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he vascular basement membrane

(BM) is a thin and dense cross-
linked extracellular matrix layer that cov-
ers and protects blood vessels. Under-
standing how cells cross the physical
barrier of the vascular BM will provide
greater insight into the potentially criti-
cal role of vascular BM breaching in can-
cer extravasation, leukocyte trafficking
and angiogenic sprouting. In the last
year, new evidence has mechanistically
linked the breaching of vascular BM with
the formation of specific cellular micro-
domains known as podosomes and inva-
dopodia. These structures are specialized
cell-matrix contacts with an inherent
ability to degrade the
matrix. Specifically, the formation of
podosomes or invadopodia was shown as

extracellular

an important step in vascular sprouting
and tumor cell extravasation, respec-
tively. Here, we review and comment on
these recent findings and explore the
functions of podosomes and invadopodia
within the context of pathological pro-
cesses such as tumor dissemination and
tumor angiogenesis.

Introduction

A large proportion of cancer deaths are
due to distant metastatic occurrences — a
complex multistep process of cancer cells
spreading from the primary tumor to dis-
tant parts of the body. Tumor cells that
successfully disseminate from the primary
tumor and are able to survive in the vascu-
lar system eventually extravasate across
endothelium to colonize secondary sites.
Extravasation requires cancer cells to arrest
and adhere to the vascular endothelium
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and then cross the endothelial cell (EC)
barrier. Once cells have crossed the endo-
thelial cell layer, they must drill the vascu-
lar BM. This process is similar to
breaching of epithelial BMs, where integ-
rins and proteases have been extensively
described as crucial."* All these steps are
extremely inefficient. This is demonstrated
by the high frequency of circulating cancer
cells in the bloodstream compared to the
relatively lower occurrence of metastases.
Nonetheless, these physical barriers can be
and the immune system
accomplishes these steps routinely. During
the course of immune surveillance,
immune cells can penetrate the BM and
cross a range of peripheral and vascular tis-
To cross a densely cross-linked

overcome,

sues.”
matrix barrier such as the vascular BM,
cancer cells need to acquire specific fea-
tures, such as those seen in leukocytes.
This peculiar style of migration is caused
by physical features of the vascular BM.
Indeed, in other less-dense matrices, both
leukocytes and cancer cells can rapidly
move by squeezing through available pores
the need for
proteases.”

The vascular BM also represents a
physical barrier for angiogenic ECs. In sta-
ble vessels, ECs typically form a cobble-
stone-like monolayer of polarized cells.
This quiescent phenotype is maintained
until ECs detect pro-angiogenic signals

without integrins  or

that induce alterations in their behavior.
In response to angiogenic cues — especially
vascular  endothelial ~ growth  factor
(VEGF) — ECs lose their tight cell-to-cell
contacts, activate proteases that degrade
the surrounding BM, and acquire invasive
and motile behavior to initiate new blood
vessel sprouting.
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BMs are dense cross-linked matrices
that have a wide range of functions in
many tissues. Mainly, they function as
thin boundaries between different tissue
compartments. Type-IV  collagen and
laminins are the 2 major components of
BMs. They self-assemble to form net-
works conferring structural stability and
biological activity > with pores around
10 nm in diameter.® The vascular BM
expresses only 2 laminin isoforms: (i) lam-
inin 411 (formerly called laminin 8), com-
posed of laminin a4, B1, and y1 chains,
and (ii) laminin 511 (formerly 10), com-
posed of laminin a5, B1, and 1 chains.
There are several other components within
the vascular BM that play important roles,
such as heparan sulfate proteoglycans,
nidogens, SPARC, fibulins, collagen types
VIII, XV, and XVIII, and
thrombospondins.”

Understanding how cells pass through
the physical barrier of the vascular BM is

of great interest because crucial for cancer
extravasation, leukocyte trafficking and
angiogenic sprouting.””® However, the i
vivo mechanism of breaching and invasion
of the vascular BM was mostly unknown
for years.

Recently, iz vivo and ex vivo observa-
tions of vascular BM invasion have been
reported in 2 works published in Cell
Reports ” and Nature Cell Biology '
(Fig. 1). In these articles the authors
showed that the process of vascular BM
invasion during tumor cell extravasation
or endothelial sprouting is dependent on
the formation of invadopodia or podo-
somes, respectively. Podosomes and inva-
dopodia,  collectively  known  as
invadosomes, are specialized cell-matrix
contacts with an inherent ability to
degrade  extracellular (ECM).
These micro-domains of plasma mem-
brane were discovered in the 1980s in

matrix

Rous Sarcoma virus (RSV)-transformed

1¢ endothelial cel

Podosome
rosettes in
endothelial cells

"] =angiogenesis

MMP is enriched in podosome rosettes.

Figure 1. The process of vascular BM invasion during tumor cell extravasation or endothelial sprout-
ing is dependent on the formation of invadopodia or podosomes, respectively. Podosomes and inva-
dopodia, collectively known as invadosomes, are specialized cell-matrix contacts with an inherent
ability to degrade ECM. Molecular players involved in invadopodia formation are cortactin, Tks4/5 and
MT1-MMP. VEGF and «6 integrin are crucial for endothelial podosome rosette formation while MT1-

www.tandfonline.com

Cell Cycle

fibroblasts and malignant B cells.!112

Structurally, all types of invadosomes are
visualized as punctate dynamic microdo-
mains formed at the ventral membrane.
The structures are highly enriched in fila-
mentous actin (F-actin) that polymerises
perpendicularly to the
Podosomes clearly appear as bipartite enti-

substratum. ?

ties where the actin core is surrounded by
a ring structure containing integrins and
other focal adhesion (FA) proteins such as
actin binders, signaling molecules and
scaffold proteins. As podosomes, mature
invadopodia also contain FA proteins.]4
Besides these common traits, podosomes
and invadopodia differ in their architec-
ture. Podosomes extend upwards from the
ventral cell surface into the cytoplasm
while invadopodia appear as long mem-
brane extensions that penetrate into the
ECM."® How this difference could reflect
a distinct function is unclear. However,
these recent findings suggest that both

podosomes and invadopodia are struc-

tures suitable for BM

perfectly
breaching.

Podosome rosettes and sprouting
angiogenesis

Individual podosomes and podo-
some clusters were described in cultured
arterial, and microvascular
ECs.'*" endothelial
podosomes resemble podosomes found

venous
Structurally,

in monocytic cells *° and transformed
fibroblasts."" They consist of a ring of
adhesive and proteolytic molecules
encircling an F-actin column 16 which
stands perpendicular to the plane of the
ECM substrate and plasma membrane.
Proteins involved in actin nucleation
and architectural organization, such as
N-WASP, VASP, Arp2/3, and cortac-
tin, co-localize with the F-actin at the
core.'®”  Adhesion is performed by
integrin receptors and integrin-associ-
ated proteins, such as talin, vinculin and
paxillin the
ring.lG’17 ECM degradation is carried
out by matix metalloproteases
(MMPs), most notably MT1-MMP.
This transmembrane enzyme activates
MMP2 and MMP9.>"**

The arrangement of podosomes in cir-

localized to adhesive

cular arrays — so-called “rosettes” — is the
most frequent presentation in ECs. This

1371



particular structural organization has gener-
ated some confusion due to nomenclature.
In many reports, podosome rosettes are sim-
ply referred to as podosomes, which gives
the idea that the molecular mechanisms
involved in the formation and function of
individual podosomes versus podosome
rosettes were the same, but this is not true.
Podosome rosettes are typically larger
than 3—4 pm and specifically localized at the
endothelial basal side; this allows for 72 vive
visualization by confocal or multphoton
microscopy. Using these techniques, podo-
some rosettes were indeed visualised in

TGFB-stimulated aortic explants.”> Tmmu-
nofluorescence staining of aortic endothe-
lium showed endothelial podosome rosettes
in ex vivo tissues. More recently, we also
noticed the existence of endothelial rosettes
in VEGF-stimulated aortic explants. This
prompted us to study other VEGF-stimu-
lated vessels,'® and we were able to detect
podosome rosettes in sprouting vessels in
adult angjogenic dssues 7z wvivo. This
included 2 VEGF-dependent mouse models
of tumor angiogenesis, a mouse model of
hind-limb ischemia, and clinical biopsies
from human lung tumors. 10

A.

Endothelial
podosome rosette

Pro-angiogenic
stimulation

Stalk cells and new
vascular BM

Tip cell and
protrusions

Figure 2. (A) Blood vessels are covered by a dense layer of ECM, the vascular BM. In tumors, ischemia
or wound healing, quiescent vasculature is actually stimulated to form new vessels. Long time stimu-
lation with pro-angiogenic factors, such as VEGF, induces angiogenic vessels to first overcome the
physical barrier of vascular BM and generate a new tip cell and then to sprout by forming a new ves-
sel. (B) Similarly, trees are covered by cortex that is a thin and dense layer protecting them. In the
natural process of sprouting of a plant, adventitious buds breach the cortex in specific regions. Only
where the cortex is breached the formation of new sprouts and branches is possible.
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Based on these findings, we proposed
the hypothesis that podosome rosettes
were specifically expressed by angiogenic
endothelium, and we found this to be
true in a mouse model of pancreatic
insulinoma. The appearance of podo-
some rosettes increased during tumor
progression from the hyperplastic to the
malignant stage, and the peak coincided
with  the VEGEF-driven angiogenic
switch. The mechanism leading to the
formation of podosome rosettes was the
expression of a6 integrin (Fig. 1),
which was induced by long stimulations
with VEGF-A.** The functional signif-
icance of this finding remained elusive
until we observed podosome rosette
dynamics in an ex wvivo sprouting
angiogenesis model. Using the mouse
aortic ring assay, we dynamically fol-
lowed podosome rosette formation by
using aortas from LifeAct-EGFP mice.
First, we observed that podosome
rosettes localized distally from the tip
cell of growing angiogenic vessels. We
also noticed that an endothelial podo-
some rosette preceded every new lateral
branch, and modulating these sub-cel-
lular structures changed the branching
density of the angiogenic outgrowths.
Moreover, we took advantage of in
vivo o6 integrin targeting to confirm
these mechanistic findings in tumor
angiogenesis, thus demonstrating that
podosome rosette blockade impairs
vascular branching.

Endothelial podosome rosettes are
able to enrich MMPs, such as MT1-
MMP, in a specific area while avoiding
the generalized release of proteolytic
enzymes (Fig. 2A). This allows the emer-
gence of a new tip cell that crosses the
vascular BM in a specific region, and
does not expose intact or degraded BM
to vessel lumen. Curiously, this process is
analogous to the natural process of
sprouting from tree branches (Fig. 2B).
In specific circumstances, quiescent
adventitious buds breach the cortex and
emerge to the surface and form new
sprouts on the mature trunk or branch
(Fig. 2B). Similarly, the formation of
localized breaches in the dense layer of
the vascular BM is necessary for ECs to
start  the process of  sprouting
angiogenesis.
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Invadopodia and tumor dissemination

The visualization of cancer cell invado-
podia in living organisms has long been
elusive due to the challenges associated
with distinguishing them from other inva-
sive structures such as lamellipodia. Exten-
sive efforts to characterize invadopodia
reveal that they are composed of structural
proteins, such as cortactin, N-WASP,
Tks4, and Tks5, as well as an enrichment
of proteases, such as MT1-MMP, MMP9,
and MMP2 for local release to drill the
ECM.

Despite increasing evidence that invado-
podia are prevalent in metastatic tumor
cells and play a key role in the invasion
and metastasis of cancer, direct evidence
for their contribution 7 vive was still lack-
ing. While the formation of invadopodia
to initiate intravasation into blood vessels
was reported in animal models,”?® a link
to extravasation process had been suggested
only by ex vivo models data.

Now, Leong et al. provide direct evi-
dence of the role of invadopodia during
cancer cell extravasation.” Using the ex ovo
chicken embryo model and an intravital
microscopy platform, they visualized inva-
dopodia formation in cells crossing the vas-
cular wall barrier. Cancer cells injected in
the chorioallantoic membrane (CAM) of
the chicken embryo were restrained in its
highly organized capillary bed network dur-
ing the first 24 hours in circulation. Dur-
ing this process, dynamic cytoplasmic
protrusions were observed at the leading
edge of cells. A proportion of these protru-
sions extended into the adjacent stroma
through endothelial junctions that were
slightly detached. The enrichment of cor-
tactin, Tks4, Tks5, and MT1-MMP in
these invasive protrusions indicated that
these structures were indeed invadopodia
(Fig. 1). Furthermore, by in wvivo loss-of-
function experiments the authors elegantdy
demonstrated a requirement for cortactin,
Tks4, and Tks5 in the formation of inva-
dopodia as well as the direct consequences
on cancer cell extravasation. Leong er al.
showed that CAM and mouse lung extrav-
asation rates were significantly decreased
when any of these contributors to invado-
podia were genetically depleted in cancer
cells.

The depletion of Tks4 or Tks5 in can-

cer cells also led to a decrease in micro-

www.tandfonline.com

metastases compared to control cancer
cells. This suggests that the inhibition of
invadopodia leads to a further decrease in
metastatic efficiency. Their findings pro-
vide evidence for a functional role for
invadopodia during cancer cell extravasa-
tion and distant metastasis, and this work
reveals an opportunity for therapeutic
intervention in a clinically relevant pro-
cess. Although no direct evidences of vas-
cular BM degradation were provided in
this paper, it is likely that MT1-MMP in
invadopodia contributes to degradation of
the vascular BM, which facilitates cancer
cells getting through the vascular wall
barrier.

Conclusions and future perspectives

Podosomes and invadopodia were first
discovered in the 1980s,'! but their actual
biological relevance was doubted for years.
However, more recent studies have
opened novel intriguing avenues in the

New

remarkable microscopic techniques pro-

investigation of  invadosomes.
vide the opportunity to study cellular pro-
cesses and structures directly 77 situ by
framing them in an in vive context, and
allow for the investigation of their biologi-
cal relevance and correlation with clini-
cally relevant pathological events.

Invadosomes are emerging as special-
ized cellular structures that degrade and
invade BM while maintaining tissue integ-
rity and cell-to-cell contacts. This is par-
ticularly relevant in vascular BM invasion
where exposure of BM components, such
as type-IV collagen, could trigger platelet
activation and potential blood clot forma-
tion. Taking this into consideration,
podosomes and invadopodia are perfect
structures to avoid releasing vascular BM
components during EC sprouting for new
vessels and extravasation by circulating
cells.

Interestingly, insights supporting the
role of invadosomes in BM invasion —
other than vascular BM — were recently
provided by Sherwood and colleagues in
the model of C. elegans larval develop-

ment.27

A specialized uterine cell, the
anchor cell, initiates uterine-vulval attach-
ment by invading BM. Before invasion, the
anchor cell forms muldple invadopodia. A
single invadopodium then breaches BM

and directs the formation of a single large
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that BM.
Although it was generally assumed that

invasive  protrusion crosses
invading cells dissolve BM, this model
shows that proteases might be necessary
only for the initial breaching, while the
BM widens by sliding over the invagina-
tion. Whether a similar mechanism was
conserved in sprouting of g and extravasa-
tion of cancer cells remains unclear.

The identification of the molecular reg-
ulators of invadosomes in cultured cells
could now be used to investigate the func-
tions of these cellular structures in the
broader context of tumor dissemination
and tumor angiogenesis. Although recent
discoveries are encouraging, the field of
invadosomes in tumor biology is relatively
new and many studies are still necessary
for a comprehensive understanding of the
role of these structures in tumor progres-
sion and metastasis. First evidence for
invadosomes in human tissues are emerg-
ing, e.g. podosome rosettes in lung tumor
vasculature,’® but we need a systematic
study of these sub-cellular structures in
more tumor types, animal models and
patient biopsies.

Lack of univocal and specific markers
in invadosome identification is the main
challenge for detecting the presence of
invadosomes in tissues. Only a very accu-
rate and solid imaging strategy can cur-
rently be used to identify these very small
sub-cellular structures. Nevertheless, only
studies on patent biopsies will finally
cement the clinical and pathological rele-
vance of invadosomes in tumor biology.
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