JBT
3002 encapsulated liposomes. J Immunother 2/7: 340-
351,1998.

Brantley EC, Guo L, Zhang C, Lin Q, Yokoi K, Langley RR,
Kruzel E, Maya M, Kim SW, Kim SJ, Fan D and Fidler 1J:
Nitric oxide-mediated tumoricidal activity of murine microglial
cells. Transl Oncol 3: 380-388, 2010.

Rock RB, Gekker G, Hu S, Sheng WS, Cheeran M, Lokensgard
JR and Peterson PK: Role of microglia in central nervous
system infections. Clin Microbiol Rev 17: 942-964, 2004.
Pukrop T, Deghani F, Chuang HN, Lohaus R, Bayanga K,
Heermann S, Regen T, Van Rossum D, Klemm F, Schulz M,
Siam L, Hoffmann A, Triimper L, Stadelmann C, Bechmann I,
Hanisch UK and Binder T: Microglia promote colonization of
brain tissue by breast cancer cells in a Wnt-dependent way. Glia
58: 1477-1489, 2010.

Abbott NJ, Ronnbédck L and Hansson E: Astrocyte-endothelial
interactions at the blood-brain barrier. Nat Rev Neurosci 7: 41-
53, 2006.

Sofroniew MV: Reactive astrocytes in neural repair and
protection. Neuroscientist //: 400-407, 2005.

Seike T, Fujita K, Yamakawa Y, Kido MA, Takiguchi S,
Teramoto N, Iguchi H and Noda M: Interaction between lung
cancer cells and astrocytes via specific inflammatory cytokines
in the microenvironment of brain metastasis. Clin Exp
Metastasis 28: 13-25, 2011.

Sierra A, Price JE, Garcia-Ramirez M, Méndez O, Lépez L and
Fabra A: Astrocyte-derived cytokines contribute to the
metastatic brain specificity of breast cancer cells. Lab Invest
77:357-368, 1997.

Lin Q, Balasubramanian K, Fan D, Kim SJ, Guo L, Wang H,
Bar-Eli M, Aldape KD and Fidler 1J: Reactive astrocytes protect
melanoma cells from chemotherapy by sequestering
intracellular calcium through gap junction communication
channels. Neoplasia /2: 748-754, 2010.

Roderick HL and Cook SJ: Ca2* signalling checkpoints in
cancer: remodelling Ca2* for cancer cell proliferation and
survival. Nat Rev Cancer 8: 361-375, 2008.

Kim SJ, Kim JS, Park ES, Lee JS, Lin Q, Langley RR, Maya
M. He J, Kim SW, Weihua Z, Balasubramanian K, Fan D, Mill
GB, Hung MC and Fidler 1J: Astrocytes upregulate survival
genes in tumor cells and induce protection from chemotherapy.
Neoplasia /3: 286-298, 2011.



Weidle et al: Molecular Targets for Prevention and Treatment of Brain Metastasis (Review)

91 Laborde E: Glutathione transferases as mediators of signaling
pathways involved in cell proliferation and cell death. Cell
Death Differ 77: 1373-1380, 2010.

92 Qian J, Zou Y, Rahman JS, Lu B and Massion PP: Synergy
between phosphoinositol 3-kinase/Akt pathway and Bcl-xL in
the control of apoptosis in adenocarcinoma cells of the lung.
Mol Cancer Ther 8: 101-109, 2009.

93 Zhuo WL, Wang Y, Zhuo XL, Zhang YS and Chen ZT: Short
interfering RNA directed against TWIST, a novel zinc finger
transcription factor, increases A549 cell sensitivity to cisplatin
via MAPK/mitochondrial pathway. Biochem Biophys Res
Comm 369: 1098-1102, 2008.

94 Neman J, Choy C, Kowolik CM, Anderseon A, Duenas VJ,
Waliany S, Chen BT, Chen MY and Jandial R: Co-evolution of
breast-to-brain metastasis and neural progenitor cells. Clin Exp
Metastasis 30: 753-768, 2013.

95 Adhami F, Yu D, Yin W, Schloemer A, Burns KA, Liao G,
Degen JL, Chen J and Kuan CY: Deleterious effects of
plasminogen activators in neonatal cerebral hypoxia-ischemia.
Am J Pathol 772: 1704-1716, 2008.

96 Yepes M, Sandkvist M, Wong MK, Coleman TA, Smith E,
Cohan SL and Lawrence DA: Neuroserpin reduces cerebral
infarct volume and protects neurons from ischemia-induced
apoptosis. Blood 96: 569-576, 2000.

97 Valiente M, Obenauf AC, Jin X, Chen Q, Zhang XH, Lee DJ,
Chaft JE, Kris MG, Huse JT, Brogi E and Massague J: Serpins
promote cancer cell survival and vascular co-option in brain
metastasis. Cell 156: 1002-1016, 2014.

98 Bajou K, Peng H, Laug WE, Maillard C, Noel A, Foidart M,
Martial JA and DeClerck YA: Plasminogen activator inhibitor-
1 protects endothelial cells from FasL-mediated apoptosis.
Cancer Cell 74: 324-334, 2008.

99 Schifer MK and Altevogt P: L1ICAM malfunction in the
nervous system and human carcinomas. Cell Mol Life Sci 67:
2425-2437,2010.

100 Law RH, Zhang Q, McGowan S, Buckle AM, Silverman GA,
Wong W, Rosado CJ, Langendorf CG, Pike RN, Bird PI and
Whisstock JC: An overview of the serpin superfamily. Genome
Biol 7: 216, 2006.

101 Irving JA, Pike RN, Lesk AM and Whisstock JC: Phylogeny of
the serpin superfamily: implications of patterns of amino acid
conservation for structure and function. Genome Res /0: 1845-
1864, 2000.

102 Zhang L, Zhang S, Yao J, Lowery FJ, Zhang Q, Huang W-C,
Li P, Li M, Wang X, Zhang C, Wang H, Ellis K, Cheerathodi
M, Mc Carty JH, Palmieri D, Daunus J, Lakhani S, Huang S,
Sahin AA, Aldape KD, Steeg PS and Yu D: Microenvironment-
induced PTEN loss of exosomal microRNA primes brain
metastasis outgrowth. Nature 527: 100-104, 2015.

103 Malin D, Strekalova E, Petrovic V, Deal AM, Ahmad A, Adamo
B, Miller CR, Ugolkov A, Livasy C, Fritchie K, Hamilton E,
Blackwell E, Geradts J, Ewend M, Carey L, Shustra EV, Anders
CK and Cryns VL: aB-crystallin: a novel regulator of breast
cancer metastasis to the brain. Clin Cancer Res 20: 57-67,2014.

104 Romagnoli M, Mineva ND, Polmear M, Conrad C, Srinivasan S,
Loussouarn D, Barillé-Nion S, Georgakoudi I, Dagg A,
McDermott EW, Duffy MJ, McGowan PM, Schlomann U,
Parsons M, Bartsch JW and Sonenshein GE: ADAMS expression
in invasive breast cancer promotes tumor dissemination and
metastasis. EMBO Mol Med 6: 278-294, 2014.

105 Wang L, Cossette SM, Rarick KR, Gershan J, Dwinell MB, Harder
DR and Ramachandran R: Astrocytes directly influence tumor cell
invasion and metastasis in vivo. PLoS One 8: ¢80933, 2013.

106 Neman J, Termini J, Wilczynski S, Vaidehi N, Choy C,
Kowolik CM, Li H, Hambrecht AC, Roberts E and Jandial R:
Human breast cancer metastases to the brain display
GABAergic properties in the neural niche. Proc Natl Acad Sci
USA 111: 984-989, 2014.

107 Van Swearingen AE, Siegel MB and Anders CK: Breast cancer
brain metastases: evidence for neuronal-like adaptation in a
“breast-to-brain” transition? Breast Cancer Res 16: 304, 2014.

108 Park ES, Kim SJ, Kim SW, Yoon SL, Leem SH, Kim SB, Kim
SM, Parlk YY, Cheong JH, Woo HG, Mills GB, Fidler 1J and
Lee JS: Cross-species hybridization of microarrays for studying
tumor transcriptome of brain metastasis. Proc Natl Acad Sci
USA 108: 17456-17461, 2011.

109 Nygaard V, Prasmickaite L, Vasiliauskaite K, Clancy T and
Hovig E: Melanoma brain colonization involves the emergence
of a brain-adaptive phenotype. Oncoscience /: 82-94, 2014.

110 Madsen KK, Larsson OM and Schousboe A: Regulation of
excitation by GABA neurotransmission: focus on metabolism
and transport. Res Probl Cell Differ 44: 201-221, 2008.

111 Gardoni F and Di Luca M: New targets for pharmacological
intervention in the glutaminergic response. Eur J Pharmacol
545: 2-10, 2006.

112 Bouvier G, Bidoret C, Cascado M and Paoletti P: Presynaptic
NMDA receptors: roles and rules. Neuroscience 3/7: 322-340, 2015.

113 Reilly PT and Mak TW: Molecular pathways: tumor cells co-
opt the brain-specific metabolism gene CPT1C to promote
survival. Clin Cancer Res /8: 5850-5855, 2012.

114 Zaugg K, Yao Y, Reilly PT, Kannan K, Kiarash R, Mason J,
Huang P, Sawyer SK, Fuerth B, Faubert B, Kakkiomaki T, Elia
A, Luo X, Nadeem V, Bungaard D, Yalavarthi S, Growney JD,
Wakeham A, Moolani Y, Silverster J, Ten AY, Bakker W,
Tsuchihara K, Berger SL, Hill RP, Jones RG, Tsao M, Robinson
MO, Thompson CB, Pan G and Mak T: Carnitine palmitoyl-
transferase 1C promotes cell survival and tumor growth under
conditions of metabolic stress. Genes Dev 25: 1041-1051, 2011.

115 Bonnefont JP, Djouadi F, Prip-Buus C, Gobin S, Munnich A
and Bastin J: Carnitin palmitoyltransferases 1 and 2:
biochemical, molecular and medical aspects. Mol Aspects Med
25:495-520, 2004.

116 Paik PK, Shen R, Won H, Rekhtman N, Wang L, Sima CS,
Arora A, Sheshan V, Ladanyi M, Berger MF and Kris MG:
Next-generation sequencing of stage IV squamous cell lung
cancers reveals an association of PI3K aberrations and evidence
of clonal heterogeneity in patients with brain metastases.
Cancer Discov 5: 610-621, 2015.

117 Brastianos PK, Carter SL, Santagata S, Cahill DP, Taylor-
Weiner A, Jones RT, Van Allen EM, Lawrence MS, Horowitz
PM, Cibulski K, Ligon KL, Taberno J, Seoane J, Martinez-Saez
E, Curry WT, Dunn IF, Paeck SH, Park SH, McKenna A,
Chevalier A, Rosenberg M, Barker FG 2nd, Gill CM, Van
Hummelen P, Thorner AR, Johnson BE, Hoang MP, Choueiri
TK, Signoretti S, Sougnez C, Rabin MS, Lin NU, Winer EP,
Stemmer-RachamimovA, Meyerson M, Garraway L, GabrielS,
Lander ES, Beroukhim R, Batchelor TT, Baselga J, Louis DN,
Getz G and Hahn WC: Genomic characterization of brain
metastases reveals branched evolution and potential therapeutic
targets. Cancer Discov 5: 1164-1177, 2015.

257



CANCER GENOMICS & PROTEOMICS 13: 245-258 (2016)

118 Musolino A, Ciccolallo L, Panebianco M, Fontana E, Zanoni
D, Bozetti C, Michiara M, Silini EM and Ardizzoni A:
Multifactorial central nervous system recurrence susceptibility
in patients with HER2-positive breast cancer: epidemiological
and clinical data from population-based cancer registry. Cancer
117: 1837-1846, 2011.

119 Carlino MS, Long GV, Kefford RF and Rizos H: Targeting
oncogenic BRAF and aberrant MAPK activation in the
treatment of cutaneous melanoma. Crit Rev Oncol Hematol 96:
385-398, 2015.

120 Santo L, Siu KT and Raje N: Targeting cyclin-dependent
kinases and cell cycle progression in human cancers. Sem
Oncol 41: 788-800, 2015.

121 Fruman DA and Rommel C: PI3K and cancer: lessons,
challenges and opportunities. Nat Rev Drug Discov /3: 140-
156, 2014.

122 Pangeni RP, Channathodiyil P, Huen DS, Eagles LW, Johal BK,
Pasha D, Hadjistephanou M, Nevell O, Davies CL, Adewumi
Al, Khanom H, Samra IS, Buzatto VC, Chandrasekaran P,
Shinawi T, Dawson, Ashton KM, Davis C, Brodbelt AR,
Jenkinson MD, Bieche I, Latif F, Darling JL, Warr TJ and
Morris MR: The GALNT9, BNC1 and CCDC8 genes are
frequently epigenetically dysregulated in breast tumors that
metastasise to the brain. Clin Epigenetics 27: 57, 2015.

123 Hanisch FG: O-glycosylation of the mucin type. Biol Chem
382: 143-149, 2001.

124 Yan J, Yan F, Li Z, Sinnott B, Cappell KM, Yu Y, Mo J, Duncan
JA, Chen X, Cormier-Daire V, Whitehurst AW and Xiong Y:
The 3M complex maintains mictrotubule and genome integrity.
Mol Cell 54: 791-804, 2014.

125 Wang J, Zhang S, Schultz RM and Tseng H: Search for
basonuclin target genes. Biochem Biophys Res Comm 348:
1261-1271, 2006.

126 Reddy VS and Reddy GB: Emerging role for aB-crystallin as a
therapeutic agent: pros and cons. Curr Mol Med /5: 47-61, 2015.

127 Malin D, Strekalova E, Petrovic V, Rajanala H, Sharma B,
Ugolkov A, Gradishar WJ and Cryns VL: ERK-regulated aB-
crystallin induction by matrix detachment inhibits anoikis and
promotes lung metastasis in vivo. Oncogene 34: 5626-5634,2015.

128 Minn AJ, Gupta GP, Padua D, Bos P, Nguyen DX, Nuyten D,
Kreike B, Zhang Y, Wang Y, Ishwaran H, Foekens JA, van de
Vijver M and Massagué J: Lung metastasis genes couple breast
tumor size and metastatic spread. Proc Natl Acad Sci USA 104:
6740-6745, 2007.

129 Grinberg-Rashi H, Ofek E, Perelman M, Skarda J, Yaron P,
Haidich M, Jacob-Hirsch J, Amariglio N, Krupsky M, Simansky
DA, Ram Z, Pfeffer R, Galernter I, Steinberg DM, Ben-Dov I,
Rechavi G and Izraeli S: The expression pattern of three genes in
primary non-small cell lung cancer is associated with metastatic
spread to the brain. Clin Cancer Res 15: 1755-1761, 2009.

258

130 Nguyen DX, Chiang AC, Zhang XH, Kim JY, Kris MG,
Ladanyi M, Gerald WL and Massagué J: WNT/TCF signaling
through LEF1 and HOXB9 mediates lung adenocarcinoma
metastasis. Cell 7/38: 51-62, 2009.

131 Nakashima T, Huang C, Liu D, Kameyama K, Masuya D,
Kobayashi S, Kinoshita M and Yokomise H: Neural-cadherin
expression associated with angiogenesis in non-small-cell lung
cancer patients. Br J Cancer 88: 1727-1733, 2003.

132 Chandrasekaran G, Tatrai P and Gergeley F: Hitting the brakes:
targeting microtubule motors in cancer. Br J Cancer /13: 693-
698, 2015.

133 Jones MH, Hamana N and Shimane M: Identification and
characterization of BPTF, a novel bromodomain transcription
factor. Genomics 63: 35-39, 2000.

134 Erdfelder F, Hertweck M, Filipovich A, Uhrmacher S and
Kreuzer KA: High lymphoid enhancer factor-1 expression is
associated with disease progression and poor prognosis in
chronic lymphocytic leukemia. Hematol Rep 26, €3, 2010.

135 Hayashida T, Takahashi F, Chiba N, Brachtel E, Takahashi M,
Godin-Heymann N, Gross KW, Vivano MD, Wijendran V, Shioda
D, Sgroi D, Donahoe PK and Maheswaran S: HOXB9Y, a gene
overexpressed in breast cancer, promotes tumorigenicity and lung
metastasis. Proc Natl Acad Sci USA 707: 1100-1105, 2010.

136 Kalloniemi A: Bone morphogenetic protein 4 — a fascinating
regulator of cancer cell behavior. Cancer Genet 205: 267-277,
2012.

137 Lemmon MA: Pleckstrin homology domains: not just for
phosphoinositides. Biochem Soc Trans 32: 707-711, 2004.

138 Zou Y and Zhong W: A likely role for a novel PH-domain
containing protein, PEPP2, in connecting membrane and
cytoskeleton. Biocell 36: 127-132, 2012.

139 Kwong LN and Chin L: The brothers of RAF. Cell /40: 180-
182, 2010.

140 Bucheit AD, Syklawer E, Jacob JA, Bassett RL Jr., Curry JL,
Gershenwald JE, Kim KB, Hwu P, Lazar AJ and Davies MA:
Clinical characteristics and outcomes with specific BRAF and
NRAS mutations in patients with metastatic melanoma. Cancer
119: 3821-3829, 2013.

Received February 25, 2016
Revised April 21, 2016
Accepted April 25, 2016



