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Abstract: Invadopodia are actin-rich protrusions developed by transformed cells in 2D/3D
environments that are implicated in extracellular matrix (ECM) remodeling and degradation.
These structures have an undoubted association with cancer invasion and metastasis because
invadopodium formation in vivo is a key step for intra/extravasation of tumor cells. Invadopodia are
closely related to other actin-rich structures known as podosomes, which are typical structures of
normal cells necessary for different physiological processes during development and organogenesis.
Invadopodia and podosomes are included in the general term ‘invadosomes,” as they both appear
as actin puncta on plasma membranes next to extracellular matrix metalloproteinases, although
organization, regulation, and function are slightly different. Integrins are transmembrane proteins
implicated in cell-cell and cell-matrix interactions and other important processes such as molecular
signaling, mechano-transduction, and cell functions, e.g., adhesion, migration, or invasion. It is
noteworthy that integrin expression is altered in many tumors, and other pathologies such as
cardiovascular or immune dysfunctions. Over the last few years, growing evidence has suggested
a role of integrins in the formation of invadopodia. However, their implication in invadopodia
formation and adhesion to the ECM is still not well known. This review focuses on the role of
integrins in invadopodium formation and provides a general overview of the involvement of these
proteins in the mechanisms of metastasis, taking into account classic research through to the latest
and most advanced work in the field.

Keywords: integrins; invadopodia; podosome; cancer; signaling; microenvironment; stromal cells;
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1. Introduction

Invasion is a dynamic and complicated process with critical roles in cell survival and the
development of multicellular animals. They play roles in such important processes as cell migration
and invasion during embryogenesis, wound healing, and immune response, among others [1-3].
However, uncontrolled cell migration has been linked to cancer invasion and metastasis [4]. Actin has
a key role in cell migration and invasion because is responsible for providing the necessary force for
both processes [5]. In the cell, actin is present in filamentous and monomeric forms. Actin filaments
are polar structures with an assembling region also known as the “plus” or “barbed” end, and a
disassembly region named the “pointed” or “minus” end, both of which change dynamically through
processes that require ATP [2]. Myosin and several actin-binding proteins also participate in generating
this force through many signal pathways involving plasma membrane phospholipids and the RHO
family of small GTPases [4].
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2. Integrins

Integrins are the main cellular receptors for ECM components, i.e., collagen, laminin, fibronectin,
or vitronectin [6-8]. They are transmembrane heterodimer receptors consisting of an « and a 3 subunit.
There are 18 distinct o and 8 distinct 3 subunits for a total of 24 o/ combinations [9]. Integrins are
also involved in cell-to-cell interactions, acting as cell receptors [6,8]. Ligand specificity relies primarily
on « subunits, while cell signal transduction depends on both « and (3 subunits. Intracellular integrin
domains associate with many cytoskeletal proteins (x-actinin, talin, filamin) and signaling molecules
(focal adhesion kinase (FAK), cytohesin-1, 33-endonexin), modulating numerous cellular processes [6].

Glycosylation of integrins is one of the critical posttranslational steps that determinates the fate
and function of integrins [8]. In general, this modification consists of the addition of carbohydrates
(glycans) to different molecules such as lipids or proteins. Depending on where glycans are attached,
integrins can be N-(amino group of asparagine residues) or O-(hydroxyl group of threonine or serine
residues) glycosylated [10]. Integrin N-glycosylation is required for their expression at the plasma
membrane, heterodimerization, stabilization, and ligand interaction. Integrin N-glycan remodeling by
glycotransferases has been implicated in adhesion and migration of tumor cells [8,11-13]. Likewise,
O-glycosylation of integrins has been shown to be involved in both pro- and anti-oncogenic events,
depending on the structure of the O-glycan [14-16]. Moreover, integrins also recognize and bind to
glycans of the ECM. Alterations in the integrin glycosylation pattern have been reported to associate
with cancer progression [8].

Integrins arrive at the plasma membrane in an inactivated conformation. Internal signals
pre-activate the integrin structure, and then ligand binding generates the complete activation condition
to induce adhesome formation. The adhesome is the conjunction of signaling, cytoskeletal, and
scaffolding proteins that together form the machinery involved in survival, migration, differentiation,
and polarity of the cell [17-19]. Integrin signaling transduction occurs in a bidirectional way through
the plasma membrane (inside-out, outside-in) by conformational changes in the « and (3 subunits.
Upon ligand binding, integrins are connected to the cytoskeleton through recruited adaptors, actin,
and signaling proteins [20]. Among the adaptor proteins, talin is one of the most important, as it
directly interacts with integrins, favoring the linkage of cytoskeleton and integrin receptors, and plays
a key role in inside-out signaling [20].

Integrins are involved in different critical biological processes that determine the fate of the
cell, such as adhesion, proliferation, survival, and migration [6,8,17,19,20]. Integrin mutations,
silencing, or over-expression/activation are usually associated with embryo death or severe diseases
like inflammatory bowel diseases, multiple sclerosis and other autoimmune diseases, pulmonary
and hepatic fibrosis, immunodeficiency diseases, allergen-induced airway responses and airway
inflammation, and stroke and ischemic heart diseases [21-24], and anti-integrin directed therapies
such as vedolizumab, natalizumab, intrifiban, tirofiban, or abciximab are now being applied for these
diseases in clinical settings [22,25]. However, their deregulation is also liked to cancer development
and progression [26-28]. Adhesion mediated by integrins takes place via focal adhesion. This signaling
pathway includes integrin-linked protein kinase (ILK), FAK, phospholipase C and the proteins of
the RHO family [6]. A correct integrin activation by ECM binding and cell membrane signaling is
critical for cell proliferation, survival and migration. Integrins participate in the regulation of G1
checkpoint via different signaling processes that activate FAK, extracellular signal-regulated kinase
(ERK), mitogen-activated protein kinase (MAPK), and the RHO GTPase family [6,19,29,30]. Moreover,
they are involved in mitosis, as loss of integrins provokes aberrant cellular division [31]. Integrins
induce the protrusion of the cell membrane through the RAC, ILK, and FAK pathways to form cell
structures of adhesion and migration [6,17]. Finally, cell adhesion machinery also protects the cell
against cell death and promotes survival as integrins activate PI3K/AKT and ERK pathways [6,30].
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3. Invadosomes

There are different types of actin filament structures: lamellipodia, filopodia, stress fibers, and
invadosomes. Lamellipodia are thin, branched structures located at the leading edge of migrating
cells that constantly extend and contract themselves, forming membrane ruffles contributing to cell
movement. Filopodia are thin, finger-like protrusions made of parallel actin filament bundles involved
in sensory tasks. Stress fibers are special actin filament structures with the ability to respond to ECM
stiffness [2,32]. Invadosomes are a singular type of actin filament with the ability to degrade the
ECM through different metalloproteinases [33]. Invadosomes were first observed in 1980 as circular
rosettes in Rous Sarcoma Virus transformed fibroblasts [34]. They appear as micro-domains in the
ventral surface of the cell and have different conformations (individual dots, rosettes, aggregates and/or
linear structures). They have been shown to act as matrix mechanosensors, sensing and responding to
changes in the ECM stiffness. It has been proposed that there is a common precursor for the different
invadosome conformations, and, depending on the stimulus received, one conformation or another is
adopted [35].

There are two types of invadosome: podosomes and invadopodia. Both are formed from a
similar actin-rich core surrounded by different scaffolding, adhesion, and signaling actin-associated
proteins [36]. Despite their structural similarities, the term podosome usually refers to invadosomes
formed in non-malignant cells, such as macrophages, dendritic cells, neutrophils, osteoclasts, and
endothelial cells [37,38], whereas the term invadopodium is usually applied to cancer cells. Moreover,
podosomes are shorter, more abundant, and less protrusive than invadopodia, and, furthermore, they
are only stable for minutes, while invadopodia have a lifespan of hours, although some molecular
differences have been also observed (Table 1) [2,3,39,40].

Table 1. Differential characteristics of each invadosome structure. N.D. (no data). * Similar to
podosomes. Italic bold items indicate absent molecules that constitute a characteristic detail of the
structure by their absence.

Podosome Linear Invadosome Invadopodia

Normal cells
(Endothelial cells,
Embryonic cells)

Tumoral cells

Normal cells (Osteoclast, Macrophages,
Cell type Fibroblast, Dendritic cells, Smooth Muscle cells,
Neurons, Endothelial and Embryonic cells)

Tumoral cells

Number High (=200) Low (=3-10) Low (=4-30)

Life-span minutes N.D. hours
Width 0.5-2 um N.D. 0.5-2 um
Length 0.5-2 um N.D. >2 um

. Li ..
Structure Rosettes, clusters, individual hear Structgres over Individual
collagen fibers

Bone resorption/Angiogenesis/Immune *

Function response/Organogenesis/Cells T trix deeradati Cancer Metastasis
Interactions-fusion/Signal Mechanotrasduction urmor matrix degradation

Stimuli Inductor ~ Growth factor/Adhesion/Traction Force/Rigidity Collagen Fibers *
. . SRC independent CDC42 "
Signaling SRC/ERK/PI3K/FAK/NOCH/Small GTPases mediated
Adhesion Rings or

. . Adhesion Rings (31/33/«331/a5p31/x6p1/0cVB1 Not (1 or

Matrix anchoring integrins/CD44) DDRI1 structure B3/Endoglin/CD44
/DDR1)
Mineralized
Matrix matrix/Collagens/Laminin/Fibronectin/ Collagen fibers only *
vitronectin/Basement Membrane
: : inv
Differential GRB2, Dinamin Absence of integrins NCK1, MENATY,

proteins detected Twist, Fdgl
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Invadosome formation is stimulated by growth factors (e.g., EGF, TGF-f3 and PDGF) inducing
phosphorylation and activation of many key protein regulators of invadosome formation [41-44].
At the same time, invadosomes interact with the ECM through integrins and other receptors, such as
the hyaluronic receptor (CD44) and the discoidin domain receptors (DDRs), to transmit extracellular
and intracellular signals (Figure 1) [45—48]. In this review, we will see that integrins, and also other
ECM adhesion receptors, seem to be implicated in many of the processes and stages of invadosome
formation, from the initial steps of anchoring and protein recruitment to the final steps of matrix
degradation or structure dissembling.
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Figure 1. Schematic representation of invadosome formation after cellular stimuli reception. Integrin
and/or other membrane receptors (1) generate, after cell adhesion or stimulation, signaling cues (2)
that recruit the actin polymerization-branching machinery to plasma membrane domains (3). Actin
polymerization and molecular signals stabilize invadosome-growing protrusion in plasma membrane
(4), and MMPs-dependent matrix degradation constitutes the final stage (5).

Literature describes that invadopodium formation has 3 stages: initiation, stabilization, and
maturation (Figure 1) [49]. Focal adhesion structures (FA) established between the cell and the ECM
need to be dissociated by FAK and SRC kinase in order to allow invadosome formation. SRC kinase
and protein kinase C (PKC) then stimulate the primary actin nucleation by phosphorylation of several
key regulators, including the F-actin binding protein cortactin, 110 kDa actin filament associated
protein (AFAP110), and fascin [42]. It has been proposed that FA are precursors or storehouses
for invadopodium and podosome formation [50]. Cell adhesion and/or growth factor signaling,
through FAK, SRC, PI3K and many other cascades, stabilizes and promotes invadosome structure
(Figure 1) [39]. Vinculin or talin are direct linkers of integrins to the actin cytoskeleton [51], and
together with x-actinin, paxilin, and zyxin, are the main components responsible for early sensing
and mechano-transduction. In living cells, local interactions between myosin II with actin and motor
proteins seems to be critical in order to supply global order to podosomes [52], although SRC is
necessary and sufficient for podosome induction in fibroblasts [36]. SRC also activates synaptojanin 2
to transform phosphatidylinositol-trisphosphate (PIP3) into phosphatidylinositol-bisphosphate (PIP2),
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which interacts with tyrosine kinase substrate with five SH3 domains (TKS5) in the membrane initiation
point. Finally, SRC phosphorylates cortactin to recruit NCK adaptor protein 1 (NCK1) and transfer the
signaling, through cell division control protein 42 (CDC42) and Wiskott—Aldrich syndrome protein
(N-WASP) [53]. CDC42 and transducer of Cdc42-dependent actin assembly protein 1 (TOCA1), an
Fes/CIP4 homology-Bin/Amphiphysin/Rvs (F-BAR) family member of plasmatic membrane curvature
proteins, also activate the N-WASP/WIP complex to promote actin polymerization [54].

Invadosomes are composed of several actin networks and different actin crosslinking proteins
(x-actinin, fascin, fimbrin, supervillin). Together they form actin-rich microdomains and provide
the mechanically stable polymerized F-actin necessary to hold up the invadosome structure [40].
Invadosome structure formation initiates with the arrangement of an actin—cortactin nucleus surrounded
by different actin regulatory proteins, such as the actin related protein 2/3 complex (ARP2/3), N-WASP,
or cofilin (Figure 1) [55,56]. It has been proposed that both N-WASP and cortactin act in a synergetic
way in order to activate the ARP2/3 complex [57], as well as to recruit cofilin and gelsolin, among other
actin dynamic regulators [40]. TKS5 links the actin complex to plasma membrane phosphadidylinositol
3,4-bisphosphate (PI(3,4)P2) and recruits moesin-NHE1 to increase local pH. Afterwards, cofilin is
activated to induce actin polymerization and cortactin phosphorylation at the end of the stabilization
stage [39]. This signal is amplified to increase the actin structure before maturation (Figure 1) [39].
Cortactin phosphorylation stimulates the formation of the complex between ARP2/3 and N-WASP,
which in turn associates with CDC42, WASP-interacting protein (WIP), and dynamin [3]. In addition,
TKS5 is able to bind, direct or indirectly, to growth factor receptor bound protein 2 (GRB2), N-WASP,
and NCK1 andNCK?2 (Figure 1) [39]. Once assembled, invadosomes promote ECM degradation by
secretion of several matrix metalloproteinases: MMP2, MMP?9, a desintegrin and metalloproteinase
(ADAM), and membrane type 1 matrix metalloproteinase (MT1-MMP) [58]. Localization and secretion
of MMPs is regulated in invadopodia by TKS4 and cortactin, respectively, and both of them have a
regulator role in podosome and invadopodium maturation (Figure 1) [59].

Invadopodia contain many lipid rafts, indicating that molecular clustering, formation of signaling
complexes, and molecular recruitment are necessary for invadopodium formation. Cholesterol
depletion, which disrupts lipid raft formation, blocks invadopodium degradative activity [60].
Furthermore, vesicle traffic and molecular recycling are very important factors to the modulation of
invadopodium development and activity [36,53,61].

Moreover, other mechanisms of regulation have been reported. Thus, miRNA143 and miRNA145
can negatively regulate podosome formation, although their role in invadopodium formation has
not been established [44]. In addition, NOX activation and reactive oxygen species (ROS) induction
can regulate podosome and invadopodium formation [62]. Another protein that participates in
invadopodium regulation is the cancer-related isoform of mammalian enabled protein (MENA™).
MENA™ seems to induce invadopodium activity, enhancing its sensitivity to EGF as well as the
phosphorylated status of cortactin. As a result, the invasiveness of cancer cells is increased [63].

Recently, a new invadosome type has been described in endothelial, embryonic, and tumor
cells. It is a structure with ECM remodeling capability, but a different morphology that the classical
F-actin dots. These structures present a linear organization and are associated with collagen I fibrils.
They are also composed of scaffold elements of invadosomes (TKS5, SRC, WASP, ARP2/3, cortactin)
and metalloproteinases (MT1-MMP, MMP2). Linear invadopodia depend on CDC42 activation and
DDR1 [47], but they lack many other elements like vinculin, paxilin, or integrins [37].

3.1. Podosomes and Their Related Functions

Podosomes are cellular actin structures characteristic of non-transformed cells, including
osteoclasts [64—67], macrophages [68,69], megakaryocytes [70], and dendritic cells (DCs) [71]. The term
podosome was coined to describe actin structures in the ventral cell surface of Rous Sarcoma Virus
transformed fibroblasts with the SRC oncogene [72]. Later, these structures were also observed in many
other cell types under natural conditions [73]. Advanced imaging technologies have allowed the capture
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of in vivo images of invadosome structures (TKS5, cortactin, and actin-positive structures) during
intestine organogenesis in zebra fish models [35,74] and Caenorhabditis elegans gonad organization [35].
Podosome formation has been also linked to other important normal processes such as synapsis
formation, neural cone elongation, antigen recognition, and cell fusion. Podosomes can be induced or
spontaneously formed. In cells of myeloid lineage, for example, the mere adhesion to a substrate is
enough to trigger podosome formation. Integrins would mediate cell adhesion to the ECM and activate
outside-in signaling pathways (GTPases and kinases) to induce podosome formation directly (Figure 1,
1 and 2) [75]. Other non-hematopoietic cells can also form podosomes in response to extracellular cues
such as growth factors, matrix mechanical properties, or other stimuli [35,37,76-78].

Loss of podosome formation in hematopoietic linages is associated with serious diseases, e.g.,
WASP mutation is the origin of Wiskott-Aldrich syndrome (WAS) [79]. In zebra fish embryos, TKS5
morphan mutants present many developmental defects (e.g., head, eye cardiac pigmentation) [80].
Frank-ter Haar syndrome (FTHS) is an autosomal recessive disease linked to TKS4 abnormalities and
podosome formation during embryonic development [1]. In addition, organogenesis defects were
observed in neural crest cells (NCC) in TKS4 and TKS5 knockouts [81].

The ultrastructural composition of podosomes is very complex, with different domains, regions,
and proteins (Figure 1). Podosomes present a special structure, called podosome caps, which are
formed by formins (INF2), formin related proteins (FMNL1), and supervillin [64,76]. In macrophages,
this structure regulates podosome growth, degradation, and contractile forces, acting as a vesicle
reception center [68,69,76]. Other formins, mDIA2 or FBP17, are also implicated in actin elongation
machinery recruitment (WASP-WIP) and microtubule dynamics [70].

In macrophages, supervillin and myosin IIA determine the presence of two different podosome
subpopulations: the precursors, which are larger and located at both the periphery and the leading
edge, and the successors, derived from the precursors and located toward the center of the cell [68].
In addition, lymphocyte-specific protein 1 (LSP1) modulates adhesion, migration, and podosome
turnover in primary macrophages by the regulation of actomyosin contractility [69].

In order to expand blood vessels during neo-angiogenesis, endothelial tip cells overexpress VEGF
receptors and down-regulate Notch signals to form podosomes [76,77]. It has been recently proposed
that podosome rosettes in tip cells degrade collagen IV basement membrane during the sprouting
process of breaching the basement membrane, and then during anastomosis [76].

Osteoclasts are responsible for bone resorption by attaching to the bone surface while moving
through it [66]. In the first step of adhesion, osteoclasts form podosome aggregates that evolve into
rosettes. Later on, these structures are fused to form a stable, degrading structure over mineral matrices
known as sealing zones [82]. This process results in the generation of a membrane-rich ruffle border,
surrounded by a sealing zone composed of podosomes organized in actin rings [64-67]. This podosome
distribution is critical for bone resorption, while ECM binding to integrins and CD44 allows osteoclast
migration through the bone surface [64]. Actin filaments are stabilized by crosslinker proteins such
as a-actinin, vinculin, paxillin, or phosphorylated L-plastinin, forming concentric rings in contact
with integrins, in structures known as adhesion plaques [64,83]. These plaques are also stabilized
by myosin II and «-actinin in co-axial segments, which form the podosome cloud in the peripheral
region of podosomes [64]. Myosin II, MLKC, and supervillin also participate in podosome stabilization,
but they can induce podosome dissolution depending on signaling and traction forces [68]. Several
guanine-nucleotide exchange factors (GEFs) stimulate podosome organization in rosettes, and modulate
membrane trafficking or cytoskeleton modifications through cortactin signaling [70]. Other GEFs bind
to 33-integrins and modulate osteoclast differentiation [70,84,85]. Recently, it has been demonstrated
that 3-PIX, a RAC1/CDC42 activator, negatively regulates FA and promote lamellipodium development
and invadopodia [85,86].

During first steps of adhesion, fibroblasts form integrin clusters, where F-actin cores start to
precede the formation of podosome rings [51]. In the absence of traction forces, Arg-Gly-Asp
(RGD)-activated-integrins clusters lead to local enrichment of PI3K regulatory subunit p853 and
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production of PIP3. This negatively charged domain induces the activation of N-WASP to promote actin
polymerization in a formin-independent manner by ARP2/3. p85f is recruited by auto-phosphorylation
FAK/PYK2, while SRC activation is not necessary [51]. Traction force generation inhibits podosome
formation and transforms them to FA structures as result of RHOA-GTP activation. ARAP3, a
RHOA-GAP, binds PIP3, and is located in podosomes but not in FA under free force conditions. Thus,
PIP3-ARAP3 binding in podosomes would inactivate RHOA to stabilize podosomes [51].

3.2. Integrin in Podosome

Integrins are proteins present in classical invadosomes, which form the adhesion ring in the
upper domain of the structure (32 and 33) and in the podosome core (31) [35,87]. Integrins, and
their related proteins’ clustering, induce signaling pathways to control cell adhesion, migration, and
invasion. Integrins and CD44 are the main transmembrane adhesion receptors found in podosomes
(Figure 1) [35,67,76]. The presence and function of integrins and their regulatory proteins in podosome
formation have been massively described [3,36,39,75,87-95]. Proteomic analysis shows that CD44 and
2-integrin are the adhesion receptors detected in macrophagic podosomes, together with many other
invadosome molecular compounds such as Arp2/3, cofilin, vinculin, zyxin, talin-1, kindlin-3, and
myosin IIA [96]. In contrast, no integrins were detected or enriched in murine fibroblast podosomes,
although some integrin binding partners such as talin and vimentin were detected [97].

Integrin expression in podosomes depends on both the type of matrix and the cell type. 1-integrin
is highly expressed in megakaryocytes and it binds to several collagen isoforms, fibronectin, and
laminin. 32-integrin mediates the formation of podosomes in macrophages, binding to fibrinogen,
and (33-integrin binds to osteopontin, vitronectin, and fibrinogen, preferentially in osteoclasts [70,76].
Interestingly, in order to block podosome formation in osteoclasts, all three integrins (31, 32 and 33)
must be simultaneously silenced [95]. Specific integrin expression, mainly of 32-integrins, has been also
associated with podosome-like structures on mesodermal progenitor cells associated with degradation
areas, and MMP9 in a FAK/ERK1/2 signaling-dependent manner [98]. In all cases, binding between
integrins and their ligands activates several phosphorylation cascades and mediates almost every step
of podosome formation and maturation [70]. Linear invadosomes are degradative structures present
in endothelial cells and embryonic fibroblast cells, associated with collagen fibers. It is noteworthy
that B1 and (33-integrins are present in focal adhesion, but not in linear invadosomes. Furthermore,
integrin blockade, or silencing, does not alter the linear invadosome formation [37]. ILK is essential
for integrin clustering and adhesion ring formation, but not for actin core formation of immature
DCs (iDCs) podosomes. ILK silencing negatively regulates PI3K recruitment and subsequently WASP
activity in podosomes [99].

3.2.1. B1-Integrin in Podosomes

This integrin plays a key role in the assembly of podosome rosettes. Mouse embryonic fibroblasts
with constitutively activated SRC form invadosomes associated with 31-integrin expression and PKC
regulation [100]. High «631 integrin levels enhance podosome lifespans during neoangiogenesis [101],
while in quiescent vessels the expression is lower [102]. In response to VEGF, endothelial cells
increase 631 and degrade the basement membrane of Collagen-IV to create space for new endothelial
cells [77,101]. Many studies have demonstrated that podosome blockade has severe effects on all these
processes [101,103].

Eosinophils are immune cells associated with allergic responses. These x431 (also known as
VLA4) integrin-expressing cells form podosome-like structures over endothelial cells in a process
dependent on endothelial VCAM1 expression. Unlike adherent fibroblasts, eosinophil podosomes
can degrade VCAM-1 from endothelial cells in an ADAMS metalloproteinase-dependent manner.
Eosinophil «4(31 integrin is located in podosome structures, while a437 or «Df32, other VCAM]1
partners, present a diffuse distribution [104]. In culture, human macrophages can form podosomes in
2D and 3D collagen environments, but the displayed structures are different. In a 2D environment,
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they spontaneously form big rosettes or individual podosomes, but when they are studied in a 3D
environment, they form big individual podosomes [105,106]. Literature supports that 31-integrin
and CD44 are the main collagen receptors, while 32-integrin is only occasionally found in individual
podosomes formed in 2D environments. Interestingly, in a 2D environment, 31-integrin and CD44
localize, surrounding podosome rosettes, while in a 3D environment, both proteins are at the tip
of the podosomes [106]. In primary megakaryocytes, «231 ligand binding promotes podosome
formation, while WASP-deficient megakaryocytes present defects in proplatelet formation in collagen-I
environments [94].

3.2.2. p2-Integrin in Podosomes

Members of the p2-integrin family include «L32 (CD11a/CD18, LFA-1), aMf32 (CD11b/CD18,
Mac-1, CD3), axf32 (CD11c/CD18, p150, 95, CR4) and «D{32 (CD11d/CD18). They are expressed in
most white blood cells (WBC), as well as in smooth muscle cells, and have a crucial role in podosome
formation [88,91]. For instance, vinculin and (32-integrin are recruited to the surrounding area of the
podosome actin core in response to ICAM-1 (ligand of 32-integrins) and fibronectin (ligand of 31
and (2-integrins) binding [88]. In human monocyte-derived macrophages and monocyte-derived
DCs, aMf2 and oX32 bind fibrinogen, and they are found in the adhesion ring of podosomes [107].
It has been described that podosome formation and (2-integrin clustering fail in macrophages,
polymorphonuclear cells, and DCs of WAS patients [91], suggesting a critical role of WASP in the
recruitment of integrins to form mature podosomes [90,91].

Endothelial barriers are critical walls that immune cells must cross. During transcellular diapedesis,
leukocytes, lymphocytes, monocytes, and basophils insert their podosomes into endothelial cells
to choose the most suitable region to cross. [32-integrin and its partners in endothelial cells are
vital in this process, because inhibition of ICAM-1, PECAM, or some podosome regulatory proteins
reduces or cancels cell diapedesis [108,109]. Matrix stiffness is also a factor that regulates podosome
formation through 32-integrin, but not 31, expression in iDCs [110]. Recruitment of xM2 to iDCs
podosomes is a critical step, because a solid adhesion to endothelium is necessary to access secondary
lymphoid organs. During maturation of DCs, the cysteine protease cathepsin X moves to the plasma
membrane and associates with «M[32, allowing the activation of this integrin receptor [93]. Inhibition of
cathepsin X prevents adhesion and provokes podosome disassembly [90,93]. Moreover, IL-5 stimulates
eosinophil adhesion to periostin through aMf2, which is up-regulated by lymphocyte Th2 cells to
form podosomes [111]. Furthermore, podosomes have been also found in mesodermal progenitor cells
(MPCs), the precursor cells of mesenchymal stromal cells, and specifically expressed «L32, xM[32 and
aXf2 to adhere themselves to the epithelium [98].

3.2.3. 33-Integrin in Podosomes

[3-integrin is vital for embryonic development, bone remodelling, platelet function, and
angiogenesis. For instance, the interaction of 3-integrin and kindlin-2 to promote podosome
formation in endothelial cells has been demonstrated in vitro using optogenetic models [92]. Mice
deficient for the FA protein kindlin present av, 31 and 33-integrin subunit reduction, and develop an
important deregulation in osteoclasts’ podosomes and bone resorption [64]. In osteoclasts, 33-integrin
mediates cell adhesion and activation of growth factor signaling pathways that stimulate the activation
of CDC42, RHO and RAC, among other small GTPases. Mice lacking 33-integrin develop osteoporosis
as result of defects in bone resorption [66], although 337/~ mouse embryonic fibroblasts still form
small podosomes in constitutively active SRC conditions [100]. «v3 is involved in recognition of
the ECM, in the maintenance of the sealing zone, and in the organization of the cytoskeleton [65,112].
Sealing rings are integrin-rich, subcellular structures associated with bone remodeling by osteoclasts,
and integrins (mainly «V[33) are essential components of the structure [83]. Although av(33 is the
main integrin found in osteoclasts, its absence does not disrupt bone resorption, suggesting that other
integrins may have overlapping functions [67]. In fact, it has been demonstrated that «v, 31, and 32
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play also crucial roles in bone resorption, and their individual ablation results in an important reduction
of the resorptive activity [95]. «v33 is found inactive in podosomes during ECM attachment, and is
activated and re-colocalized in lamellipodia when it binds its ligand [65]. Nevertheless, other authors
postulate that actin ring formation depends on the receptor CD44, as well as ARP2/3 and cortactin.
av33 would be located in the adhesion ring, co-localizing with paxilin and vinculin, while CD44 would
be in the tip of the podosome [35,64,67]. This distribution has been associated with podosome belt
structure in mature osteoclasts over non-mineralized substrates [45]. «II-Spectrin is a component of the
invadosome cloud around the actin core of microvascular endothelial cells, and silencing it increases
adhesion ring dynamics. all-Spectrin depletion reduces the immobilized 33 location in adhesion rings,
increases the formation of unstable podosomes, and reduces ECM degradation [113].

It has been suggested that the recruitment of 33-integrin, paxilin, and cortactin represents the
first step in the assembly of podosomes, and is followed by the recruitment of F-actin in the core
and «-actinin, and the increase of 33-integrin in the podosome cloud [64,114]. Phosphorylation of
several residues in the 3 cytoplasmic domain of av[33, as result of ligand-binding, induces the
recruitment of PYK2 (a FAK family member) to podosomes. PYK2 phosphorylation allows SRC
binding and podosome assembly [65]. Other tyrosine kinases, such as SYK, a member of ITAM family,
also participate to transduce the signal to RAC [115]. av(33 has also been shown in complex with VASP
(vasodilator stimulated protein), which is a substrate of PKG1 (cGMP-dependent protein kinase 1),
which, in turn, is stimulated by nitric oxide, considered the main bone turnover regulator [116]. PIP2
and PIP3 levels, produced in response to «v[33 signaling by SRC and RHO-GTPases, modulate gelosin
and WASP, and, in consequence, the actin ring formation or the podosome assembly/disassembly
for osteoclast migration [117]. av33, VAV3 (RAC-GEF) and SYK kinase complex, as result of SRC
activation, modulate actin cytoskeleton by RAC1 action [54].

3.2.4. B4-Integrin in Podosomes

Epithelial cells interact with ECM by focal contacts and hemidesmosomes, which contain
podosome-like structures.  For instance, squamous and transitional epithelial cells have
hemidesmosomes with 634 integrin in order to bind laminin-5. These podosome-like structures are
also present in the actin core, with 331 integrin around it. During the assembly of hemidesmosomes,
4-integrin is located at the base of the actin core, but when cells are induced to migrate it becomes
co-localized with dynamic actin at the leading edges [118].

3.2.5. a-Integrin in Podosomes

Only the a3-integrin subunit has been described individually as a podosome element. It was
described in the adhesion ring of podosomes of an oral SCC cell line derived from a primary gingival
tumor. It presented in the same location as 31-integrin, and it was proposed that «331 is a functional
heterodimerization found in the podosomes [119].

3.3. Invadopodia and Their Related Functions

Invadopodia are the bad members of the invadosome gang. They are actin-rich tumoral structures
with ECM degradative ability associated with metastases and malignant tumors [1,39]. These structures
participate in ECM degradation and the extra- and intravasation processes of tumor cells. Many authors
postulate that invadopodia are one of the first steps of tumor dissemination [39,120]. Primary tumor
cells isolated from patients have demonstrated the formation of invadopodium-like structures with the
classical markers of the invadosome [89,121,122]. Recently, a strong correlation between invadopodia
and a metastatic signature expression was found, suggesting that invadopodium-related genes could
potentially be used as prognostic markers or new potential anti-metastatic targets [121]. Integrin
and MMPs elevated expression correlates with recurrence and poor prognosis in breast cancer [123].
Pharmacological inhibition of different targets in invadopodium structure has demonstrated good
results against metastases in mouse models of lung cancer, bladder, melanoma, fibrosarcoma, pancreas,
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and breast cancer [124-128] with a reduction of circulating tumor cells as result of inhibition of tumor
intra- [129] and extravasation [124].

3.4. Integrins in Invadopodia

Invadopodia, like podosomes, are spontaneously formed by tumor cells or as a result of different
stimuli: soluble growth factors, cell—cell contact or ECM properties, and signaling. Structurally,
invadopodia are described as actin structures in the ventral surface of cells, where they contact with
the ECM. They have a central core of polymerized branched actin with many regulatory proteins
around the structure, and MMPs for ECM degradation [3,89]. Integrin or adhesion receptor activation
induces signaling cascades though linked proteins (actinin, vinculin, and talin) to the FAK/SRC axis
(Figure 1) [3,89]. The role of FAK in invadopodium formation is a bit controversial, because many
authors postulate negative effects, while others propose an inductive function [3,49,130]. FAK controls
SRC phosphorylation without being located in invadopodia. PYK2 is a FAK homologue that controls
podosome dynamics and stabilization [131]. Recently, it has been demonstrated that PYK2 induces
invadopodium formation. It controls cortactin phosphorylation in a SRC/ARG-dependent manner in
breast cancer cell line MDA-MB-231 and other tumor cells [132]. SRC, and its phosphorylation status,
RHO-GTPases (RAC, RHO, CDC42 ... ), PI3K, ERK and/or PKC transduce signals that converge in
cortactin, a classic invadopodium marker. Cortactin modulates actin polymerization and branching
mechanisms (N-WASP, WIP, ARP2/3, calpain, cofilin, etc.) (Figure 1) [36,120,133,134], and promotes
ECM degradation by MMP2, MMP9 and MP1-MMT, but also ADAMs, serine proteases, or cathepsin
cysteine proteases [58].

The first description of integrins and their regulatory proteins in invadopodia was reported twenty
years ago [135]. The role of integrins in invadopodia of tumor cells is multifold, and it is postulated
that it depends on the matrix, stimulus, and/or cell types. Integrins usually form an adhesion ring
podosome-like structure [136]. However, integrins can localize to invadopodium cores, depending on
the cell and matrix types used [35,136]. Integrin recruitment to invadopodia usually occurs after the
initiation stages and before matrix degradation [36,39]. General consensus postulates that the adhesion
ring can contain different integrins, such as «2, &3, «5, a6 and 31, but not 33 [49,136], although some
studies also report the implication of 33-integrin in invadopodium formation [137,138]. 35-integrin
has been also described in the invadopodium “head” of a patient-derived oral SCC cell line which
cells are undergoing epithelial-mesenchymal transition. In invadopodia, 35-integrin would interact
with an &V subunit to form a functional heterodimer [119]. aV-integrin was found to be elevated in
proteomic analysis of prostate resistant cancer cell lines, and its blockade inhibits cell invasion [139].
f1-integrin was also detected in GBM vesicles associated with invadosome proteins such as ACT3 [140].
Heterodimer «V 31 was proposed to be an invadopodium base, forming a complex with ARF6, IQGAP,
ILK, and filamin A [141].

Integrin ligand binding generates outside-in and inside-out signals which cooperate to regulate
cellular process [25,142,143], and an intense protein recruitment allows formation of membrane
microdomains to promote invasion and invadopodium formation [60,144-150]. It has recently been
demonstrated that invadopodia are chemosensing structures that modulate tumor cell extravasation in
chorioallantoic membrane model invadopodia formation with intravital microscopy [151]. Authors
observe that PAK1 activation regulates cofilin and myosin light chain (MLC) to control invadopodium
disassembly, but it also modulates the chemotactic response to EGF and GABA to promote breast
tumoral traffic through the membrane [151]. It has been demonstrated that integrins also regulate
PAK1, cofilin, and MLC [146,152-154], and cooperate in cells’ invasion with growth factors [155].
Exosomes are cell-cell communication factors necessary for invadopodium formation and MT1-MMP
secretion [156], Moreover, TKS5-invadopodium inhibition has been demonstrated to reduce exosome
release [157]. Recent published works demonstrate that exosomes, secreted by tumor cells, fuse
with resident cells to prepare the niche for tumor metastasis [158,159]. Proteomic analysis of these
exosomes showed that they contained integrins, and their pattern was associated with organ-specific
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distribution of metastasis. While liver metastasis was associated with exosome av (35 integrin, lung
metastasis was linked to «634 and a631. Exosome-integrin reduced uptake decreased metastasis and
prometastatic signal pathways [158]. Furthermore, it has also been described that exosomes secreted
by cancer stem cells (CSCs) or cancer-associated fibroblasts (CAFs) are more relevant for tumoral
invasion that exosomes from the tumor [160]. All data demonstrate that integrins, stromal cells, the
microenvironment, and invadopodia form a feedback loop to control and/or promote cancer metastasis.

Integrin expression and location are altered in many diseases, therefore, therapies against these
proteins have been designed and are in advanced phases of development [22]. Integrin expression
varies between tumors, with malignant tumors usually presenting overexpressed integrin patterns [161].
In particular, melanoma and glioblastoma express elevated amounts of acv33, colorectal carcinomas
overexpress av[36, av35 is overexpressed in breast, lung, and melanoma, while av38 frequently
appears in brain metastasis [21,161]. Anti-integrin therapies have been developed and tested with
different results. Cilengitide is an antagonist of av[33/35 integrins, which failed to demonstrate clinical
efficacy in a phase III glioblastoma trial. Moreover, Etaracizumab, also known as Abegrin, is another
anti-aV33 integrin that did not demonstrate better results over dacarbazine in a phase II trial against
stage IV metastatic melanoma [162]. Volociximab, an antibody against o531 integrin, obtained good
results in an ovarian and peritoneal cancer phase Il trial, and it is postulated that it could be useful
in treating glioblastoma multiforme (GBM) [22,163]. Intetumumab (CNTO95), an anti-av molecule,
inhibits angiogenesis in solid tumors [164], and PF-046055412 is another safe anti-«531 tested on
non-hematologic solid tumors [22,165]. Finally, ATN-161 is a five amino acid peptide (Ac-PHSCN-NH,)
derived from fibronectin that inhibits 53 1lintegrin signaling, and had good toxicity results in a phase
I trial against solid tumors [166].

3.4.1. p1-Integrin in Invadopodia

The 31 subunit is the integrin most often reported to be associated with invadopodium formation
in tumors, and of which blockage or silencing reduces invadopodium formation in multiple cancer
types [49,60,100,136,154]. «2f31, x331, o531 and «6f31 integrins are overexpressed in glioblastoma
tumors, and anti-f1 antibodies reduce tumor invasion [89]. In melanoma cells cultured in vitro,
a«331 interacts with seprase, also known as fibroblast activation protein (FAP), in invadopodia [135].
Furthermore, it is located around the actin core of the podosome-like structures of 804G carcinoma
cell [118]. Fibronectin binding to «531 induces invadopodium adhesion structure or degradative
activity, depending on melanoma cell line [135,167]. This integrin was observed in adhesion ring of
breast cancer cell lines, and in the invadopodia puncta when cells present activated SRC [136]. «6/31
integrin is a laminin partner that transduces the signaling necessary for invadopodium activity in
LOX melanoma human cells by inducing the translocation of 31-integrin, gelatinase, and seprase
to the plasma membrane [168]. The CAIX protein (carbonic anhydrase IX) is a hypoxia-induced
factor of which the function is to regulate intracellular pH. It has been demonstrated that CAIX
interacts with (1-integrin and MMP14, and is colocalized with cortactin, TKS5, and MMP14 in
invadopodia [169]. f1-integrin silencing decreases the capability of tumor cells to form invadopodia
after C16-laminin peptide exposition [170]. These data were confirmed by Artym and coworkers, who
observed that invadopodium formation induced by high-density fibrillar collagen was reduced when
A1 and a2-integrin were blocked with antibodies in breast cancer cells [171]. However, when cells
were grown over gelatin layers, the main integrins implicated in invadopodium formation were 31
and o5 integrins [171].

1-integrin performs functions at different stages during invadopodium formation.

A. It is associated with ARG phosphorylation of cortactin by direct protein—protein
interaction [39,49,53]. Combined (1-integrin and EGFR interaction/signaling is necessary for ARG
activation in breast cancer cells. The $1-integrin cytoplasmic tail blocks Y272 ARG autophosphorylation,
which allows its phosphorylation in Y466 by SRC to promote invadopodium formation [154].
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B. This integrin is also important in NHE1/moesin recruitment to the invadopodium core [39].
An increased level of Erzin p(T567) was detected in aggressive human tumors and invadopodia as a
result of B1-integrin activation. Erzin interacts with NHE1, 31-integrin, EGFR and NHERF]I to form a
complex in invadopodia associated with lipid raft formation [60].

C. Bl-integrin also regulates SRC activation by indirectly kidnapping FAK at focal adhesion points.
MENA™Y and o531 modulate FAK/SRC interaction and their signaling transduction pathways [39].

D. It has been demonstrated that P1l-integrin promotes metalloproteinase secretion at
invadopodia [136]. This integrin, in association with ILK, IQ-domain GTPase-activating protein
1 (IQGAP1), and the formin mDIA1, modulates the vesicle traffic and metalloproteinase release
at invadopodia, mainly MT1-MMP [36,49,136]. ILK silencing or RGD-inhibitor peptides reduce
IQGAP recruitment to the invadopodium core [136]. CD44 cooperates with a531 integrin to promote
invadopodium formation over fibronectin [39]. CD44 isoform is also associated with cortactin
phosphorylation and MT1-MMP recruitment to invadopodia, and it also binds MMP9 in lymphoma
cells [39]. Seprase and other collagenases interact with 31-integrin to promote matrix degradation [53].
B1-integrin inhibits MT1-MMP endocytosis in human endothelial cells and induces the Rab8-mediated
exocytosis mechanism. Furthermore, it is proposed that f1-integrin could anchor MMPs in the
plasma membrane, in cooperation with CIP4 [49]. A strong positive correlation was observed between
degradation area and adhesion ring formation, mainly (1-integrin, in breast cancer cell lines [136].

E. Bl-integrin also participates in mechanosignaling. Cofilin inactivation and p1-integrin
over-expression were detected under mechanical stimuli in the HT1080 human fibrosarcoma cell
line [153]. Kindlin 2 directly binds 31-integrin to regulate its bidirectional signaling over dense collagen
matrix [171]. Migfilin interacts with phospho-kindlin 2 and 1-integrin to release Filamin A from the
cytoplasmic tail of integrin to activate its signalling. Migfilin and phospho-kindlind 2 are located in
the invadosome, where they are fundamental elements in integrin-mediated signalling [171].

3.4.2. 33-Integrin in Invadopodia

The role of 33-integrin in invadopodium formation is very controversial, although many cancers
show dysregulation of «V {33 integrin [26,161]. Some authors have proposed that this integrin is not
implicated in invadopodium development, while other authors have observed an important role
in same tumors. In melanoma cell line A375M, «xV{3 is associated with increased invasion and
collagenase secretion [172]. (3-integrin, but not 31, was observed in adhesion rings around the
F-actin core of the osteoclast isolated from surgically excised osteosarcoma giant cell bone tumor [73].
3-integrin is mainly located in the adhesion ring, although it has also been detected at the tips of the
invadopodia [138].

3-integrin’s functions during invadopodium formation are also, like 31, associated with
different stages.

A. V(33 integrin interacts with MT1-MMP to promote MMP2 activation in breast cancer cell
lines [173], but it also interacts with MMP2 to form a complex in blood vessels of melanoma tumors
in vivo [174].

B. In breast tumor cell lines, collagen IV activates Dishevelled-associated activator of
morphogenesis 1 (DAAM1) and RHOA to promote haptotaxis. DAAMI is a formin family member
often localized to invadopodia of breast cancer cell lines, where it binds «V 33 to promote invadopodium
formation though the modulation of actin polymerization and free barbed end formation [26]. The V33
inhibitor peptide (Cyclo-RGD{K) is also efficient to block invadopodium formation and haptotaxis of
breast tumor cell lines over collagen IV [26].

C.SNAIL2is a transcription factor in which silencing is associated with inhibition of invadopodium
formation. SNAIL2 is also down-regulated after xV (33 or fibronectin silencing. Chloride intracellular
channel (CLIC1), which is up-regulated in many tumors, interacts with «Vp3 and regulates
fibronectin-«V 33 interactions and fibronectin assembling to promote metastasis [163,175]. Both proteins
are located in the adhesion ring of invadopodia in fibrosarcoma and kidney cancer cell lines, as well as
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renal tumor cells isolated from two patients [122,163]. In these cells, integrin silencing reduces the
formation of invadopodia and matrix degradation [122,137]. In this context, fibronectin and V33 would
regulate MLCK and RHOA signals to control vesicle transport, actin polymerization, and transcription
factors associated with EMT to form invadopodium structures and promote cancer metastasis.

D. aV[33 over-expression correlates with invadopodium formation in renal carcinoma, sarcoma,
and glioblastoma cell lines. «V[33 siRNA reduces invadopodium formation and cell proliferation in
these cell lines, and these effects were not detected in 31-silenced cells [137]. 33-integrin is up-regulated
after TGF-p treatment in lung cancer cells [145]. Invadopodium formation and FAK, ERK, SRC and
cortactin signaling are also up-regulated in these cells cultured in 2D and 3D environments [138].
3-integrin antibody blockade, but not 31, abrogates invadopodium formation in lung cancer cells.
This effect was also observed after integrin silencing with a shRNA, while integrin re-expression
restored invadopodium formation [138].

3.4.3. 38-Integrin in Invadopodia

B8-integrin subunit heterodimerizes exclusively with «V-integrin, and it binds to latent TGF-(3.
V38 expression is altered in malignant brain tumors and metastases [176]. 38-integrin interacts with
the actin scaffolding proteins spinophilin (Spn), for which silencing induces invadopodium formation
in glioblastoma cells and alters RAC1 signaling [176]. The 38-integrin cytoplasmic tail has lost the
capacity of inside-out signaling, so, after ECM binding, it remains constitutively activated [177]. It is
postulated that 38-integrin localizes Spn in the leading edge to promote invadopodium disassembly
and reduce glioblastoma invasion metastases [176].

3.4.4. a-Integrins Subunits in Invadopodia

a3- and aV-integrins have been described individually as invadopodium elements in an oral
squamous carcinoma cell line derived from a recurrent gingival tumor. While o3 appeared surrounding
the invadopodium membrane, «V was located at the “head” of the invadopodia [119]. GMB are diffuse
and infiltrative tumors in which cell lines models present a strong degradative capacity. o5-integrin
was overexpressed in the plasma membrane of highly metastatic cell lines, and ITGA5 siRNA silencing
reduced the invadopodium and degradative activity after EGF treatments [163]. Transcription factors,
such as Ets-2 and Ap2, which control a5 expression, are also up-regulated in these GBM-derived
cell lines [163]. Both «5-integrin and the (3 subunits interact with nischarin [149]. Nischarin is a
cytosolic protein with tumor suppressor properties, for which mutations are associated with decreased
patient survival [178]. In breast cancer cells, nischarin reduces invadopodium formation when it
is over-expressed, but it also increases their formation when it is silenced. This protein modifies
invadopodia at different levels, and alters metalloproteinases (MMP1, 2 and 9), structural elements
(TKS4 and AFAP-110), or secreted factors and fibers in a cell environment [149]. Interestingly, nischarin
silencing increases o1, a4, o5 and «7 integrin expression, but reduces «2 [149].

4. Microenvironment Factors Associated with Invadosome Formation

ECM and cells present in the surrounding tumor stroma contribute to cancer progression.
Non-tumoral cells (fibroblasts, macrophages, endothelial cells) and structural aspects of ECM
(composition, density, cross-linking, rigidity and stiffness) are factors that have been implicated
in tumor malignancy and migration by mechano-transduction signals or ECM remodeling [50,179].
These factors modulate cell activities such as migration or invasion, and, subsequently, associated cell
structures as invadosomes.

4.1. ECM Compounds

Collagens, laminins, fibronectin, hyaluronicacid, entactin/nidogen or heparin sulfate proteoglycans
are extracellular matrix compounds, the interactions of which with the integrin heterodimers modulate
their conformational configuration and functionality [180]. These molecules potentially impact the
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progression, invasion, or metastasis of cancer [181]. One integrin can bind different ligands, and
the same ligand can interact with different integrins [17]. Integrins recognize specific sequences
in their ligands and, on this basis, anti-integrin therapies have been developed. The inhibitory
peptide Cyclo-RGDfK interacts with aV {33, and it has been demonstrated to be an efficient blocker
of invadopodium formation in breast cancer [26]. This has also been observed with other inhibitory
peptides (cRGD) for 31-integrin in linear invadosome formation [37,136].

4.1.1. Collagens

These molecules are the main components of ECM and basement membrane. They are ligands
for some integrins, and have been demonstrated to regulate invadopodium formation. For instance,
megakaryocytes increase podosome formation in collagen matrices, in addition to other matrices such
as fibrinogen [70]. Liu observed that collagen-I, a 31-integrin ligand, inhibits invadopodium formation
in rat bladder carcinoma cells [182]. Nevertheless, other authors have observed that fibrils of collagen
I can promote linear invadosome formation in an integrin-independent manner in many cellular
types, including tumor cells, and the induction is faster than using soluble agents [37]. High-density
fibrillar collagen deposits have been observed in stroma adjacent to tumors [183,184], and these dense
deposits have also been demonstrated to induce invadosome formation in an integrin-dependent
manner in breast tumor cells and primary human fibroblast [171]. Linear invadopodia depend on
collagen I [37], and only the Discoidin domain receptor 1 (DDR1) is responsible for the interaction
between the collagen and the formation of these linear structures [47]. Bladder tumor cells secrete
collagen IV alpha 1 (COL4A1l) and collagen XIII alpha 1 (COL13A1), which are «131 and «2f31 ligands.
Knock down of these collagens has been demonstrated to be associated with decreased invadopodium
formation, reduced matrix degradation, and decreased tumor invasion [185]. However, other authors
have observed increased invadopodium formation in response to collagen type IV in breast cancer cells
associated with increased RHOA activity and ADDM1-aV 33 interaction [26]. Recently, it has also been
observed that collagen IV induces SRC-dependent podosome formation in microvascular endothelial
cells with matrix proteolytic activity upon VEGF-A exposure [103]. Other collagens may be implicated
in these processes, as, for instance, collagen VIII binding to 31-integrin receptors suppresses RHOA
signaling, resulting in stimulation of MMP-2-dependent smooth muscle cell migration [186].

4.1.2. Fibrin and Fibrinogen

Both fibrin and fibrinogen molecules are 32- and 33-integrin ligands associated with podosome
formation in macrophages [187] and other cell types, and also promote tumor invasion, metastasis,
and angiogenesis [122]. Fibronectin, which is secreted to form fibrils and a suitable cell environment, is
another binding element of 31- and (33-integrins. Fibrin embedded tumor cells presents high levels of
aV[33 and fibronectin expression. Moreover, fibrin-fibronectin-«V {33 complex controls invadopodium
formation and induces signal cues for cell proliferation and metastasis gene expression [137,188].

4.1.3. Laminins

Laminins are basement membrane glycoproteins that interact with different integrins, such as
aVB3, abp1, a3p1, ab6pl, «7B1, x6p4 and o231 [189]. It has been reported that AG73 and C16
laminin-111-derived peptides induce invadopodium formation in adenoid cystic carcinoma (CAC2),
fibrosarcoma, and squamous carcinoma cells [170,190]. C16 peptide interacts with $1-integrin and
induces RAC, SRC, and ERK1/2 signaling, increasing cortactin phosphorylation [170]. These data are
in concordance with the invadopodium signal pathways activated by integrins in lung cancer cell
lines [138]. In addition, 31-integrin siRNA silencing reduces invadopodium formation in CAC2 cells
after C16 treatment [190]. Furthermore, laminin-322 also modulates invadopodium formation in 804G
rat bladder carcinoma cells [182]. This laminin is an autocrine secreted molecule during epithelial
remodeling, and it is also associated with cancer progression [191,192]. 31-integrin and their ligands
negatively regulate invadopodium formation in rat bladder carcinoma cells, because invadopodium
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inhibition was observed when (1 integrin, but not a6, «v or 34 integrin, was blocked. This effect
was accompanied by a reduction of SRC activation and FAK up-regulation [182]. These data support
the hypothesis that integrin-ligand binding and FA formation negatively regulate invadopodium
generation by FAK and SRC signaling, and the reduction of laminin-322 secretion would reduce
invadopodium-mediated invasion [182].

4.2. ECM Properties

4.2.1. ECM Rigidity

This matrix factor has been demonstrated to be associated with development of invasive carcinomas
in human and mouse models of breast cancer [193-196]. Stroma surrounding tumor is often more rigid
and dense, with increased collagen and fibronectin presence [197]. Actomyosin contractility is increased
by rigidity, a process mediated by ROCK phosphorylation of MLCK and NMII [193]. These proteins,
together with traction forces, mediate ECM degradation by invadopodia [130,198]. Moreover, it has
been also described that matrix stiffening and collagen crosslinking are associated with focal adhesion
and integrin signaling to promote cell invasion [199]. Invadopodium formation was detected in rigid,
but not soft, substrates when cells overexpressed FAK and p130CAS [130]. This is in concordance with
increased invadopodium formation, and degraded areas, when breast cancer cells were seeded over
denser and more rigid matrixes of gelatin and fibronectin [130,179]. It is postulated that greater density
would increase the integrin binding sites, generating signals to promote invadopodia [200]. However,
increasing rigidity without modifying fiber number still increases invadopodium formation [130].
Furthermore, it is hypothesized that the central actin core exerts pushing forces to the matrix, which
are also associated with actomyosin contractility around the actin core, and this effect is associated
with adhesion rings [196]. Cells use mechanosignals to evaluate their surrounding matrix and can
activate the myosin II-FAK/CAS pathway to increase invadopodium formation in a rigidity-dependent
manner [130]. Podosome ROCKI is involved in traction force signaling and modulates actomyosin
contractility and rigidity inducing invadopodium formation. ROCK2 also participates, but in a different
way. It mediates pLINK signaling to modulate invadopodium maturation by MMPs regulation and
matrix degradation [193]. It is postulated that forces and matrix stresses are transferred to cells, in an
outside-in signaling pathway, by integrins in the adhesion ring of the podosome [201], although zyxin,
paxillin, a-actinin, or vinculin are also candidates to participate. Podosomes also transfer forces to
the matrix through ROCK-NMII [193] inside-out signaling. However, it has been also observed that
podosomes can be formed in the absence of traction forces when integrins bind to RGD peptides in
liquid media. Thus, integrin clustering induces FAK/PYK2 autophosphorylation, p85 recruitment, and
RHOA inhibition, leading to actin polymerization [51].

4.2.2. Fiber Crosslinking

Matrix crosslinking is a factor related to matrix rigidity that negatively regulates invadopodium
formation, penetration, and matrix degradation [202]. Altogether, cross-linked matrix and basement
membranes are effective barriers for invadosomes [202,203]. In vivo cross-linkers such as lysil oxidase
(LOX) or transglutaminases are secreted to the ECM by tumor stromal cells, e.g., macrophages.
These enzymes are usually down-regulated during cancer development [202], although it has also
been described that they can promote tumor dissemination by a fibronectin—31-integrin interaction
and signaling in glioblastoma and ovarian cancer models [204,205].

423. pH

pH is a matrix property essential for invadopodium formation. Integrins mediate cellular
cues and can act as pH sensors to regulate actin protrusions [206]. «531, «II3 and V33 modify
their structural activation depending on pH, and acidic stimulation promotes integrin headpiece
opening and FAK-SRC signaling induction [206]. During invadopodium maturation, cortactin
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phosphorylation recruits Na*/H" exchanger-1 (NHEL1) to increase intracellular pH, which releases
cofilin from cortactin molecules during invadopodium elongation [207]. In addition, NHE1-induced
extracellular acidification increases ECM degradation and promotes tumor growth and metastasis [208].
Extracellular acidification was also observed in osteoclast podosomes. In osteoclasts, pH reduces the
intracellular level of Ca?* and promotes podosome formation, cell adhesion, and bone resorption [209].

4.2.4. Hypoxia

Hypoxia is another microenvironment factor that induces invadosome formation. Thus, the
hypoxia-inducible factor (HIF) family modulates metastases in many tumor types [210]. In melanoma
cells, HIF1 and HIF2 induce SRC and FAK signaling to promote invadopodium formation and
MMP2-9-dependent matrix degradation. Hypoxia also up-regulates «V[33 expression, cell adhesion,
and migration in vitronectin matrix [211]. Recently, it has been found that HIF1 induced high levels of
3-PIX in invadopodia of breast cancer cell lines. 3-PIX silencing reduces invadopodium formation,
while its overexpression increases invadopodia [86]. Hypoxia, through HIF1, also induces many other
proteins associated with invadopodia, such as the CAIX, [169]. CAIX interacts with «2/31, «3/B1, and
«6/p1 integrins as well as MMP14, and it is located in breast cancer cell mature invadopodia to induce
matrix acidification and promote degradation [169].

4.2.5. Protein Modification that Modulate Integrins and Invadosomes

Posttranslational modifications of intracellular, membrane, or extracellular proteins are other
factors associated with invadopodium formation. Protein glycosylation is a post-transcriptional
modification often related to cancer progression and metastasis [212]. The O-GlcNAcylation
modification at serine 108 of cofilin is necessary for protein activation, and, subsequently invadopodium
formation and matrix degradation in breast cancer cells [213]. Contrarily, reduced MUCI1 glycosylation
is associated with an increased interaction with the adaptor protein CIN85, enhancing invadopodium
formation and lung metastasis of melanoma cells [214]. MUC1 is also involved in pancreatic cells
migration and invasion through SRC activation mediated by aV{35 [155]. Protein fucosylation
inhibition is associated with metastatic melanomas, and fucosa treatment, or FUK overexpression in
melanoma cells, inhibits invadopodia and matrix degradation [215]. Lumican is a proteoglycan that
regulates collagen fibrionogenesis, and it has pro-oncogenic or anti-oncogenic properties depending on
tumor type [216]. Lumican displays anti-tumoral activity by targeting «231, and therefore inhibiting
melanoma migration [217]. In osteosarcoma, it reduces TGF-f32 activity and FAK/B1-integrin-mediated
adhesion [218]. However, in colorectal cancers lumican is up-regulated and tumor cells show increased
migration by actin remodeling [219]. Lumican is also up-regulated in breast and uterine cervical
cancers. In prostate stroma, lumican levels increase in areas surrounding the tumors. This glycopeptide
also reduces keratin 8 and 18, which are usually associated with «634 reduction and a less invasive
phenotype. ZO-1, which interacts with «531 to mediate cell adhesion and lamellipodium formation,
is also down-regulated in prostate cancer cells. Finally, it was also observed that lumican decreases
B1l-integrin and MT1-MMP expression and prostate cancer invadopodium formation to reduce tumor
invasion capability [216].

4.3. Stromal Cells

Stromal cells are located in the surrounding microenvironment of tumor cells. Recently, new roles
in tumorigenesis have emerged for these cells [220-222]. It has been demonstrated that stromal cells
cooperate with cancer cells to facilitate metastasis of breast and other cancers in vivo [105,223,224].

Many authors have demonstrated that macrophages induce invadopodium formation in tumor
cells necessary for trans-endothelial migration. During this process, macrophages, cancer, and
endothelial cells form a multicellular structure called tumor microenvironment of metastasis (TMEM)
that has been used as prognostic marker of metastasis in some cancer types [225]. This process depends
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on NOTCH signaling activation in tumor cell after cell contact [226,227], which up-regulates the
expression of MENA™ and it associated with poor prognosis and invadopodium formation [226].

Although the relationship of fibroblast presence in stroma with cancer development is well
demonstrated, its role in invadosome formation remains unclear. It is thought that CAFs are the
major ECM producers in tumors [228], and that they use invadopodium-dependent or independent
mechanisms to degrade the ECM according to the tumor type [196]. Fibroblasts express different
integrins depending on extracellular matrix composition or the tissue type [228]. In fibroblasts,
integrins cooperate with growth factors, such as TGF-f, in the signaling induction of tumor cell
proliferation, but they also participate in matrix remodeling and promote invasion [228]. FAP is a
small endopeptidase localized to lipid rafts of invadopodium rosettes in immortalized CAFs of most
human epithelial tumors [229]. In melanoma cells, «3/31 and «6/B1 function as docking proteins for
seprase to form functional invadopodia to promote invasion [135,168]. FAP overexpression induces
increased cell adhesion and signaling through ILK, RAC, and FAK in fibrosarcoma cell lines [230].
FAP also induces integrin downstream signaling, SRC, and PI3K, the inhibition of which reduces
cell adhesion [230]. In pancreatic cancer stroma, the most abundant cells are stellate cells and CAFs,
also known as myofibroblasts. CAFs contribute to tumor invasion, metastasis, and resistance to
therapy [231,232], although their ablation also promotes tumor progression [233]. After phorbol ester
stimulation, CAFs are able to form invadopodium structures to degrade the stroma in a CDC42 and
PKC-dependent manner [234]. CAFs invadopodia and pancreatic cancer progression also require
palladin expression [234]. This actin-associated protein is important for actin structure stabilization,
podosome formation, and embryonic cell migration [235]. It interacts with o-actinin, which is a central
element in integrin-dependent force transmission to the ECM [236]. Surprisingly, paladin knockdown
increases cell force capability and induces RHO family dysfunction through actin organization and
altered myosin organization [237]. Recently, it has been demonstrated that the SATB2 protein inhibits
palladin-induced invadopodium formation in colorectal cancer cell lines [238]. Cao and co-workers
have also shown that CAFs degrade pancreatic stroma more efficiently than epithelial pancreatic or
breast cancer cells in a metalloproteinase-dependent manner [239]. However, while cancer cells form
classical invadopodia, these CAFs do not present invadopodium markers in degraded areas, and they
also do not show CDC42 and SRC activation [239].

Macrophages are another cell type present in tumor stroma with an important role in tumor
regulation. These cells are known as tumor-associated macrophages (TAMs), and it has been reported
that they can promote tumor metastasis through paracrine signals [240]. TAMs and CAFs cooperate
in tumor stroma to down-regulate natural killer (NK) cell activation, and promote it in colorectal
cancer development [241]. It has been described that TAMs activate their 431 and xL32 integrins
to cross endothelium by interaction with VCAM and ICAM to promote tumoral accumulation [242].
Breast cancer cell lines co-cultured with TAMs increase their degradative capability and increase
invadopodium formation, even in cancer cell lines with no invasive behavior. These data demonstrate
that TAMs increase the invasive potential of cancer cells [243]. It is proposed that TAMs enhance CCL4
secretion to the microenvironment to induce invadopodia in tumor cells by inducing expression of
MYOBA in breast cancer cell lines, which has been shown to correlate with poor prognosis [243].

5. Conclusions

During recent years, more and more studies have started to unveil the multifaceted roles of
integrins in normal tissue remodeling and pathological processes such as tumor progression and
metastasis. Crosstalk relationships with growth factor receptors as well as oncogenes have been
associated with specific integrins in order to regulate cancer progression and metastasis. Numerous
reports have also highlighted the importance of tumor interaction with the microenvironment and
stromal factors supporting tumor growth and survival. Furthermore, deregulated integrin-mediated
cell adhesion to the ECM could potentiate different stages of tumorigenesis. There is an increasing
body of evidence suggesting that integrins are candidate targets for anticancer therapies, among others.



Cancers 2019, 11, 615 18 of 30

In fact, effective anti-integrin therapies, such as vedolizumab, are approved for Crohn’s diseases or
ulcerative colitis, and others are in advanced trials against multiple sclerosis, cardiovascular problems,
or inflammatory bowel disease. Initial attempts in cancer, however, have not resulted in clinically
relevant improvements, probably due to compensatory mechanisms counteracting integrin inhibition.
Another possibility may be the in vitro methodological approaches of the studies, i.e., 2D environments
and simple matrixes. We think that more complex environments, 3D cultures, or even more intense
efforts to use in vivo models could give us a more solid base for therapy design. Apart from individual
characteristics of patients, when considering integrins as possible anti-cancer targets, we should also
take into account the vast integrin repertoire present in cancer and tumor stroma cells, ECM, and
tumor microenvironment composition. Despite this complexity, all these factors may improve clinical
stratification, advancing towards personalized medicine and allowing us to select the most effective
anti-integrin combinations at appropriate stages.
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