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Abstract

Invadopodia and podosomes are discrete, actin-based molecular protrusions that form in cancer
cells and normal cells respectively in response to diverse signaling pathways and extracellular
matrix cues. Although they participate in a host of different cellular processes, they share a
common functional theme of controlling pericellular proteolytic activity, which sets them apart
from other structures that function in migration and adhesion, including focal adhesions,
lamellipodia, and filopodia. In this review, we highlight research that explores the function of these
complex structures, including roles for podosomes in embryonic and postnatal development, in
angiogenesis and remodeling of the vasculature, in maturation of the post-synaptic membrane, in
antigen sampling and recognition, and in cell-cell fusion mechanisms, as well as the involvement
of invadopodia at multiple steps of the metastatic cascade, and how all of this may apply in the
treatment of human disease states. Finally, we explore recent research that implicates a novel role
for exosomes and microvesicles in invadopodia-dependent and invadopodia-independent
mechanisms of invasion, respectively.

Graphical Abstract

Invadosomes are recently discovered, highly complex molecular structures that couple actin
polymerization with proteolytic activity to orchestrate extracellular matrix remodeling and
invasion processes. In this review, we highlight novel research that delineates the functions of
invadosomes, as well as how these molecular structures may be therapeutically targeted in various
human diseases.
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Cellular invasion plays vital roles in homeostasis and is employed by many different cell
types throughout the lifetime of the organism, including during embryonic development,
immune surveillance and response, and wound healing [1, 2]. In cancer, tumor cells hijack

the molecular components of normal cellular invasion to achieve degradation of the

basement membrane and subsequent invasion into the extracellular matrix (ECM) and the
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underlying vasculature, which begins the metastatic cascade of aggressive tumors [3]. The
ECM, which refers to both the basement membrane and the interstitial matrix, is a complex,
yet dynamic structural component found in and between all tissues [4, 5]. Comprised of
many different macromolecules, including fibrillar collagens, proteoglycans, glycoproteins
and polysaccharides, the ECM is a molecular scaffold that provides underlying support to
promote tissue boundaries, architecture and integrity [6]. During cellular invasion processes,
cells must be able to degrade and remodel the ECM. One way in which cells accomplish this
task is through podosomes and invadopodia (sometimes collectively referred to as
“invadosomes”) [7], which are dynamic protrusions of the plasma membrane found in both
normal (referred to as podosomes) and in cancer cells (referred to as invadopodia) [8-12].

Podosomes and invadopodia are complex molecular structures comprised of a dense
filamentous (F)-actin core containing actin-regulating proteins, including polymerization
activators, filament crosslinkers, nucleators and binders, surrounded by proteins involved in
regulation, adhesion and scaffolding, including integrins, kinases, GTPases, and adaptor
proteins [7, 12, 13]. Key components of invadosomes include the scaffold protein Tks5, the
actin regulators cortactin, Wiskott-Aldrich syndrome protein family members (WASP or N-
WASP) and cofilin, and membrane type | matrix metalloprotease (MT1-MMP or MMP14).

Tks5, a Src substrate, is a scaffold protein that localizes to, and is required for invadosome
formation [14-16]. It contains an amino-terminal Phox homology (PX) domain, which binds
to phosphorylated phosphatidylinositol lipids [17], as well as five Src homology 3 (SH3)
domains, small non-catalytic domains that facilitate protein-protein interactions through the
recognition of proline-rich residues [18]. /n vitro studies have demonstrated that Tks5 is
necessary for the ability of both normal cells and tumor cells to degrade and invade [15, 16,
19], and it has been shown to interact with numerous actin-remodeling proteins, including
N-WASP, Grb2 and Nck2 [20, 21], as well as proteases, including the ADAM-family
proteases [17]. Unlike many other invadosome proteins, Tks5 is not found in other
protrusions and adhesions (such as lamellipodia, filopodia and focal adhesions) [15, 17, 19].
Furthermore, expression of Tks5 in non-invasive cancer cells drives the formation of
invadopodia [15]. There are at least 3 isoforms of Tks5: Tksba (Tks5jgng), Tks5B, and
TKS5ghort [22, 23]. Tks5p and Tks5ghqrt are initiated at distinct internal promoters, and lack
the PX domain. Only Tks5a contributes to invadosome formation [15]; furthermore, cancer
cell lines in culture predominantly express Tks5a [15]. In lung adenocarcinoma, the ratio of
Tks5a to Tks5gnort €Xpression increases with tumor progression, and is a predictor of worse
outcome [23]. High Tks5a expression is also a predictor of poor survival in breast cancer,
particularly for those with stage I and Il tumors [24]. Other studies have also noted a
correlation between Tks5 expression and decreased survival, although these studies did not
differentiate the Tks5 isoforms [25, 26].

Mature podosomes and invadopodia are sites of pericellular proteolytic activity, resulting in
ECM degradation. Most investigators consider that this focal proteolysis is diagnostic of the
presence of invadosomes, although one recent paper has described MT1-MMP and Src-
dependent proteolysis at focal adhesions (FAS) [27]. Three classes of proteases have been
reported at invadosomes; zinc-regulated matrix metalloproteases (eg MMP2, MMP9, MT1-
MMP and the ADAMs family of sheddases), cathepsin cysteine proteases (eg cathepsin B);
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and serine proteases (eg seprase and urokinase-type plasminogen activator, or uPA) [7, 28].
Of these, MT1-MMP, a transmembrane MMP [29], has often been described as a master
regulator of invadosome function [30-36]. As well as ECM degradation and remodeling,
pericellular proteases can function in the control of cell growth, apoptosis, and in cell-cell
communications [37], through the release of growth factors that have a high affinity for
matrix proteins (eg fibroblast growth factor, or FGF and transforming growth factor- , or
TGF-p) [37], direct cleavage and activation of growth factors (eg TGF-p and interleukin-1
B) [38], and cleavage of cell surface receptors (eg FGF receptor 1) [37, 38]. Whether the
localization of proteases to invadosomes is required for these diverse functions is an
important but unanswered question.

The invadosome is considered a distinct cellular structure from other actin-based structures
such as filopodia, lamellipodia and FAs [7]. FAs are the sites of attachment to, and signaling
by, the ECM [39, 40]. Lamellipodia are thin, sheet-like cellular protrusions that are found at
the leading edge of a migratory cell and which contain a branched network of actin filaments
[41, 42]. Filopodia, which are often found extending from the lamellipodial actin network,
are thin protrusions that contain tightly packed, parallel bundles of F-actin, and have been
implicated in probing the cell environment, in cell-cell adhesion, and in guidance towards
chemoattractant gradients in neuronal growth cones [43]. All of these structures are involved
in cell-ECM interaction, but, with the caveat mentioned above, proteolytic activity is usually
confined to invadosomes. Indeed, the co-localization of F-actin, Tks5 and ECM degradation
is often regarded as diagnostic for invadosomes (Figure 1). Colocalization of actin and other
proteins such as talin or Arp2/3 is also often used, but we caution that these proteins are also
found together in FAs [44] and lamellipodia [45, 46], respectively.

Not surprisingly, many of the studies on podosome biology have been conducted in cells of
the immune system, which rely on invasion not only to navigate through the ECM, but also
to degrade and remodel blood vessels for entry into circulation. Leukocytes [47],
macrophages [47], megakaryocytes [48], eosinophils [49], and dendritic cells [50, 51], have
all been documented to form podosomes, either constitutively or under specific stimulation.
However, podosomes have also been observed in a number of other normal cell types,
including osteoclasts [52, 53], aortic endothelial cells [31, 54], myoblasts [55], bronchial
epithelial cells [56], neural crest cells [22], and in neuronal growth cones [57]. Similarly,
many cancer cell types form invadopodia, including pancreatic [58], ovarian [59], prostate
[16, 60], brain [61], skin [62], bladder [63-65], head and neck [66], breast [24], and
melanoma [34].

Are invadopodia and podosomes distinct structures? There are several reports of differences.
For example, invadopodia have been observed to last hours in culture, whereas podosomes
typically have a lifespan of minutes [7, 67]. Moreover, it has been documented that
podosomes do not protrude as far into the substrata as invadopodia, with protrusive lengths
of 0.5-2 um and greater than 2 pm, respectively [7]. Lastly, the cell membrane at
invadopodia has been observed to undergo rapid morphological changes in the form of
filament-like processes that extend into the underlying matrix; such a phenomenon was not
observed at the cell membrane of podosomes [68]. We believe it is possible that differences
in experimental conditions underlie many of the observed disparities between podosomes
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and invadopodia. A thorough examination on how culture conditions and matrix
composition and rigidity impacts invadosome half-life and protrusion is lacking. However,
one informative study suggests that invadopodia are able to sense and respond to a wide
range of matrices, and that the initiation of invadopodia and the subsequent emergence of
proteolytic activity are regulated by differences in substrate rigidity [69]. Furthermore, in
one interesting study that used polycarbonate filters with pores that could be filled with
ECM, it was shown that dendritic cell podosomes increased in length and width in response
to ECM, suggesting that podosome formation is responsive to specific environments [50].
While minor differences in composition of invadopodia compared to podosomes (eg N-
WASP rather than WASP) may be due to cell background differences, it seems most likely
that invadopodia are the results of mimicry, or “hijacking” of the invasive behaviors of
normal cell types. This concept was supported by a gene expression profiling study on
cancer cells describing a host of differentially expressed genes involved in cell proliferation,
apoptosis, survival, chemotaxis, and motility [70].

What triggers the formation of invadosomes? They can form in response to a variety of
molecules, signaling pathways, and microenvironmental cues. For example, growth factors
such as vascular endothelial growth factor (VEGF) [71, 72], platelet-derived growth factor
(PDGF) [73], TGF-B [31, 74], and epidermal growth factors (EGF) [75-77], have all been
shown to induce invadosomes. Other mechanisms that influence podosome and invadopodia
formation include acidic pH [78-81], increased substrate rigidity and density [82—-87],
hypoxia [73, 76, 88-90], and reactive oxygen species (ROS) [91], each of which is
considered a hallmark of aggressive tumors [6, 92-96].

In this review, we highlight the functions of both podosomes and invadopodia in diverse
cellular processes. We also discuss invadopodia as critical players in multiple steps of
metastasis, highlighting the recently found, novel role for invadopodia in 3D tumor growth.
Throughout this review, we pay special attention to how the function of podosomes and
invadopodia may be targeted in numerous disease states, including cancer initiation and the
progression to metastasis, and developmental disorders, including Frank-ter Haar syndrome
(FTHS) and Borrone dermato-cardio-skeletal syndrome (BDCS). Lastly, we end with a brief
discussion on recent findings that implicate exosomes and microvesicles in invadopodia
function.

Podosomes and invadopodia are present in diverse cell types, but have common
functional themes

Podosomes in cells of the hematopoietic lineage—Osteoclasts, derived from
monocytes, are large, multinucleated cells [97] that function to resorb bone matrix [98].
Using vesicles, endocytosis and exocytosis mechanisms, osteoclasts deliver proteases and
hydrochloric acid to digest and degrade bone matrix and subsequently, rid themselves of the
degradation products [98]. Osteoclasts were the first normal cell type described to make
podosomes. In two independent studies, the addition of vitamin A to osteoclasts was shown
to increase the adhesion capability both to glass substratum [99] as well as to bone laminae
matrix [100], specifically by modulating the frequency of podosomes. This was the first
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evidence to suggest that podosomes may play significant roles in allowing the osteoclast to
form a tight attachment to the bone matrix to be degraded and resorbed.

It was subsequently found that pH and calcium levels regulated podosome formation and
bone resorptive activity in osteoclasts. In one study, increased extracellular pH surrounding
osteoclasts resulted in decreased intracellular pH and calcium, and enhanced the formation
of podosomes and thus adhesion to the matrix substrate [101]. On the other hand, exposure
of osteoclasts to high extracellular calcium concentrations inhibited the formation of
podosomes [102]. One pivotal study used bright-field and fluorescence microscopy to
provide clear evidence for the function of podosomes in osteoclasts [53]. Rabbit osteoclasts
were cultured on thin bone slices, and the resorption lacuna was visualized with bright-field
microscopy. Subsequently, the osteoclasts were fixed and stained with rhodamine-
conjugated phalloidin to identify areas of F-actin. By superimposing the bright-field images
of the resorption lacuna with the fluorescent images of F-actin, it was clear that areas of F-
actin correlated perfectly with the degraded bone, thus revealing podosomes as integral
functional components in this pathway [53].

Since this early research, many studies have analyzed the contribution of podosomes to
ECM degradation, as well as migration in three-dimensional environments, in a large variety
of hematopoietic cell types, including those of both the myeloid and lymphoid lineage [47-
51]. All of these cells are derived from hematopoietic stem cells, and terminally differentiate
in the bone marrow. Once differentiated, these cells must make their way to the bloodstream
and gain access to the vasculature to carry out their respective functions. It makes sense that
many of these cell types would rely on podosomes for such migratory behavior, as they are
primed to facilitate such activity.

The loss of podosomes in cells of the hematopoietic lineage has also been implicated in
human disease. Wiskott-Aldrich syndrome (WAS) arises from mutations within the Wiskott-
Aldrich syndrome protein (WASp) gene [103, 104], a hematopoietic-specific protein
localized to the actin-core of podosomes [105]. WAS patients present with severe
immunodeficiency, eczema and thrombocytopenia [106]. In one early defining study, it was
observed that WASp deficiency lead to defects in podosome formation in patient-derived
macrophages from WAS patients [105], strongly suggesting that impaired podosome
formation is a contributing factor to the WAS immunodeficiency phenotype. Later, in studies
with WASp knockout mice, it was shown that the re-introduction of WASp was sufficient to
reinstate podosome formation in bone-marrow derived cells and to correct the immune
deficiencies that both occurred in the knockout mice [107]. These key studies were
instrumental in linking podosomes to the function of diverse cell types of the hematopoietic
lineage, the lack of which can lead to various disease states [105, 108].

Podosomes in embryonic and postnatal development—During mammalian
embryogenesis and postnatal development, cell migration is required to achieve the
appropriate positioning of cells of differing lineages throughout the body [109]. Recent
research has implicated podosomes in both processes, the disruption of which leads to
numerous human disease states involving skeletal, ocular and cardiac tissues.
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The first description and analysis of podosomes during embryogenesis comes from studies
using zebrafish embryos. Morpholino targeting of the invadosome scaffold protein Tks5
resulted in numerous developmental defects, including decreased head and eye size, cardiac
malformation, as well as irregularities in the lateral line and pigmentation [110].
Interestingly, the majority of the abnormalities in the Tks5 morphants were attributable to
defects in tissues derived from neural crest cells (NCCs) [110]. These cells are derived from
the ectoderm as a result of epidermal to mesenchymal transition, and give rise to pigment-
producing melanocytes, skeletal and connective tissues found in the head and neck, medulla
cells of the adrenal gland, and neurons and glial cells apart of the sensory, sympathetic and
parasympathetic nervous systems [111, 112]. A combination of whole-mount /n situ staining
and confocal time-lapse microscopy experiments revealed that Tks5 morphants possessed
significantly fewer migrating NCCs that were unable to migrate to the correct location
within the developing embryo [110]. Additionally, the Tks5 morphant NCCs had a reduced
number of protrusions compared to normal control cells. A murine NCC line was used to
reveal podosome formation as marked by the colocalization of F-actin with cortactin, Tks5
and Arp2/3, in response to TGF-p or PMA, two molecules known to stimulate cell migration
[110]. Inhibition of Src family kinases and depletion of Tks5 with RNAI both inhibited the
formation of TGF-p and PMA-induced podosomes, indicating that the Src-Tks5 signaling
pathway is likely needed for proper podosome function in NCCs. Taken together, this
suggests that podosomes play important roles in embryonic development, specifically in
NCCs and their ability to migrate correctly in three-dimensional space, to pattern the
embryo and to generate tissues in the appropriate position. In keeping with this, the majority
(90%) of homozygous Tks5 gene trap mice (Tks5"aP/rap) died as neonates associated with
complete cleft of the secondary palate, a neural crest-derived tissue [22].

Several studies have noted developmental defects caused by the loss of Tks4, the most
highly related gene to Tks5. In one such study, homozygosity-mapping studies were used to
map the genetic defect in 7 of 16 individuals with FTHS to a mutation of Tks4 [113]. FTHS
is an autosomal recessive disease marked by skeletal, cardiac and ocular abnormalities
[114]. Tks4 gene-trap mice, in which a gene-trap vector was placed between exons 3 and 4
in the Tks4 gene [113], showed striking phenotypic similarities to FTHS patients, including
small body size, craniofacial defects, cardiac problems, loss of adipose tissue, and increased
intraocular pressure accompanied by glaucoma and other ocular abnormalities, confirming
that loss of Tks4 can cause FTHS. In a related study, linkage and sequence analysis
identified a homozygous mutation in Tks4 as the underlying genetic cause for BDCS [115],
a progressive disorder that affects the skin, joints, bone, and heart tissues, but unlike FTHS,
no ocular abnormalities are observed [116, 117].

The nee mouse, first observed and identified by the Jackson Laboratory as a spontaneous
mutant mouse, was initially characterized in an effort to find novel mouse models of human
disease [118]. These mice exhibit numerous defects, including small body and skeleton size,
infertility, abnormalities of the skull, hearing impairment, ocular abnormalities, and reduced
bone mineral density. Linkage and sequence analysis on the nee mutant mice identified a
single base pair deletion in the last exon of Tks4 as the cause [118]. In an effort to better
understand the implications of the deletion, GFP fusion constructs for wild-type Tks4 and
the nee mutant Tks4 were transfected into HEK239T cells, and the localization of each were
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assessed [118]. It was found that wild-type Tks4-GFP localized to the cytoplasm, while the
nee mutant pervaded the entire cell, including the nucleus, suggesting that the localization of
Tks4 is vital to its function and therefore successful mammalian development. Further
studies on the nee mice showed that they develop early-onset glaucoma accompanied by
high intraocular pressure and corneal opacity [119], consistent with the human syndromes
described earlier. By three months of age, n¢e mice also demonstrated severe loss of retinal
ganglion cells, a type of neuron located in the retina of the eye, along with the complete
degeneration of optic nerve axons and a significant reduction in in the cross-sectional area of
the optic nerve [119].

Despite the similarities between Tks4 and Tks5, and the fact that Tks4 is also an important
component of invadosome formation and function [30, 34, 120], care must be taken in
ascribing all these developmental phenotypes to loss of podosomes. For example, recent
research using a Tks4 knockout mouse revealed a differentiation defect in mesenchymal
stromal cells (MSCs), caused by the reduced expression of RunX2 and Osterix, two
osteogenic transcription factors that are normally up-regulated during differentiation [121].
In an adipogenic assay, Tks4 knockout MSCs were unable to form lipid droplets in the
cytoplasm [121]. While these studies could be interpreted to mean that podosomes somehow
influence the expression of key genes involved in the differentiation of MSCs to osteoblasts
and adipocytes, it is also possible that Tks4 has non-invadosome functions. This will require
further investigation.

In ocular developmental processes, NCCs from the developing forebrain and midbrain
migrate and differentiate into the corneal endothelium and stroma, trabecular meshwork, the
iris stroma, and the ciliary body and stroma [111]. Severe congenital eye diseases affecting
the anterior segment of the eye result when NCCs are unable to migrate properly within the
ocular structure, including Axenfeld-Rieger syndrome, primary congenital glaucoma, and
congenital ocular coloboma [111]. Moreover, recent studies have shown that NCCs can also
differentiate into pericytes and vascular smooth muscle cells, two cell types that play
significant roles in maintaining proper vasculature [111]. Within the eye, both pericytes and
vascular smooth muscle cells surround endothelial cells within the hyaloid artery and the
surrounding blood vessels of the optic nerve [111, 122-124] Disruption of proper blood
vessel formation within ocular tissues results in congenital eye diseases, including
colobomas and microphthalmia, while depletion of pericytes within retinal vasculature is a
prominent cause of diabetic retinopathy [111]. As will be discussed later, endothelial cell
podosomes function during angiogenic sprouting [31, 54, 71, 72, 74]. Notably, the Tks5
morphants had small eyes, with three-fold less volume when compared to control embryos
[110]. Likewise, the nee mutant mice [118, 119] and the Tks4 gene trap mice [113]
demonstrated multiple ocular abnormalities, suggesting that podosome function is vital to
eye development, the disruption of which is responsible for ocular disease. It will be
interesting to determine whether the NCC-derived pericytes and vascular smooth muscle
cells form podosomes that perhaps function in blood vessel maintenance and remodeling
within the eye, especially considering the fact that endothelial cells [31, 54], vascular
smooth muscle cells [125-127], and NCCs [110] have been shown to form podosomes. It is
also possible that congenital eye defects are partly caused by an underlying lack of NCC
podosome function, which may inhibit the proper cellular migration and subsequent
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differentiation of these stem cells into their proper derivatives. Further research is needed to
determine whether the Tks proteins and podosomes can be targeted therapeutically in
congenital eye diseases, including glaucoma, coloboma, microphthalmia, and Axenfeld-
Rieger syndrome.

Podosomes in angiogenesis and vasculature remodeling—Endothelial cells,
derived from mesoderm, are a type of epithelial cell that form the interior surface of all
blood and lymphatic vessels [128]. These cells function in barrier maintenance, blood
clotting, angiogenesis, vasoconstriction and vasodilation [128]. Recent research has
implicated podosomes in endothelial cell biology, where they function in degradation of
basement membrane, and facilitate the formation of new blood vessels in sprouting
angiogenesis mechanisms.

The first evidence that podosomes play roles in endothelial cell biology came from
experiments on aortic endothelial cells under exposure to cytotoxic necrotizing factor 1
(CNF1), a Rho GTPase activator [54]. Rho GTPase has previously been implicated in
mechanisms of cytoskeleton rearrangements, and this study aimed to understand what role it
played in endothelial cells. Punctate podosome-like structures were observed on the ventral
side of the endothelial cells, marked by the characteristic F-actin surrounded by vinculin
[54]. This study also unveiled the presence of Arp2/3, WIP and N-Wasp in the podosome
architecture of endothelial cells.

Podosomes in endothelial cells, like those in cells of hematopoietic origin, are capable of
degradation. Multiple studies have described the presence of podosomes in vascular smooth
muscle cells /in vitro [125, 129-133]. We showed that A7r5 vascular smooth muscle cells
formed functional podosomes when exposed to PDGF, in a process involving microRNA
(miR) regulation of p53 and Src [127]. /n vivoimmunoelectron microscopy analysis of
aortas from miR-143 KO mice showed the formation of podosomes, as marked by the
presence of cortactin and Tksb [127], providing the first evidence that podosomes may play
roles in various vascular pathologies, including atherosclerosis, aneurysm, and restenosis.
Aortic endothelial cells exposed to TGF-p form podosomes containing MT1-MMP and
MMP9, with MT1-MMP being necessary for local degradation and invasion through a
collagen matrix [31]. These findings were expanded in an ex vivo endothelium observation
model [74]. These data suggest that podosomes are key components in vasculature
remodeling and healing mechanisms. In fact, podosomes have recently been implicated in
sprouting angiogenesis, whereby endothelial cells, responding to specific environmental
cues, break down the vascular basement membrane and sprout to form new blood vessels
[71]. Treatment of endothelial cells with vascular endothelial growth factor A (VEGF-A)
induced the formation of podosome rosettes, specifically through the up regulation of
integrin a6P1 [71]. Moreover, using a mouse aortic ring assay, it was shown that the
formation of podosome-like rosettes, as measured by the colocalization of F-actin, cortactin
and MT1-MMP, directly preceded the creation of new blood vessel branch points [71].

How do podosomes accomplish this task? It is possible that after facilitating the breakdown
of the blood vessel basement membrane and ECM through the coordinated actions of
proteases, podosomes may somehow serve as a recognition site for the synthesis of new
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blood vessels. Or, it may be that podosomes are only needed to create an open space for the
creation of new blood vessels, and depletion of ECM stimulates sprouting. In a very recent
in vivo approach using a mouse retinal neovascularization model, the endothelial tip cells,
which conduct the formation of growing capillaries in angiogenesis, were shown to form
podosomes in response to VEGF-A/Notch signaling [72]. Collagen-1V was degraded under
areas of podosome presence, indicating that tip cell podosomes break down the underlying
basement membrane in the endothelium, thus allowing for the expansion and growth of new
vessels [72]. Taken together, such research implies that podosomes could be potential
therapeutic targets to block inappropriate angiogenesis, including tumor angiogenesis.

Podosomes in the maturation of the post-synaptic membrane—Synaptogenesis,
or the creation of new synapses, is a highly complex process that has been studied
extensively in the neuromuscular junction (NMJ) [134]. The NMJ is comprised of three cell
types: the motor neuron, the myofiber, and the Schwann cell [134]. When a motor neuron
receives extracellular cues, it depolarizes and releases acetylcholine (Ach), a
neurotransmitter. ACh migrates across the synaptic cleft to bind to acetylcholine receptors
(AChRs) on the membrane of the myofiber, causing membrane depolarization and
subsequent muscle contraction [134]. During the formation and maturation of the synapse,
AChRs are made and assembled into small plaques in the membrane of the myotube, a
multinucleated muscle fiber comprised of fused myoblasts [134]. In a surprising finding, it
was recently discovered that cultured myotubes form podosomes at sites of AChR clusters
[135]. Such podosomes are thought to remodel the clusters into pretzel-shaped patterns, an
integral step in synapse maturation. Intriguingly, the synapse podosomes contained many
canonical podosome proteins, including F-actin, Arp2/3, cortactin, Tks5, vinculin, and Src
[135]. Moreover, synapse podosomes acted as sites of attachment to the underlying
substratum, and were capable of remodeling ECM [135]. What role do podosomes play in
the remodeling of the post-synaptic membrane? It is possible that podosome degradation of
matrix components stimulates the appropriate distribution of the AChRs laterally across the
membrane to form the appropriate pretzel shape of a mature synapse [135].

There is additional evidence to suggest that podosomes are involved in the NMJ, and likely
in neuron development. Interestingly, neuronal growth cones have been observed to form
podosome-like protrusions that are capable of degradation and that contain F-actin
colocalized with Tks5, cortactin, Arp2/3, N-WASP, Mena, and a-actinin [57]. Such growth
cone invadosomes are necessary for the proper extension of the motor neuron axons into the
peripheral myotome tissue during development /n vivo [57]. Moreover, the dystroglycan
receptor, a transmembrane adhesion receptor found in skeletal muscle cells that links the
actin cytoskeleton of the cell to extracellular laminins, was shown to interact with Tks5 via
its SH3 domain to regulate podosome formation in myoblasts [55]. Dystroglycan also
interacts with Grb2 [136], a protein localized to the invadosome [137]. In a dystroglycan-
null chimeric mouse model, the dystroglycan complex was shown to play a major role in the
formation of the synaptic basement membrane, as well as in the organization and
stabilization of AChR clusters at NMJs [138]. Taken together, these data suggest that
podosomes may play a significant role in pathways that form and stabilize the post-synaptic
membrane, possibly through interactions between Tks5 and the dystroglycan complex.
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Podosomes in antigen sampling and recognition—The function of the adaptive
immune system is twofold: to eliminate foreign pathogens from the host, and to create a
molecular memory of the pathogen in order to provide an enhanced response to it, should re-
infection ever occur [139]. In the adaptive immune system, dendritic cells function to engulf
foreign pathogens, (including bacteria, toxins and parasites) and subsequently present
pathogen antigens to T cells. Dendritic cells form podosomes [51, 140-143], which play a
role in antigen processing [50, 144]. Dendritic cells express pattern recognition receptors
(PRRs), which efficiently scan and recognize pathogen-associated molecular patterns
(PAMPs) on foreign invaders. The molecular interaction between a PRR and an Ag triggers
endocytosis and/or phagocytosis to engulf the pathogen. In transmission electron
microscopy (TEM) studies, dendritic cells grown on a gelatin-gold matrix produced sites of
degradation coupled with the collection of gold particles in membrane-bound organelles
within the podosome [50]. In cells lacking podosomes, there was less uptake of gold
particles. Furthermore, MMP14-null dendritic cells were incapable of degrading gelatin-gold
matrix and showed no internalized gold particles [50]. In similar studies, dendritic cells
grown on filters with 1 um pores were immunostained for various PRRs known to play roles
in Ag uptake [144]. Interestingly, all PRRs in question localized to the podosomes, as well
as CD71, a receptor involved in endocytosis [144]. Live cell imaging combined with
fluorescence microscopy showed that the presence of podosomes corresponded with the
uptake of ovalbumin, a well-characterized Ag, through the filter pores; such ovalbumin
uptake was abolished when endocytosis was inhibited [144]. Taken together, these studies
suggest that podosomes may be involved in the endocytosis required for antigen uptake.

In addition to dendritic cells, cells of the vascular endothelium also act as antigen presenting
cells (APCs) [145]. In one recent study, an endothelial cell APC model was used to better
understand how T cells create close connections with other cells in order to facilitate Ag
sampling [146]. Live cell imaging analysis demonstrated that endothelium exposed to Ag
was sufficient to activate CD4 T cells, a type of memory T cell of the adaptive immune
system [146]. Next, using fluorescent membrane markers in the endothelium, it was shown
that antigen-activated T cells produce cylindrical invaginations in the cell surface as they
migrate, termed “podo-prints” [146]. Intriguingly, the “invadosome-like protrusions” (ILPs)
formed by the T-cells that produce the podo-prints arranged themselves into rosettes [146],
which are often observed in podosome formation [7]. Confocal microscopy showed that the
ILPs formed by the T-cells were rich in F-actin and talin [146], two proteins implicated in,
but not limited to the invadosome. Regardless, ILPs likely serve a role in the initial Ag
recognition and subsequent T-cell receptor activation. Furthermore, when activated CD8
cytotoxic T lymphocytes were exposed to murine heart microvascular cells exposed to Ag,
lysis in the endothelium was observed after 4 hours, suggestive of podosome-like proteolytic
activity [146].

ILPs might be considered “lymphocyte equivalents” to podosomes and invadopodia,
although ILPs were observed on cellular substrates (endothelium), whereas podosomes and
invadopodia form on ECM. It is tempting to speculate that ILPs are podosomes that form on
activated T cells in response to Ag stimulation, allowing for efficient Ag scanning by re-
arranging the cytoskeletal components of both cells coming into close contact with one
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another. The thick proteoglycan coat found on all cell types represents an important energy
barrier in the process of Ag recognition [147]. It is plausible that the lytic capabilities of
ILPs may in essence re-arrange the architecture of both cell surfaces as they approach each
other.

Podosomes in cell-cell fusion mechanisms—Cell fusion is an energy-requiring
process by which two or more cells fuse, leading to the formation of multinucleated cells
[148]. Fusion must occur during fertilization [149], osteoclastogenesis [150] and myotube
formation [151]. It is hypothesized that in the case of osteoclastogenesis, the fusion of two
or more osteoclasts results in much higher efficiency during bone resorption processes,
although this is still not fully understood [152]. In a microarray analysis, non-treated and
RANKL-treated macrophages (osteoclasts differentiate from macrophages under the
influence of RANKL) were analyzed with respect to gene expression changes, with an effort
to identify genes containing either a PH or PX domain [153]. This analysis identified Tks5,
which was found to be present in the plasma membrane of osteoclasts undergoing fusion
events [153]. Knockdown of Tks5 resulted in a significant decrease in podosome formation,
and prevented osteoclast fusion [153]. In a co-culture assay with RANKL-treated
macrophages and GFP-nuclear B16F9 melanoma cells, multinucleated osteoclasts with
nuclear GFP were often observed [153]. Such heterocellular fusion was eradicated upon
Tks5 depletion, demonstrating that Tks5-mediated invadosomes likely play vital roles in the
fusion machinery responsible for cell-cell fusion. Although the mechanism for how this is
accomplished remains unknown, it opens an avenue for further investigation into
invadosomes in cell-cell fusion in cancer as a potential therapeutic target [154-158]. As
myoblasts must fuse to form the myotube, and podosomes have recently been implicated in
the appropriate positioning of AChRs on the myotube membrane, it will be interesting to
determine whether podosomes also play a role in myoblast fusion.

Invadopodia function throughout metastasis—Metastasis is the process by which
tumor cells disseminate from the primary tumor site to distant organs and tissues [159, 160]
(Figure 2). It is comprised of five main steps: local invasion, intravasation into a blood
vessel, survival in the blood vessel, extravasation out of the blood vessel, and colonization of
a new site (Figure 2). In the metastatic cascade, tumor cells must first degrade the underlying
basement membrane and invade the ECM in order to reach the circulatory system (Figure 2).
During intravasation, tumor cells use MMPs and uPA to proteolytically break down the basal
membrane of a blood vessel and enter into it [161-163]. Here, we focus on the involvement
of invadopodia in numerous steps throughout metastasis.

N-WASP functions to integrate output from diverse signaling pathways to control actin
polymerization in the cell, by binding to and activating the actin related protein 2 and 3
(Arp2/3) complex [164]. N-WASP is an obligate component of invadopodia [165]; thus,
modulating its activity is one method by which invadopodia function can be studied,
although it should be noted that N-WASP also has other functions, for example in
lamellipodium spreading [166]. In one elegant study, the role of N-WASP in the metastatic
MTLnN3 rat mammary adenocarcinoma cell line was evaluated [167]. Knockdown of N-
WASP with shRNA or expression of a dominant negative form of N-WASP resulted in fewer
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tumor cells circulating in the blood, and fewer sites of metastases in the lung [167]. This
provided the first evidence that invadopodia are likely important in the intravasation process.
Further studies using intravital imaging and multiparametric analysis demonstrated the
formation of Tks5-dependent invadopodia in slow moving cells migrating away from the
primary tumor and towards blood vessels in MDA-MB-231 cells implanted orthotopically
[168].

Although the exact process remains unknown, it is hypothesized that one way in which
extravasation is initiated occurs when endothelial cells cluster around an arrested tumor cell
in a small capillary and induce vasculature remodeling, thus allowing the tumor cell to
escape from the blood vessel into the underlying stroma [169], although other mechanisms
have also been described [170]. Two studies have shown that invadopodia function in
extravasation. In the first, an /n vivo chicken embryo model was used to demonstrate the
pivotal importance of invadopodia in the extravasation of tumor cells from blood vessels into
the extravascular stroma, as defined by the requirement for Tks adaptor proteins [171]. This
study showed that invadopodia form early in extravasation, and then protrude into the layers
of the endothelial vessel at endothelial junctions. In keeping with this, the genetic or
pharmacological inhibition of invadopodia components (cortactin, Tks4 or Tks5)
significantly impacted the number of micrometastases formed in the lung of an experimental
mouse metastatic lung model [171]. In another related study, cortactin was knocked down in
a bladder cancer cell model [63]. Invadopodia formation was significantly decreased in the
cortactin knockdown cell lines, and upon tail vein injection into nude mice for an /n vivo
lung metastasis assay, significantly fewer metastases were detected in the lungs, providing
more support for the importance of invadopodia in the extravasation process [63]; although it
should be noted that cortactin is not exclusively localized to invadopodia.

Do invadopodia have functions beyond intravasation and extravasation (Figure 2)? We have
shown in 3 different model systems (mouse fibrosarcoma, human breast cancer, and mouse
and human melanoma) that knockdown of Tks5 reduces the /n vivo growth of tumors, in
subcutaneous, orthotopic and metastatic sites [24, 34, 172]. Intriguingly, the Tks5-KD
tumors formed by both subcutaneous and tail-vein injection displayed lower blood vessel
density and blood vessel diameter when compared to controls, raising the possibility that
tumor cell invadopodia may also play roles in tumor angiogenesis [24]. In our breast cancer
and melanoma studies, we also observed that cells with reduced Tks5 expression grew less
well in matrices of type | collagen /n vitro [24, 34]. It is of course possible that the reduced
tumor growth observed /n vitro and in vivo could be due to loss of invadopodia-independent
functions of Tks5. But, a survey of the literature reveals that loss of other invadopodia
regulators also results in similar phenotypes. The earliest /7 vitro studies in support of
invadopodia playing roles in regulating 3D growth also used a matrix of type-I collagen as a
3D environment [173]. Here, squamous carcinoma cells, pancreatic carcinoma cells and
fibrosarcoma cells all exhibited a 50-80% reduction in 3D proliferative capacity when
exposed to the MMP inhibitors, TIMP-2 and BB-94 [173]. The next study involved
cortactin, which is a Src-substrate that plays integral roles in cell migration and invasion by
controlling branched actin assembly through multiple diverse mechanisms, as well as
protease trafficking [174]. Cortactin is an important component of invadopodia [174],
although it is also found in lamellipodia [175, 176] and filopodia [176]. In studies using a
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semi-orthotopic rat trachea model, three different head and neck squamous cell carcinoma
cell lines with cortactin knockdown developed significantly smaller tumors /in vivo when
compared to control tumors [177]. Finally, cyclin dependent kinase 5 (Cdk5) is a serine/
threonine protein kinase that has diverse roles in neuronal growth cone support, cell motility,
cell cycle progression, insulin secretion, immune system function, angiogenesis, lymph
valve formation, and cancer progression [178]. CdK5 is required for invadopodia formation
and function, and for invasion in several cancer cell lines, by phosphorylating and
inactivating caldesmon, an inhibitor of invadosome function [179]. One recent study
implicated CdkS5 in the 3D growth of prostate cancer cells [180], and another in pancreatic
cancer cells /n vitroand /n vivo [181]. Taken together, even though each of these proteins
have other functions, these studies suggest the strong possibility that invadopodia function in
the regulation of tumor growth in 3D. We are actively pursuing the mechanism of this
growth regulation.

Exosomes and microvesicles: an independent mode of invasion, or necessary
for invadopodia-mediated invasion?—Exosomes and microvesicles are membrane-
bound vesicles derived from multivesicular bodies (MVBs) of endosomes and the plasma
membrane, respectively [182]. As carriers of proteins, lipids and RNA, these vesicles are
involved in cell-cell communication [182-184]. In studies aimed at identifying necessary
components for invadosome biogenesis and function, it was observed that the exocyst
(comprised of 8 subunits, and involved in tethering of post-Golgi and recycling endosomes
at the plasma membrane) [185] is necessary for invadopodia formation, and for the secretion
of MMPs into the extracellular environment [186, 187]. Around the same time, it was also
shown that late lyosomal/endosomal v-SNARE TI-VAMP/VAMP7, a mediator of vesicle
fusion with the plasma membrane, was necessary for the transport of MT1-MMP to the sites
of invadopodia [188]. More recent studies show that the v-SNARE, VAMP3, is important in
the delivery of MT1-MMP to shedding microvesicles [189]. And lastly, MT1-MMP has
previously been observed within both exosomes and microvesicles [190, 191]. These studies
provided the initial evidence suggesting that membrane-bound vesicles may have significant
roles in invadosome function. However, two recent defining studies, both of which describe
the importance of membrane-bound vesicles in the delivery of cargo necessary for invasion,
raise important questions regarding whether there are one or two separate mechanisms at
play during cellular invasion.

In the first of these studies, which used the invasive HNSCC line SCC61 cultured on
fluorescent gelatin, it was apparent that invadopodia appeared localized at, or directly
adjacent to, multivesicular endosomes (MVES), as distinguished by the exosome marker,
CD63 [192]. Exosomes isolated from conditioned media contained both MT1-MMP and
MMP2, while knockdown of Rab27a, a critical docking factor for MVEs, decreased
exosome secretion, matrix degradation, and the number of invadopodia per cell, suggesting
that exosomes are critical for invadopodia biogenesis and activity. Inhibition of N-WASP
with the drug Wikostatin or knockdown of Tks5 with shRNA produced a significant
decrease in the number of exosomes released per cell, providing evidence that invadopodia
may also be critical sites of release for exosomes [192]. The second study, which made use
of the invasive LOX melanoma cell line, showed that tumor cells switch from an amoeboid-
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phenotype, invadopodia-independent mechanism to a mesenchymal-phenotype,
invadopodia-dependent means of invasion, as matrix stiffness increases [193], consistent
with other studies [82, 194]. It was further shown that melanoma cells on more flexible
gelatin substrates, in addition to adopting an amoeboid shape with blebbing membrane
protrusions, released microvesicles [193]. These amoeboid-like cells tunneled through the
gelatin, leaving trails in their wake. Conversely, melanoma cells seeded onto firmer gelatin
matrices formed invadopodia, released significantly fewer microvesicles and did not form
membrane blebs [193]. Degradation in these cells was typical for invadopodia-dot like
punctae in the gelatin. This study suggests that tumor cells may employ two distinct
mechanisms of invasion in response to the degree of matrix rigidity, which changes in the
microenvironment as metastasis progresses. It will be interesting to determine whether the
tumor-released microvesicles contain proteases, and whether the cargo within the
microvesicles is necessary for degradation. Can tumor cells use exosomes and microvesicles
in separate ways, and in different modes of invasion? It will also be of interest to determine
whether exosomes and/or microvesicles are important for podosome function.

Conclusions and Future Perspectives—How might invadopodia regulate tumor
growth? It is possible that they function, through proteolysis, to create more space in the
ECM for tumors to grow. Alternatively, the pericellular proteolytic activity at invadopodia
could activate various growth factors to drive tumor growth. Both ideas require further
investigation. Regardless, if invadopodia do function in controlling tumor growth, this opens
up the intriguing possibility of using invadopodia inhibitors to treat sites of metastatic
growth.

Do invadopodia function at all stages of tumor progression (Figure 2)? Available evidence
suggests that they are involved in local degradation and ECM invasion, as well as in
intravasation, extravasation, and in growth of metastatic tumor cells. However, it will be
important to determine whether invadopodia are critical for primary tumor growth, as well as
for the survival of tumor cells in the bloodstream.

Although invadopodia and podosomes share many common functions, no studies to date
have investigated whether loss of podosomes affects 3D growth in normal cells. Is it possible
that 3D growth is a distinct function of only invadopodia, and observable only in cancer
cells? Or, does cell division accompany podosome function? Cell types derived from
myeloid progenitors, including osteoclasts and macrophages, are terminally differentiated
and thus cannot be used to assess this question. However, endothelial cells and vascular
smooth muscle cells, which do divide, represent an ideal cell model for this analysis. It will
be interesting to determine whether invadopodia and podosomes do have differences in
function, or whether invadopodia are true mimics of podosomes in all respects.
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Wiskott-Aldrich syndrome protein
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tyrosine kinase substrate with 5 SH3 domains
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Phox homology

matrix metalloprotease
urokinase-type plasminogen activator
fibroblast growth factor
transforming-growth factor

focal adhesions

actin-related protein 2 and 3

vascular endothelial growth factor
platelet-derived growth factor
epidermal growth factor

reactive oxygen species
three-dimensional

Frank-ter Haar syndrome

Borrone dermato-cardio-skeletal syndrome
neural crest cells

phorbol 12-myristate 13-acetate
RNA interference

mesenchymal stromal cells

cytotoxic necrotizing factor 1
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Figure 1. Normal cells and cancer cellsform podosomes and invadopodia, respectively, and
degrade a gelatin matrix

(A) A simplified schematic of a cell with invadosomes on top of a fluorescently-labeled
gelatin matrix. Using the proteolytic activity of its invadosomes, the cell is able to degrade
the gelatin matrix. In order to visualize the degradation activity, the cells are fixed and
stained with phalloidin, a fluorescently conjugated F-actin probe. The use of an appropriate
fluorescent wavelength allows for the observation of the fluorescently labeled, degraded
gelatin. Both of these events are illustrated in the zoomed-in image directly underneath the
invadosome. The colocalization of F-actin punctae and areas of degraded matrix (see
zoomed-in illustration) are indicative of invadosome activity. (B) THP-1 cells differentiated
into macrophages by PMA and (C) BxPC-3 pancreatic adenocarcinoma cells were seeded
onto FITC-labeled gelatin and allowed to degrade. In the left-most images, cells were
stained with phalloidin. The middle images show areas of degraded FITC-gelatin.
Podosomes are observed in (B) and invadopodia are observed in (C) by the colocalization of
F-actin punctae with degraded areas of gelatin, as seen in the merged image (actin/gelatin/
nuclei). In (C), the cell nuclei were stained for using DAPI. In (B), no DAPI stain is
provided because it obstructed the F-actin staining. Images were taken at 20x (macrophages,
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in (B)) and at 63x (BxPC-3 cells, in (C)) magnification. Scale bars = 20 um. Images
courtesy of Dr. A. Kuipers and Dr. P. Saini of Oregon Health and Science University,
Portland, Oregon, USA
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Figure 2. Invadopodia function throughout metastasis

Page 30

(1) Primary tumor formation?

// /),
//
i
// i
e

(7) Growth at
metastatic site

(8) Angiogenesis at metastatic site?

A simplified illustration of the metastatic cascade is shown, with numbered steps. Cancer
begins when a normal cell, like an epithelial cell, undergoes a transformative event, and
becomes a non-invasive tumor cell. Upon acquiring additional mutations, the primary tumor
grows in size (1), and some cells become invasive. Invasive tumor cells use the proteolytic
activity of invadopodia to degrade the underlying basement membrane (2) and invade
through the ECM (represented in the illustration by the presence of fragmented ECM
proteins) (3). It is well established that some tumor cells can undergo EMT and are
mesenchymal-like during migration and invasion, as represented in the illustration. By using
protease activity to break down the basement membrane of the blood vessel, invadopodia
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function in intravasation of the tumor cell into the blood stream (4). The tumor cell survives
and travels in circulation (5), until, through unknown mechanisms, it arrests and uses
invadopodia to extravasate from the blood vessel (6). Tumor cells use invadopodia to invade
at distant tissue locations. Upon colonization, tumor cells can undergo MET and become
more epithelial-like as they form a metastatic growth, which relies upon invadopodia (7),
although the mechanisms remain unknown. Angiogenesis occurs at the metastatic site to
allow tumor cells access to circulation (8). Specific steps in metastasis, including (1) primary
tumor growth, (5) survival in circulation, and (8) angiogenesis at metastatic sites, require
further research to understand whether invadopodia are involved or not, and are marked by a
question mark. The other steps, including (2) basement membrane degradation, (3) ECM
remodeling and invasion, (4) intravasation into vasculature, (6) extravasation out of
vasculature, and (7) growth of tumor cells at metastatic sites, have all been shown to involve
invadopodia, and are marked with blue lightning bolts.
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