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Abstract
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demonstrated  as  a  critical  step  in  organ  colonization.  The  physical
interaction between the cancer cell and the endothelial cell is mediated
by integrins and L1CAM and could be involved in aggressive growth
but also latency and immune evasion. The key involvement of vascular
co-option in brain metastasis has created an emerging field that aims to
identify critical targets as well as effective inhibitors with the goal of
preventing brain metastases.
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Vascular co-option
Holash et al. [1] reported that gliomas and metastatic cells in the lungs
interact physically with preexisting vessels without any sign of
angiogenesis and termed this cell-to-cell interaction vascular co-option.
Further work has demonstrated that, although not specific to the brain,
metastatic cells in this organ are highly dependent on vascular co-option
to sustain tumor progression, especially during the initial stages of
colonization after they completed extravasation. In fact, extravasated
cancer cells do not move away from capillaries but they instead remain
physically in contact with the abluminal side of the vessel. This cell-to-
cell interaction is defined as vascular co-option, and has been proposed as
a during hallmark metastasis initiation [2, 3, 4, 5, 6, 7]. Since vascular co-
option does not involve major structural modifications of blood vessels in
contrast to angiogenesis, the underlying regulatory mechanisms of both
phenomena are different. The massive attention and research efforts
devoted to angiogenesis in the past have not generated sufficient clinical
benefits [8, 9, 10, 11, 12, 13]. The inefficacy reported on the use of anti-
angiogenic drugs might have different explanations, for instance, the
generation of a hypoxic environment, which is known to increase
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invasiveness and resistance to therapy. In fact, vascular co-option has
been proposed to underlie resistance to anti-angiogenic therapy [10, 11,
12]. In addition, the vasculature associated with brain metastasis has a
higher proportion of mature and preexisting vessels in comparison with
their matched primary tumors [14], which might explain the particular
importance of vascular co-option in this organ.

Vascular co-option in brain metastasis
Vascular co-option is the first step in brain colonization after cancer cells
cross the blood–brain barrier (BBB). Extravasated cancer cells remain in
the perivascular niche interacting with the basal lamina of capillaries [2,
3, 5, 6, 15]. This interaction with the basal lamina of the vessels allows
metastatic cells to get access to the rich matrix of the basal lamina in
addition to a preferential location to obtain nutrients and oxygen and other
factors produced by endothelial cells (angiocrine factors). All these
benefits might be key to sustain the viability during the demanding initial
moments of organ colonization and to facilitate the re-initiation of cancer
cell proliferation [16, 17, 18, 19, 20, 21]. A detailed description of the
vascular co-option process was performed following intracarotid injection
of breast and melanoma cancer cells using detailed immunofluorescence
and immunohistochemistry to track them through confocal imaging
applied to fixed tissues during obtained during the initial steps of brain
colonization [5]. Although the authors reported the existence of
differences between tumor types, once metastatic cells completed
extravasation 5 to 7 days post-injection, cancer cells lined up along
capillaries forming elongated clusters of metastatic cells [5]. Although
notorious changes in the brain microenvironment correlate with the
presence of metastatic cells, such as those reported in astrocytes and
microglia, they do not involve changes to capillaries, at least at the
morphological level [5] (Figs. 1, 2).

Fig. 1

Schema of the process of vascular co-option and its molecular regulation in
brain metastasis-initiating cells. a A mouse previously inoculated with brain
metastatic cells is analyzed before the developlopment of macrometastases .
In  the  brain,  metastatic  cells  are  found  at  the  very  early  stages  of
colonization. A schema depicts a time frame of the process of vascular co-
option  after  extravasation.  Three  steps  could  be  differentiated  including
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adhesion  (1),  spreading  (2),  and  perivascular  proliferation  (3).  Specific
molecules involved in each step are depicted. Blood vessels are depicted in
red  and  cancer  cells  are  in  green.  A  cross-section  is  provided  in  (2)  to
emphasize the contact between the cancer cells and the basal lamina of the
vessel.  Cc  cancer  cell,  ec  endothelial  cell,  bl  basal  lamina.  b  Brain
metastatic cells could remain latent or quiescent or re-initiate growth, all of
which  are  associated  with  vessels.  Main  mechanisms  described  are
depicted.  Transcription  factors  Sox2  and  Sox9  have  been  shown  to  be
required for avoiding the attack of the immune system during latency and
reactivation of proliferation since they downregulate NK ligands
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Fig. 2 (please remove Fig2 from the final version, this was replaced by
figure 1 shown above)

.

AQ1

AQ2

More recently, a more sophisticated approach based on multiphoton laser-
scanning video-microscopy was applied to experimental lung and
melanoma brain metastasis to characterize the early stages of colonization
in vivo [2]. The authors were able to describe the essential steps of brain
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metastatic colonization that must be accomplished by metastasis-initiating
cells in order to generate macrometastases. The steps include
intravascular arrest at microvessels, extravasation, vascular co-option, and
perivascular growth [2]. Interestingly, differences were observed in the
way cancer cells interact with vessels depending on the primary tumor
type they originated from. Melanoma cells grew via vascular co-option
whereas lung cancer cells switch to angiogenesis-dependent growth [2].
Of note, additional lung cancer experimental brain metastasis models have
been shown to be dependent on vascular co-option by several groups [3,
4]. In vivo video-microscopy demonstrated that in the absence of a close
physical contact with blood vessels, cancer cells are unable to grow in the
brain [2]. However, this research also showed that the mere contact with
the abluminal side of brain capillaries does not grant the ability to grow
since non-proliferating dormant metastatic cells were found performing
vascular co-option and migrating along preexisting vessels. This suggests
that vascular co-option also supports the viability of dormant metastatic
cells [2].

AQ3

The process of vascular co-option is additionally required during local
invasion within the brain. This has been analyzed after intracranial
injection of melanoma cells by measuring cancer cell migration out of the
lesion core [6]. Melanoma cells at invasive fronts traveled long distances
up to 581 µm in 4 weeks in contact with the abluminal side of preexisting
vessels [6]. This observation was also validated in human brain metastasis
samples [6].

Molecular regulation of vascular co-option
Vascular co-option has been linked to several cancer hallmarks, which
emphasize its central role in the process of metastasis. Consequently, the
molecular characterization of vascular co-option is key to understand the
biology of this interaction that might help to develop novel therapies
aiming at blocking brain metastasis from the very initial moment of
colonization.

Molecular regulation of cell adhesion, proliferation, and
invasion
Metastatic cells attach to the abluminal side of preexisting vessels as the
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first step following extravasation in the brain [2, 3, 5, 6]. This interaction
is dependent on different adhesion molecules including integrins and
L1CAM [3, 15].

β1-integrin on the metastatic cells plays a key role in governing the
interaction with different components of the basal lamina of brain
capillaries including fibronectin, laminin, vitronectin, and collagen I and
IV [15]. Intracardiac and intracranial injection of breast cancer and
melanoma cell lines engineered with loss function of β1-integrin proved
that both adhesion to the basal lamina of vessels and proliferation of
cancer cells in the brain were severely disrupted [15]. The interaction of
cancer cells with the basal lamina of co-opted capillaries activates β1-
integrin, which leads to FAK activation and ERK1/2 phosphorylation that
regulates the proliferative phenotype of co-opting cancer cells [15].
Additional integrins have been involved in vascular co-option. For
instance, β4-integrin from breast cancer cells has been shown to bind to
components of the basal lamina to activate receptor tyrosine kinases
(RTK) such as ErbB2 [22]. Activation of this RTK was shown to induce
VEGF production, thus influencing endothelial cells to favor tumor
growth and to potentiate cancer cell adhesion to the vessels [22]. α6-
integrin has been shown to play a similar role in acute lymphoblastic
leukemia (ALL). However, in this case, cancer cells do not cross the
blood–brain barrier (BBB), but instead migrate through arachnoid vessels
connecting the skull or vertebral bone marrow with the subarachnoid
space. α6-integrin mediates the interaction with laminin-rich basal lamina
of the blood vessels demonstrating a critical function of vascular co-
option in ALL [23]. Since the expression of α6-integrin in leukemia cells
is regulated by PI3K, targeting it prevented their ability to enter in the
meningeal space [23].

In addition to integrins, other adhesion molecules are important in
vascular co-option. L1CAM, a molecule critical for nervous system
development [24] and able to bind to different receptors on endothelial
cells and axons for neuronal guidance including itself in a homophilic
interaction, integrins, ErbB receptors, and FGF receptors [25, 26, 27], was
found to be equally important in the interaction between cancer cells and
endothelial cells in brain metastasis [3]. Using loss of function approaches
for L1CAM in lung and breast cancer cells, the authors reported an
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impaired ability of metastatic cells to spread along the vessels. This
morphological phenotype was shown to have a major impact on the ability
of cancer cells to proliferate and thus prevented the generation of
macrometastases [3]. This initial finding was subsequently expanded to
additional experimental models representing different primary tumors
metastatic to the brain but also to other organs [4]. These experiments
demonstrated that vascular co-option is a key mechanism for the initiation
of multi-organ metastasis in a broad number of solid tumors. At the
molecular level, the role of L1CAM in vascular co-option consists of
promoting β1-integrin signaling, which leads to PAK1/2 phosphorylation
and Arp2/3 activation in an ILK-dependent manner [4]. Activation of the
L1CAM-integrin pathway generates the induction of cell protrusions on
cancer cells that underlie cell spreading along the endothelium [4]. When
cancer cells are spread along the abluminal side of the vessels, the
mechanosensitive YAP pathway becomes activated initiating a gene
expression program involving the induction of the cell cycle that resumes
cancer cell proliferation by metastases [4] (Fig1a).

Therefore, pharmacological strategies targeting integrins and/or L1CAM
and their downstream signaling could potentially abrogate the initial
stages of brain colonization preventing the formation of macrometastases
[3, 4, 15].

Molecular regulation of dormancy, latency, and
awakening
Vascular co-option has been also demonstrated to be important for
dormant or quiescent cells [2, 5]. Some mediators of the crosstalk
between endothelial cells and this special state of cancer cells have been
discovered.

Thrombospondin-1 (TSP-1) is produced by endothelial cells that are
associated with quiescent breast cancer cells in the brain. TSP-1 favors
the non-proliferative state of metastatic cells by unknown mechanisms
[28]. In fact, downregulation of TSP-1 and increased production of
periostin and TGFβ1 seems to underlie the switch towards the activation
of the pro-angiogenic program in endothelial cells, which correlates with
the activation of tumor growth [28]. Additional mechanisms regulating
dormancy involve the expression of the transcription factors SOX2 and
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SOX9 in cancer cells [29]. Both transcription factors induce the secretion
of the Wnt inhibitor DKK1 in co-opting metastatic cells. DKK1 impairs
β-catenin signaling thus preventing this proliferative stimulus [29].
Consequently, targeting DKK1 in cancer cells forced transiting cancer
cells out of dormancy. However, activation of β-catenin signaling also
reduced SOX-mediated repression of NK-ligands, making cancer cells
discoverable to innate defenses that immediately eliminate them [29].
Accordingly, additional regulatory mechanisms are needed to protect
vascular co-opting metastatic cells when switching from a dormant to a
proliferative state. Recent findings have started to clarify the underlying
molecular regulation [30]. Latent vascular co-opting cancer cells could
induce the expression of TM4SF1, which couples DDR1, a collagen I
receptor, to PKCα thus activating the JAK-STAT pathway [30]. This
signaling pathway can induce proliferation of co-opting cancer cells
simultaneously to the induction of SOX2 and NANOG, thus avoiding the
recognition of the immune system. In addition, this pathway reinforces
the association between stem cells, which frequently reside at perivascular
niches, and metastasis outgrowth [30] (Fig1b).

Vascular co-option in human brain metastasis
The potential relevance of vascular co-option derived from experimental
models has been validated in human brain metastasis samples. The
clinical evidence of vascular co-option in brain metastasis is being
considered as a potential source of biomarkers and novel targets that
might help to improve the efficacy of treatments against disseminated
cancer cells [6, 14, 31].

Brain metastasis from different primary origins was evaluated by the
presence of any evidence of local invasion. Various patterns were reported
including one compatible with vascular co-option. This co-optive growth
pattern was especially relevant in brain metastasis coming from melanoma
and non-small-cell lung cancer (NSCLC) [31]. Moreover, a 63.2%
increase in mature vessels compared to neo-angiogenic vessels was found
when comparing NSCLC brain metastasis to primary tumors of the lung,
which favors the possibility that secondary brain tumors rely more on
vascular co-option than angiogenesis, in contrast to the opposite situation
that would apply to the primary tumor [14]. This data suggest that anti-
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angiogenic drugs might not be effective impairing metastasis in the brain,
as has been suggested by failures in several clinical trials [8, 32, 33, 34].

Perspective
Given the limited benefits of targeting angiogenesis, increasing attention
is being gained by alternative mechanisms by which cancer cells interact
with blood vessels. Among them vascular co-option has been proved to be
key for metastasis initiation. As such, it has the potential to become a
novel target for those therapeutic strategies aiming to block the very early
steps of organ colonization, not only in the brain but elsewhere. However,
pharmacological strategies are yet to be developed for this purpose since
available blocking antibodies against known molecular mediators are not
the best positioned reagents to be used in the brain. In spite of this current
limitation, increasing knowledge on the molecular regulation of vascular
co-option will surely provide novel pharmacological strategies that could
be exploited in relevant pre-clinical models. In this sense, it is important
to notice that the contribution of vascular co-option to the advanced
stages of colonization is still unknown and must be studied with
appropriate experimental designs. For instance, the presence of invasive
fronts in a percentage of established brain metastasis could correlate with
more an aggressive behavior or increased rates of relapse after
neurosurgery, which should be addressed given the obvious clinical
importance. In addition, defining the components of the basal lamina that
might provide benefits to co-opting metastasis-initiating cells remain to
be defined. This research could provide important biological insights
regarding the different behaviors associated with co-opting cancer cells
(i.e., aggressive versus quiescent cancer cells). Finally, vascular co-option
could provide novel biomarkers in the future given the privileged access
of metastasis-associated secreted molecules to systemic circulation. These
biomarkers, which will be compatible with non-invasive liquid biopsies,
could, in the future, guide clinicians to detect emerging metastasis in the
brain and elsewhere. Such a possibility will favor the efficacy of current
and future therapies with the final aim of preventing metastases.
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