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Abstract Metastasizing cancer cells that arrest in brain
microvessels have to face an organ microenvironment that is
alien, and exclusive. In order to survive and thrive in this
foreign soil, the malignant cells need to successfully master
a sequence of steps that includes close interactions with
pre-existing brain microvessels, and other nonmalignant cell
types. Unfortunately, a relevant number of circulating cancer
cells is capable of doing so: brain metastasis is a frequent and
devastating complication of solid tumors, becoming ever
more important in times where the systemic tumor disease is
better controlled and life of cancer patients is prolonged. Thus,
it is very important to understand which environmental cues
are necessary for effective brain colonization. This review
gives an overview of the niches we know, including those
who govern cancer cell dormancy, survival, and proliferation
in the brain. Colonization of pre-existing niches related to
stemness and resistance is a hallmark of successful brain me-
tastasis. A deeper understanding of those host factors can help
to identify the most vulnerable steps of the metastatic cascade,
which might be most amenable to therapeutic interventions.
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Introduction

Brain metastases are challenging targets for therapy and pre-
vention [1, 2]. The organ that is colonized is unlike any other
in the body. Its anatomical, physiological, and molecular mi-
croenvironment is special, and its importance for physical
well-being and personality is obvious. Today, metastasis to
the brain is an increasing problem for patients suffering from
solid tumors who are otherwise responding well to local and
systemic therapies [1]. Many therapeutics that work well on
systemic metastases have much less, if any, activity in the
brain, making it to a Bsanctuary site^ [2]. The reason for that
is much debated: historically, it is widely assumed that the
blood-brain barrier (BBB) is the most important factor,
protecting tumor cells from systemic therapeutics. However,
emerging data suggests that this is only one explanation, and
organ-specific metastatic niche(s) contribute to the protective
nature of the brain microenvironment.

Lung cancer is the leading primary site, causing more than
50 % of all brain metastases; breast cancer and melanoma
follow [3]. Brain metastases are associated with a dismal sur-
vival, a high morbidity reducing the quality of life, and limited
treatment options. Thus, strategies to prevent this complica-
tion hold the promise to translate into a significant benefit for
cancer patients [2, 4]. With more and more targeted therapies
emerging that show promising activity on established brain
metastases [5], there is hope that tumor cells dissemination
to the brain is a process that can in principle be controlled
by systemic treatments. To optimize those treatments, and to
explore new avenues of better disease control, we need to
improve our understanding of the brain metastatic process,
particularly of the niche where successful tumor cell survival
and brain colonization takes place. This review aims to present
the most relevant available data in this respect, provides a
discussion of its implications, and highlights fields of research
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where progress is urgently needed. Thus, a clear focus of this
review will lie on the brain microenvironment as the soil of
metastases growth, and not on the seed, i.e., special properties
of the brain metastasis-initiating cancer cell (BMIC).

Hints for a pre-metastatic niche in the brain

The pre-metastatic niche is an interesting concept with high
implications for the biology of the metastatic process, and
therapeutic interactions with it. However, not all findings in
this respect are unequivocal and/or reproducible [6, 7]. This is
mainly caused by the fact that it has been extremely difficult, if
not impossible, to longitudinally track metastasizing cancer
cells in high resolution over time, including the microenviron-
ment at a specific site before successful metastasis takes place
here. However, there is hope that this might change with novel
animal models of intravital imaging which allow to track the
brain metastatic process of an individual cancer cell over
prolonged periods of time [8].

Fong et al. found that cancer cell-secreted circulating miR-
122 can suppress glucose uptake by astrocytes and neurons,
two important brain resident cell types by downregulating the
glycolytic enzyme pyruvate kinase. Inhibition of miR-122 re-
stored glucose uptake in the brain and other organs, and de-
creased the incidence of metastasis [9]. The authors hypothe-
size that, by decreasing glucose consumption of other cell
types, cancer cells favor their own access to glucose, thus
creating a Bpre-metastatic metabolic niche^ in the brain.
Moreover, heterogeneous expression of E-selectin at brain
endothelial cells might govern the site where successful brain
metastasis takes place [10]. Other than that, data about the pre-
metastatic niche in the brain is scarce yet, and the question
whether such a niche exists at all needs further supportive
data.

The blood-brain barrier: a special gatekeeper

The specific anatomical and molecular constitution of the
BBB prevents sufficient access of many molecules to the
(healthy) brain: specialized endothelial cells connected by
tight junctions, the vascular basement membrane, pericytes,
astrocytic foot processes, and specialized transporter systems
strictly regulate extravasation, while active exclusion mecha-
nisms like glycoprotein P (P-gp), breast cancer resistance pro-
tein (BCRP), and the family of multidrug-resistance proteins
exclude xenobiotics effectively [11]. Thus, in the normal
brain, microvessels have an ultra-low permeabilty, and do
not allow significant extravasation of circulating cell types
into the brain parenchyma. However, it is also clear that the
majority of large, macroscopic brain metastases experience
breakdown of the BBB, although to a various extent [12]. In

accordance with that, highly variable tumor levels have been
reported for different chemotherapeutic agents in clinical
specimens [13]. Together with clinical exceptions such as re-
ported activity of primary chemotherapy in lung cancer brain
metastasis [14], the picture becomes obscure, and it is increas-
ingly doubtful that sole barrier functions are responsible for
the reduced activity of systemic therapies on brain metastases.

The BBB is, however, the structure that every circulating
cancer cell has to cross for access to the brain (Fig. 1). Since
the brain has no classical lymphatics (and the lymphatic ves-
sels that have been recently described around dural sinuses
cannot explain the patterns of brain metastases formation
[15]), hematogeneous metastasis is the exclusive way for tu-
mor cells to access the brain. Bos et al. identified the
prostaglandin-synthesizing enzyme cyclooxygenase 2
(COX2), the heparin-binding epidermal growth factor
(HBEGF), and the alpha-2,6-sialyltranserase ST6GALNAC5
as mediators of breast cancer cell passage through the BBB
[16]. Sialyltransferases catalyze the addition of sialic acid to
cell-surface gangliosides and glycoproteins (sialylation) and
promote cell-cell interactions. Normally restricted to the brain,
the expression of ST6GALNAC5 in breast cancer cells en-
hances their adhesion to brain endothelial cells and their
BBB passage [16]. Furthermore, the authors showed that
treatment of mice with an antagonist to the receptor of
HBEGF, cetuximab (which is routinely used for treatment of
non-small cell lung cancer (NSCLC), colorectal cancer, and
head and neck cancer), decreased the brain metastatic activity
of breast cancer cells. Similarly, expression levels of
membrane-boundmelanotransferrin correlatedwith the ability
of melanoma cells to cross the BBB [17]. Rho kinase signal-
ing, which is involved in intracellular junction disruption, has
also been found to be active in transendothelial migration of
SCLC cells [18]. Likewise, the chemokine receptor CXCR4
and its ligand CXCL12 (also referred to as stromal cell-
derived factor 1-alpha (SDF-1 alpha)) have been shown to
participate in migration of breast cancer cells through brain
endothelial cells via increase of vascular permeability and
activation of the PI-3K/AKT pathway [19]. Furthermore, ca-
thepsin S was found to specifically mediate BBB transmigra-
tion through proteolytic processing of the junctional adhesion
molecule JAM-B [20]. One recent report found that tumor-
derived miRNA-181c containing extracellular vesicles
dysregulate the dynamics of intracellular actin in brain endo-
thelial cells, which could be another mechanism of BBB
breakdown [21]. Finally, even physical exercise has been as-
sociated with higher BBB integrity and decreased brain me-
tastases formation [22].

In addition, integrin-mediated interaction of tumor cells
with host cells may play a role for the early steps of the brain
metastatic cascade. Activation of integrin alpha-v-beta-3 sup-
ported tumor cell arrest in the blood flow through interaction
with platelets and incorporation into microthrombi in a mouse
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model of breast cancer [23]. AlphaB-crystallin promoted ad-
hesion of cancer cells to brain endothelial cells through an
alpha3beta1 integrin-dependent mechanism [24]. Integrin
beta-4 signaling indirectly supported the adherence to the
brain vasculature by inducing ErbB2-dependent upregulation
of VEGF in tumor cells [25]. Indeed, activated alpha-v-beta 3
was associated with brain metastatic growth through upregu-
lation of VEGF under normoxic conditions [26]. VEGF can
decrease the integrity of the endothelial cell layer and thus
enhance the transendothelial migration of tumor cells [27].
In contrast to these findings, by making use of a novel animal
model that allows to visualize and quantify all steps of the
brain metastatic cascade, it was found that inhibition of
VEGF-A did indeed slow down, but did not change the over-
all extravasation rate of cancer cells in another model of lung
cancer brain metastases [8]. Another pro-angiogenic and
permeability-increasing molecule, angiopoietin-2, has also
been associated with early BBB breakdown and metastatic
brain colonization in breast cancer [28].

Collectively, these data provide ample evidence that the
multi-layered BBB, usually tight and impenetrable, must
somehow become more permissive at the site where blood-
borne cancer cells are able to extravasate into the brain. This
appears highly plausible, even if other extravasation strategies
(e.g., luminal growth of endothelial cells over cancer cells,
pushing them out of the blood lumen) might exist, at least

under certain conditions. There is limited information, how-
ever, about the relative importance of the single molecular
players of extravasation, and even less about tumor type-
specific mechanisms—which would be crucial informations
about the most promising strategy to prevent the earliest steps
of brain metastases formation by a systemic drug in patients.

A perivascular niche for cancer cell survival,
dormancy, and stemness

After overcoming the BBB, tumor cells are confronted with a
highly alien microenvoriment: the extracellular matrix differs
when compared to other sites in the body, as do resident pa-
renchymal cells (primarily astrocytes, microglia, and neurons,
and brain-specific endothelial cells and pericytes), and also
paracrine signaling molecules such as cytokines and growth
factors. Early and prolonged cancer cell survival, and subse-
quent tumor growth requires adaption to and successful inter-
action with these factors.

There is ample data that the perivascular niche is of crucial
importance for the brain metastatic process (Fig. 1). We and
others have shown that strict perpetuation of a direct contact to
the perfused brain microvessel is obligatory for cancer cells to
survive after extravasation [8, 29, 30]. Whenever this contact
is lost, death was inevitable for brain-metastasizing lung
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Fig. 1 Successful brain metastasis depends on colonization of a distinct
perivascular niche, where multiple interactions of cancer cells with the
brain microenvironment take place. After vascular arrest, a circulating
cancer cell has to extravasate by overcoming the blood-brain barrier.
After that, most of the cancer cells die. A small fraction, however, is
able to survive in the alien microenvironment and can remain dormant
in a perivascular niche, or successfully grow to a macrometastasis. Both

brain invasion via perivascular pathways and induction of sprouting
angiogenesis can be employed to successfully grow in the brain.
Furthermore, an adaptation to brain-specific survival pathways seems to
play a role. Examples of known molecular players that guide these
interactions are given. Further details are given in the text. NSCLC non-
small cell lung cancer
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cancer and melanoma cells—no matter whether this happened
initially, or after days and weeks [8]. Next to the prime access
to oxygen and nutrients that comes with this microanatomical
position, other factors likely play a role. The vascular base-
ment membranewith its high content in collagen, laminin, and
other extracellular matrix proteins can provide important cues
for growth and survival via interactions with the beta1 integrin
subunit on the surface of metastasizing cancer cells [29].
Thus, the basement membrane could make the brain microen-
vironment—which normally is devoid of these extracellular
matrix proteins—to a less foreign and less hostile Bsoil^ for
colonizing malignant cells of alien origin.

Importantly, a few percent of both melanoma and lung
cancer cells enter a dormant state after extravasation, and
rest as single cells without proliferation or regression over
many weeks, which again is strictly limited to a position in
the perivascular niche [8]. Since dormant cancer cells may
be responsible for late manifestations or relapses of brain
metastases, it is crucial to better understand their biology,
including which factors release them from dormancy.
Unfortunately, very little is published about this point today.
Conceptually, extravasated cancer cells that remain dormant
over prolonged periods of time in the perivascular niche
might share features with primary brain tumor cells that
harbor stem-like features, which could speak for a role of
Ephrin B2, nitric oxide, osteopontin, CXCL12, laminins,
and/or Notch ligands [31]. For brain metastasis, Ghajar and
colleagues confirmed that dormancy in the brain and also in
the lung and bone marrow indeed was restricted to a posi-
tion in the perivascular niche. Thrombospondin-1, released
from resting endothelium and located to the vascular base-
ment membrane, including that of brain vessels, mediated
cancer cell quiescence [32]. In contrast, TGF-beta1 and
periostin were identified as factors released from activated
endothelial cells that sparked micrometastatic outgrowth.
While the functional role of these mechanisms for gain

and loss of dormancy in the brain microenvironment have
to be further confirmed, this data provides interesting hints
how microvessels can in principle control tumor cell
dormancy.

The perivascular niche also has a crucial role for normal
neurogenesis, which depends on tight and reciprocal interac-
tions of blood vessel components, particularly endothelial
cells, with neural stem and progenitor cells [33]. One crucial
player for mitotic expansion of neural progenitor cells in the
perivascular niche is the VEGF pathway [34], which has also
been implicated in successful brain metastases formation for
different cancer types [8, 35–38]. Furthermore, perivascular
nitric oxide (NO) plays a complex role in neurogenesis. While
it was long regarded as its tonical suppressor under normal
conditions, it seems to potentiate stem cell proliferation under
pathological conditions including hypoxia [33]. Likewise, in
breast cancer, inhibition of inducible nitric oxide synthase
(iNOS, NOS2) inhibited the formation of brain metastases
[39]. More information comes from primary brain tumors,
where a distinct perivascular niche has been described for
glioma stem cells [40], and implicated in radiation resistance
of medulloblastoma stem-like cells [41]. Perivascular nitric
oxide gradients generated by the endothelial NOS (eNOS)
appear to be one crucial mediator of promoting stemness of
glioma cells [42]. Others have found that glioma stem-like
cells depend on NO generated by their own iNOS, while
non-stem-like cells do not [43]. Moreover, activation of
NOTCH signaling is involved in the modulation of stemness
of astroglia-like neural stem cells [44], and upregulated by NO
in glioma stem-like cells [42]. Interestingly, proficient
NOTCH signaling has also been involved in successful brain
metastasis [45, 46]. Other important players of neurogenesis
in the perivascular niche, such as CD24, purinergic receptors,
and brain-derived neurotrophic factor (BDNF) [33] have not
been investigated in the context of brain metastases so far, but
are interesting avenues for future studies.

Fig. 2 Metastasis of a melanoma cell (red) in the mouse brain by
exploitation of the pre-existing perivascular niche. After vascular arrest
in a brain capillary (green, day 1), the cancer cell extravasates into the
perivascular space (day 3), and starts to invade the brain parenchyma
perivascularly (day 6). Strict perpetuation of this perivascular niche

position is also evident during further proliferation of this metastatic
nodule (days 9–28), resulting in a tumor that grows finger-like into the
healthy brain by vascular cooption. Images are acquired by in vivo two-
photon microscopy, deep in the live brain. From: Kienast et al. [8]
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All in all, the perivascular niche plays a central role for
brain metastases survival and dormancy, but also for promo-
tion of stemness, including that of brain tumor cells. It is not
clear, however, whether microregional differences in niche
composition, or differences resulting from the heterogeneity
of brain metastasis-initiating cancer cells are responsible for
the dichotomous behavior in it, i.e., quiescence in a dormant
state, or rapid growth and invasion [8].

The brain microenvironment: friend or foe
for metastatic tumor cells?

Another potential resistance mechanism for metastatic tumor
cells in the brain is the interaction with brain resident cells.
The high inefficiency of the brain metastatic process (with 95–
99 % of brain-arrested cancer cells failing to successfully
grow to a macrometastasis [8, 47]) raises the question whether
some of these components are more foe than friend for extrav-
asating cancer cells in the brain. While interactions with brain
endothelial cells have been extensively discussed above, and
the role of brain microvascular pericytes remains elusive, a
growing body of evidence suggests that cellular interactions
with astrocytes, microglia cells, and also neurons can play a
role for brain colonization of cancer cells. Importantly, all
three cell types are also in direct contact to the perivascular
niche in the brain [48].

Astrocytes

Astrocytes, specifically their end feet that wrap cerebral blood
vessels, are among the first cellular structures encountered by
extravasating cancer cells. Data from several groups indicate
that astrocytes can support brain invasion, e.g., by expressing
the ECM-degrading enzyme heparanase [49]. Moreover, cy-
tokine production by astrocytes may contribute to brain me-
tastases growth by paracrine signaling [50]. Furthermore,
astrocyte-secreted factors contributed to MAPK activation
and subsequent overexpression of MMP2 in breast cancer
cells [51]. Finally, Xing et al. demonstrated that brain meta-
static breast cancer cells express high levels of IL-1beta,
which in turn activates surrounding astrocytes, augmenting
their expression of JAG1. This stimulated NOTCH signaling
in stem-like cancer cells [45]. In contrast, a recent report sug-
gested that plasmin can convert membrane-bound FasL of
astrocytes into a paracrine death signal for brain-
metastasizing lung and breast cancer cells, which have to ex-
press high levels of anti-plasminogen activator—serpins to
withstand this brain protective mechanism [30]. Taken togeth-
er, it appears that astrocytes can play both brain metastases-
promoting and brain metastases-suppressing roles. Taken that
reactive astrogliosis, i.e., a wall of activated astrocytes, sur-
rounds most brain metastases in mice and men, it is important

to better understand whether, and if so under which condi-
tions, these opposing effects occur in patients.

Isaiah Fidler and co-workers added another role for astro-
cytes, demonstrating how they can help cancer cells to with-
stand the deleterious effects of chemotherapy. First describing
a connexin 43 gap-junction mediated, helpful direct “buffer-
ing” of increased calcium concentrations in melanoma cells
[52], they later found a gap-junction-dependent upregulation
of survival genes (GSTA5, BCL2L1, and TWIST1) that corre-
lated with chemoresistance in lung- and breast cancer cell
lines [53]. In further cell culture experiments, they found that
astrocyte-derived endothelin isoforms activate their receptors
on cancer cells, leading to increased survival via the AKTand
MAPK pathways [54]. In turn, cancer cells secrete IL-6 and
IL-8 after gap-junction coupling with astrocytes to increase
endothelin expression in those astrocytes. This data speaks
for a complex, recriprocal cross-talk between the two cell
types. Both endothelin receptors (ETAR and ETBR) are re-
quired to mediate chemoprotection of cancer cells by astro-
cytes. Finally, another question is whether the potentially pro-
tective effects of brain resident cells are limited to chemother-
apy. Gap-junction intercellular communication between astro-
cytes makes them resistant to the deleterious effects of reactive
oxygen species [55], thus providing a hint that astrocytes
might be capable of protecting cancer cells from the adverse
events of radiotherapy, too.

Microglia

Microglial cells are the main immune effectors of the CNS,
and thus prime candidates to defend the CNS from entry of
metastasizing cancer cells. Activated microglia is frequently
found at and around human brain metastases [56], and can be
tumoricidal and lysemelanoma and carcinoma cells by release
of nitric oxide [57], similar to findings in gliomas [58]. In
accordance with this, expression of the neurotrophin NT-3
was associated with increased brain metastases formation,
and reduced activation of cytotoxic microglia [59]. To the
contrary, Pukrop et al. reported that carcinoma cells may use
microglial processes as Bguiding tracks^ of invasion into the
brain parenchyma, which was WNT-dependent [60]. Again,
the same nonmalignant cell type appears to play divergent
roles under different conditions with respect to the brain met-
astatic process.

Neurons

Neurotrophins including the prototypic nerve growth factor
(NGF) are a family of proteins expressed primarily in the
CNS, but might be important for brain metastases biology,
too [61]. Neurotrophins exert anti-apoptotic, pro-mitotic, and
chemotactic properties. The similarities between neuronal de-
velopment in the perivascular niche, and brain tumor cell
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biology have been highlighted in the last chapter. Human mel-
anoma cells express the neurotrophin receptors p75(NTR) and
TrkC, possibly in relation to the common embryologic origin
of melanocytes and neuronal cell populations [62].
Interestingly, brain metastatic breast cancer cells displayed
GABAergic properties, similar to that of neuronal cells, which
could speak for a metastasis-promoting role of co-inhabitation
of the neuronal niche in the brain [63]. Recently, it has been
demonstrated that neuronal activity lead to secretion of
neuroligin-3, stimulating glioma growth in a paracrine manner
[64]. It has to be seen whether activity of mature neurons also
has brain metastases-promoting effects.

Successful growth in the brain by blood vessel
interactions

The brain with its high requirement for oxygen and nutrients is
among the places with the highest vascular density in the body.
This makes pre-existing brain microvessels to a niche that is
abundantly available for brain metastases progression. Indeed,
melanoma cells [1, 8], but also breast cancer cells (Liao et al.,
unpublished) exploit pre-existing microvessels as the leading
tracks for invasion and proliferation in the brain, a growth pat-
tern called Bvascular cooption^ (Fig. 2). Molecular determi-
nants seem to include growth cues from the vascular basement
membrane [29], but also the axon pathfinding molecule
L1CAM [30], which is an interesting example how pathways
from (neuronal) development are hijacked by metastasizing
cancer cells. While vascular cooption is so successful that “re-
al” sprouting angiogenesis is a very late (if at all present) event
in melanoma and breast cancer brain metastases formation,
angiogenesis was detected very early in brain metastases of
non-small cell lung cancer (NSCLC) lines [8]. When VEGF-
A was inhibited by a therapeutic antibody, small
micrometastases consisting of up to 10 single cancer cells
where arrested in a dormant state, unable to grow further.
Quantification revealed that this was indeed the only relevant
effect of VEGF-A inhibition, however very effective, since
macrometastases did not form any more in these mice; in con-
trast, VEGF-A inhibition in melanoma cells that grew by vas-
cular cooption did not significantly change the brain metastatic
process [8]. Interestingly, the micrometastases in the therapy-
induced dormant state again strictly inhabited the perivascular
niche, causing extensive vascular remodeling at the very place
of cancer cell-blood contact. This phenomenon which results in
a significant increase of the surface area available for cancer
cell-blood vessel interactions is also observed during the natural
progression of melanoma [8] and breast cancer cells (Liao et al.,
unpublished) in the brain, and also in primary brain tumors
[65]. It seems that cancer cells can create their own niche in
the brain, by increasing the access to the crucial perivascular
area, resulting in optimal cues for survival.

Summary and outlook

With an increasing number of research groups getting in-
volved in brain metastasis research in the last decade, we have
already learned important lesions about how cancer cells hi-
jack existing niches and organ-specific pathways to survive
and thrive in the foreign soil. It is expected that further studies
about the interaction of metastasizing cancer cells with the
brain parenchyma will greatly increase our knowledge on
how we can better target cancer cells in the brain, how we
can break their treatment resistance, and to what extent find-
ings from primary brain tumors can be transferred to metasta-
tic ones. That underscores the absolute necessity to further
characterize the helpful vs. detrimental effects of brain resi-
dent cells, and dynamic niche compositions. This must in-
clude the use of good preclinical animal models, which—even
if opposing effects from different cell types and/or cellular
activation states exist—will finally show us the net effects
regarding modulation of the metastatic process in the live
brain, for different disease stages, and tumor types. One im-
portant but unresolved question is what awakes dormant can-
cer cells in their perivascular niche. It might include angiogen-
ic stimuli [32], which are likely to occur in the context of brain
microinfarctions—a very frequent, clinically silent event in
elderly humans. All in all, a better understanding of the man-
datory niches for brain metastases formation, the complex
interactions within them, and tumor (sub-) type-specific
mechanisms of brain colonization will lead to a clearer ratio-
nale how to better treat this feared complication of tumor
diseases—ideally how to prevent it altogether.
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