[
&}
c

Q2
o

w

©

)

-
o

‘©
c
S
5
o

1o

Commentary

2979

Signaling inputs to invadopodia and podosomes

Daisuke Hoshino', Kevin M. Branch' and Alissa M. Weaver

1,2,%

'Department of Cancer Biology, Vanderbilt University Medical Center, 2220 Pierce Avenue, Nashville, TN 37232-6840, USA
2Department of Pathology, Microbiology, and Immunology, Vanderbilt University Medical Center, Nashville, TN 37232-6840, USA

*Author for correspondence (alissa.weaver @vanderbilt.edu)
Journal of Cell Science 126, 2979-2989

© 2013. Published by The Company of Biologists Ltd
doi: 10.1242/jcs.079475

Summary

Remodeling of extracellular matrix (ECM) is a fundamental cell property that allows cells to alter their microenvironment and move
through tissues. Invadopodia and podosomes are subcellular actin-rich structures that are specialized for matrix degradation and are
formed by cancer and normal cells, respectively. Although initial studies focused on defining the core machinery of these two structures,
recent studies have identified inputs from both growth factor and adhesion signaling as crucial for invasive activity. This Commentary
will outline the current knowledge on the upstream signaling inputs to invadopodia and podosomes and their role in governing distinct
stages of these invasive structures. We discuss invadopodia and podosomes as adhesion structures and highlight new data showing that
invadopodia-associated adhesion rings promote the maturation of already-formed invadopodia. We present a model in which growth
factor stimulation leads to phosphoinositide 3-kinase (PI3K) activity and formation of invadopodia, whereas adhesion signaling

promotes exocytosis of proteinases at invadopodia.
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Introduction
Cellular migration and invasion through tissue barriers is important
for a number of physiological and pathological conditions,
including immune cell transmigration and dissemination of
cancer cells during metastasis. The extracellular matrix (ECM),
which is assembled from proteoglycans and fibrous proteins, is a
key barrier to cell invasion but also can modulate cellular behavior
through direct receptor—ECM interactions. Although non-
proteolytic methods of invasion through ECM have been
demonstrated (Doyle et al., 2009; Provenzano et al., 2008; Wolf
et al., 2003; Wolf et al., 2007; Wyckoff et al., 2006), this mode of
migration is likely to be used only in areas of sparse or lightly
cross-linked ECM such as loose stroma (Madsen and Sahai, 2010;
Sabeh et al., 2009). Thus, cell invasion into dense matrices, such as
basement membranes, requires ECM proteolysis and remodeling
to clear space and create tracks along which cells can migrate more
efficiently (Hotary et al., 2006; Sabeh et al., 2004; Sabeh et al.,
2009). Cell-associated proteolytic activity is also likely to be
important for cleavage of non-ECM targets, including latent
growth factors and integrins (Black et al., 1997; Chan et al., 2012;
Izumi et al., 1998; Kajita et al., 2001; Kessenbrock et al., 2010;
Koshikawa et al., 2010; Lyons et al., 1990; Moss et al., 1997; Mu
et al., 2002; Turk et al., 2001; Yu and Stamenkovic, 2000).
Actin-based subcellular structures termed invadopodia or
podosomes are now well-characterized as a specialized
machinery for ECM degradation (Linder et al., 2011; Weaver,
2006). The term invadopodium is generally used to describe
structures formed in cancer cells, whereas podosome is the term
used for similar structures that are involved in matrix remodeling
in non-cancerous cells, including dendritic cells, macrophages,
endothelial cells, vascular smooth muscle cells (VSMCs) and
osteoclasts (Burns et al., 2001; Gaidano et al., 1990; Hai et al.,
2002; Kanehisa et al., 1990; Marchisio et al., 1987; Miyauchi
et al,, 1990; Moreau et al., 2003). In osteoclasts, podosomes

become organized into a belt-like structure that then forms the
sealing zone to mediate bone resorption (Kanehisa et al., 1990;
Miyauchi et al., 1990). Recently, the term invadosomes has been
used to encompass both types of structures, as well as similar
structures that are induced in normal cells by transformation with
constitutively active mutant forms of the nonreceptor tyrosine
kinase Src (Destaing et al., 2011; Linder et al., 2011; Saltel et al.,
2011). Despite strong similarities between the structures, there
are some notable differences, including how dynamic they are
(Artym et al., 2011), their dependence on different signaling
scaffolding proteins [e.g. NCK1 versus GRB2 (Oser et al., 2011)]
and their response to upstream signaling inputs (Hoshino et al.,
2012). For a more detailed description of the similarities and
differences between invadopodia and podosome, as well as a
comparison to focal adhesions, see Fig. 1.

Invadopodia and podosomes are protrusive structures that are
associated with ECM degradation and invasive cellular migration.
They are typically analyzed in two-dimensional cell culture
models, which facilitate rapid assessment of ECM degradation
ability. Invadopodia form and degrade matrix in multiple types of
human cancer cells (Chen et al., 1994; Clark et al., 2007; Monsky
et al., 1994; Seals et al., 2005) and are important for their invasive
activity (Coopman et al., 1998; Schoumacher et al., 2010). On
surfaces with ample space and a degradable ECM substrate in the
ventral direction, podosomes in endothelial cells, VSMCs,
dendritic cells and macrophages also can degrade the underlying
matrix and protrude into it (Dorfleutner et al., 2008; Gawden-Bone
et al., 2010; Osiak et al., 2005; Quintavalle et al., 2010; Rottiers
et al., 2009; Van Goethem et al., 2011); however, invadopodia are
generally thought to more aggressively degrade the matrix and
protrude further into it than podosomes (Linder et al., 2011;
Murphy and Courtneidge, 2011; Weaver, 2008). In three-
dimensional studies, the proteolytic activity has been localized to
the base of the invadopodial protrusions (Tolde et al., 2010; Wolf
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Fig. 1. Structural features of invadopodia, podosomes and focal adhesions. (A) Comparison of invasive adhesion structures in cancer and normal cells. Focal
adhesions (green ovals in figure) are streak-like structures consisting of >150 molecular components and >700 direct interactions (Zaidel-Bar and Geiger, 2010). In
general, they serve as mechanical and signaling connections between the actin cytoskeleton and ECM-bound integrins. This occurs through multiple interactions
between scaffolding and signaling proteins, integrins and the actin cytoskeleton. Invadopodia and podosomes (shown as circular structures in the figure) are punctate
branched actin-rich structures defined, in part, by the presence of a substantial amount of actin regulatory proteins, such as the Arp2/3 complex, cortactin and
N-WASp, along with TKSS, active Src kinase, tyrosine phosphorylated proteins and the proteinase MT1-MMP (Murphy and Courtneidge, 2011; Weaver, 2006).
Recent proteomic studies have respectively identified ~200 putative podosome components and ~60 putative invadopodia components (Attanasio et al., 2011;
Cervero et al., 2012). Although invadopodia-producing cells generally only form punctate actin structures, podosome puncta can assemble into higher-order
structures, such as podosome rosettes and podosome belts (the double layer of podosomes at cell periphery). Podosome belts can go on to form the sealing zone in
osteoclasts. Both podosomes and invadopodia contain adhesion proteins and are surrounded by adhesion rings that that typically contain vinculin and paxillin (green
rings in figure). Actin filaments radiate from the inner puncta and are likely to connect to the outer adhesion ring (yellow overlap) (Luxenburg et al., 2007). Adhesion
proteins have also been localized to actin puncta (Alexander et al., 2008; Bowden et al., 1999; Mueller et al., 1999). (B) Src-transformed cells also form invadopodia-
and podosome-like structures termed invadosomes. Invadosomes can organize into a larger rosette that consists of giant actin rings with colocalized adhesion
molecules (Brabek et al., 2004). By light microscopy, invadosome rosettes probably best resemble osteoclast podosome belts which form at the periphery (Destaing et
al., 2003) or sealing zones which are highly specialized structures formed by fusion of individual podosomes (Luxenburg et al., 2007); however, it is unclear at this
point how closely rosette formation by Src-transformed cells resembles the osteoclast sealing ring formation. Owing to their robust formation of invadosomes, Src-
transformed cells are extremely useful as a model for studying the basic core machinery that is common to invadopodia and podosomes. However, it is likely that the
presence of constitutively active Src inherently bypasses and/or alters some upstream signals that would otherwise come from growth factors and/or adhesions.
(C) Side view of invasive adhesion structures. Adhesion components include integrins, IQGAP and ILK, along with typical markers such as vinculin.

et al., 2007). Over time, invadopodia have also been shown to
develop into larger protrusions with branched actin filaments,
vesicles and other cytoskeletal elements filling most of the
protrusion, and with bundled filaments at the tip (Schoumacher
et al., 2010). Despite their small size [S0-100 nm in diameter and
500 nm in length, as determined by electron microscopy
(Enderling et al., 2008)], both invadopodia and podosomes have
also recently been observed in vivo (Gligorijevic et al., 2012;
Quintavalle et al., 2010; Ziel et al., 2009), and we expect further
future studies to identify them at sites of tissue remodeling.
Although the morphology of these structures is likely to vary
somewhat depending on the three-dimensional or tissue
environment, it is expected that key invadosome regulators will
control invasive behavior across various settings and are good
candidates for pharmacological attack.

Many studies have described the structural components
comprising invadopodia (Fig. 1), but interest is now centered
on the regulation of two key invadopodia stages: their formation
and maturation (Fig. 2). At the heart of this interest is a
deepening understanding that deregulation of signaling in cancer
frequently leads to invasive behavior, of which a major
component is the ability to degrade ECM. Therefore, if we
can understand the key signaling inputs that regulate crucial
stages in the invadopodium lifecycle, we might be able to target
them and ultimately prevent tissue remodeling by cancers. In
this Commentary, we describe the synergistic roles of growth
factor signaling and cell-ECM adhesion on the formation and
maturation of invadopodia and podosomes. We discuss recent
data that implicate invadopodia as adhesive structures that
respond to both chemical and physical aspects of the ECM. We
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Fig. 2. See next page for legend.

(2) Adhesion ring formation _

Invadopodia and podosome regulation

also present a model in which maturation of invadopodia and
podosomes occurs in stages: growth factor signaling promotes
formation, whereas adhesion to the ECM promotes localized
protease exocytosis, resulting in a functional, degrading
structure.

Formation and regulation of invadopodia and
podosomes

Perturbation of growth factor signaling by changes in ligand
availability or mutation of downstream signaling molecules is a
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common feature of both tumorigenesis and cancer progression
(Hanahan and Weinberg, 2000). Alterations in integrins and other
adhesion-related proteins are also frequent events in cancer and
have been linked to cancer aggressiveness (Lahlou and Muller,
2011; Lehmann et al., 2011). At the cellular level, both growth
factor and adhesion signaling can promote invasion through
multiple mechanisms, including regulation of cellular motility
structures and altering expression and trafficking of matrix

metalloproteinases. Here, we focus on the control of the different
stages of invadopodia and podosomes.
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Invadopodia and podosomes have been shown to assemble in
stages (Fig. 2). The first step of invadopodium formation is
usually marked by the formation of actin puncta, which
presumably occurs in response to activation of upstream
signaling cascades (Artym et al., 2006; Oser et al., 2009;
Yamaguchi et al., 2005). Cortactin is frequently used as a marker
of actin puncta and its localization has been shown to occur either
simultaneously (Oser et al., 2009) or minutes before (Artym et al.,
2006) the arrival of the key proteinase membrane type-1 matrix
metalloproteinase (MT1-MMP, also known as MMP14). Using a
thin matrix preparation (50 nm thickness), it has been shown that
ECM degradation occurs rapidly after MT1-MMP localization
(Artym et al., 2006), whereas the degradation of a thicker ECM
layer (~1 pum thickness using standard preparations) takes place
up to an hour after cortactin and MTI-MMP localize to
invadopodia (Oser et al., 2009).

At podosomes, adhesions form a strong ring around actin
puncta (Kaverina et al., 2003; Luxenburg et al., 2012), as
visualized by immunofluorescent staining of the adhesion
proteins vinculin or paxillin (Fig. 1). Live-cell imaging in
VSMCs that have been stimulated to form podosomes with the
protein kinase C activator phorbol myristate acetate (PMA)
revealed that focal adhesions dissolve and then reorganize around
newly formed actin puncta (Kaverina et al., 2003). In osteoclasts,
adhesion markers arrive both before and after actin puncta
formation, but the formation of a defined ring occurs only after
actin polymerization (Luxenburg et al., 2012). Our recent live-
cell imaging study revealed that, in invadopodia, the adhesion
protein paxillin appears and forms a ring soon after actin

Fig. 2. A model of invadopodia and podosome stages. (1) Invadopodia/
podosome initiation. Growth factors (GF) signaling via GF receptors (yellow
bars) leads to invadopodia initiation and actin polymerization (branched actin
filaments shown in red). The inset on the right illustrates a proposed scheme of
synergistic molecular interactions that lead to invadopodia/podosome
initiation. Signals from activated lipid and protein kinases and small GTPases
converge on N-WASp which activates the Arp2/3 complex to promote actin
assembly. (2, 3) Adhesion ring formation and vesicle capture. The next step is
the formation of the adhesion ring (indicated by molecules in the red dashed
circle, especially integrins and ILK, as shown in the enlarged scheme to the
right), which helps to capture vesicles (black circles) that contain proteinases,
such as MT1-MMP (dark blue). The inset illustrates key molecules involved in
vesicle capture at invadopodia/podosomes, including the formin mDial, ILK,
IQGAP and the exocyst complex (Branch et al., 2012; Liu et al., 2009;
Lizarraga et al., 2009; Sakurai-Yageta et al., 2008). (4) ECM degradation and
signaling feedback. In addition to ECM degradation, proteinase activity at
invadopodia and podosomes might provide signal feedback to affect either the
lifetime of existing invadosomes or formation of new invadosomes. (i) An
enlarged model of potential signal feedback from proteinase activity. MT1-
MMP can release growth factors (indicated by the red flash) by multiple
mechanisms, including cleavage of the TGFB-binding protein, latency-
associated protein (red, LAP-B1 complex) to release active TGF-f1 (Mu et al.,
2002). In addition, MT1-MMP also cleaves HB-EGF, which then releases an
EGF-like domain (EGF-L) that could activate EGFR and trigger invadosome
initiation (Diaz et al., 2013; Hayes et al., 2012; Koshikawa et al., 2010). (ii)
MTI1-MMP also cleaves other proteinases such as MMP2 (Sato et al., 1994).
MMP2 is reported to disrupt vascular endothelial growth factor (VEGF)—
heparin affin regulatory peptide (HARP) and VEGF—connective tissue growth
factor (CTGF) angiogenic inhibitory complexes, which might release VEGF
(Dean et al., 2007) and then trigger invadosome initiation (Lucas et al., 2010).
Finally, MT1-MMP activation of PDGFR signaling (Lehti et al., 2005) is
another potential mechanism that could promote invadosome formation
(Eckert et al., 2011).

punctum formation (Branch et al., 2012). In the same study, we
found that knocking down MT1-MMP, and therefore inhibiting
ECM degradation by invadopodia, does not affect adhesion ring
localization (Branch et al., 2012). These data suggest that
adhesions are recruited to invadopodia after actin puncta
formation but before ECM degradation (Fig. 2). Additional
live-cell imaging studies of both podosomes and invadopodia will
be useful to compare the timing of recruitment of adhesion
proteins with respect to that of other markers in the two types of
structures. Super-resolution microscopy approaches, such as have
been applied to the study of focal adhesions (Kanchanawong
et al.,, 2010), might also be useful to delineate the structural
relationship between multiple invadopodia core and adhesion
ring markers.

Many studies assess cellular invadopodia or podosome
numbers, as well as activity, using fixed microscopy assays to
quantify the localization of actin-based markers in punctate
structures or rosettes and the degradation of the underlying ECM.
However, although fixed-cell studies are useful to assess multiple
markers or the general state of the cell, live-cell imaging should
ideally be used to differentiate the different stages of invadopodia
and podosomes. This allows studying the regulation of
invadopodia and podosome formation separately from the
maturation of these structures, which is marked by proteinase
recruitment and ECM degradation. In addition, a change in
invadopodia or podosome numbers that has been observed in
fixed cells could be due to either their altered formation or
dynamics, which can only be distinguished by live imaging.
Nonetheless, it is useful to compare fixed and live imaging
systems within the same study, as some live-cell markers might
perturb the system.

Regulation of invadopodia and podosome
formation by growth factors

A number of growth factors have been shown to promote
invadopodium or podosome formation and/or activity. Many
factors known to produce activated or differentiated states of
normal cells induce the formation of podosomes. Thus, colony
stimulating factor-1 (CSF1) is a differentiation factor, and the
macrophage cells resulting from that differentiation process form
podosomes (Wheeler et al., 2006). The platelet product
transforming growth factor B (TGF-B) (Daubon et al., 2011;
Rottiers et al., 2009; Varon et al., 2006), as well as vascular
endothelial growth factor (VEGF) (Osiak et al., 2005; Wang et al.,
2009), activate endothelial cells and rapidly induce podosome
formation in them. Finally, platelet-derived growth factor
(PDGF) is a well-known inducer of the activated synthetic
phenotype in VSMCs, which involves loss of contractility and
acquisition of migratory characteristics (Thyberg et al., 1990;
Thyberg et al., 1983; Wanjare et al., 2012) and also induces
podosome formation (Quintavalle et al., 2010). In cancer cells,
epidermal growth factor (EGF) is a well-described inducer of
invadopodia formation (Mader et al., 2011; Yamaguchi et al.,
2005). TGF-B (Mandal et al., 2008; Pignatelli et al., 2012),
heparin binding (HB)-EGF (Diaz et al., 2013; Hayes et al., 2012),
VEGF (Lucas et al., 2010) and hepatocyte growth factor/scatter
factor (HGF) (Rajadurai et al., 2012) increase invadopodia
numbers, whereas stromal cell derived factor 1o (SDF1a) has
been shown to increase ECM degradation by breast cancer cells
(Smith-Pearson et al., 2010). Many of these growth factor
pathways converge on common signaling hubs, especially Src
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kinase, phosphoinositide 3-kinases (PI3Ks) and Rho family
GTPases, which ultimately control invadopodia and podosomes
(Linder and Aepfelbacher, 2003; Murphy and Courtneidge,
2011).

Regulation by phosphatidylinositols

At numerous cellular sites, phosphatidylinositol lipids serve as
crucial activators of actin polymerization (Ueno et al., 2011;
Wennstrom et al., 1994). PI3Ks are activated downstream of a
number of extracellular signals, particularly growth factor
receptor signaling (Cantley, 2002). The use of PI3K inhibitors
or knockdown of class I PI3Ks was recently shown to reduce the
number of invadopodia and their degradation of the ECM to a
similar extent, suggesting that PI3Ks exert a specific effect on the
formation of invadopodia (Hoshino et al., 2012; Yamaguchi et al.,
2011). Similarly, the expression of activating mutant forms of the
catalytic pl110a subunit of PI3K led to a large increase in the
numbers of invadopodia (Hoshino et al., 2012; Yamaguchi et al.,
2011), and live-cell imaging revealed that PI3K activity controls
both the formation and stability of invadopodia (Hoshino et al.,
2012). Furthermore, PI3Ks are required for podosome formation
downstream of protein kinase C (PKC) activation by phorbol
ester (Gatesman et al., 2004; Walker et al., 2007; Xiao et al.,
2013), hepatoma-derived growth factor stimulation (Kung et al.,
2012) and in CSF1-induced podosome formation in macrophages
(Wheeler et al., 2006). PI3K has also been implicated in
podosome formation by osteoclasts (Chellaiah et al., 2001) and
affects bone resorption (Shinohara et al., 2012).

Class I PI3Ks phosphorylate phosphatidylinositol 4,5-
bisphosphate [PtdIns(4,5)P,] at the D-3 position to create
phosphatidylinositol  (3,4,5)-trisphosphate  [PtdIns(3,4,5)P]
(Fruman et al., 1998). A classical PI3K signaling pathway that
functions downstream of PtdIns(3,4,5)P; is the phosphorylation
mediated by phosphoinositide-dependent protein kinase 1
(PDK1, also known as PDPKI1) and activation of Akt serine/
threonine kinases (Cantley, 2002). Indeed, both PDK1 and Akt
have been shown to be crucial for invadopodia formation in
breast cancer cells downstream of PI3K (Yamaguchi et al., 2011).
However, the downstream effectors of Akt in invadopodia are
unclear, and further study is required to determine the exact roles
of Akt in invadopodium or podosome formation.

PtdIns(3,4,5)P; might also serve as a precursor lipid for
PtdIns(3,4)P,, which localizes to invadosomes in Src-transformed
fibroblasts (Oikawa et al., 2008). To investigate the synchronized
formation of invadosomes in these cells, the authors performed live
imaging shortly after the removal of a drug inhibiting Src, and found
that the accumulation of PtdIns(3,4)P, at invadosome sites is an
early event that precedes the recruitment of the signaling
adaptor proteins GRB2 and TKS5 (also known as SH3PXD2A)
(see below) and branched actin polymerization (Oikawa et al.,
2008). PtdIns(3,4)P, is formed by dephosphorylation of the 5'-
inositol phosphate of PtdIns(3,4,5)P; by inositol polyphosphate 5-
phosphatases, such as SH2-domain containing phosphatidylinositol-
3.4,5-trisphosphate  5-phosphatase 2 (SHIP2, also known as
INPPL1) or synaptojanin-2 (SYNJ2) (Ooms et al, 2009).
Synaptojanin-2 knockdown was previously shown to reduce the
number of invadopodia in glioma cells (Chuang et al., 2004). We
also recently found that SHIP2 overexpression in head and neck
squamous cell carcinoma (HNSCC) cells can increase the number
of invadopodia in a PI3K-dependent manner, suggesting that there
are multiple routes through which PtdIns(3,4)P, is formed to control

invadopodia (Hoshino et al., 2012). Notably, SHIP2 overexpression
has been linked to aggressive behavior in several cancers (Fuhler
et al., 2012; Prasad et al., 2008; Zhou et al., 2011).

A probable effector of PtdIns(3,4)P, at invadopodia and
podosomes is the scaffold protein TKS5 (Abram et al., 2003;
Crimaldi et al., 2009; Lock et al., 1998; Seals et al., 2005). TKS5
can form a complex with N-WASp (also known as WASL) and
the upstream scaffolding proteins GRB2 and Nck in response to
Src activity. In this way, TKS5 might promote actin
polymerization at nascent invadopodia (Oikawa et al., 2008;
Stylli et al., 2009). TKSS is also important for the generation of
reactive oxygen species (ROS) (Diaz et al., 2009; Gianni et al.,
2009), which might potentiate tyrosine kinase activity at
invadopodia and podosomes by inhibiting tyrosine phosphatases
(Diaz et al., 2009; Weaver, 2009). Additional potential effectors
include Akt (Klippel et al.,, 1997; Yamaguchi et al., 2011),
TIAM1 (Ceccarelli et al., 2007) and other PtdIns(3,4)P,-binding
partners with unknown functions at invadopodia. Overall, these
data suggest that growth-factor-mediated activation of PI3K
might affect the formation of invadopodia and podosomes
through downstream effectors that regulate Src kinase signaling
and actin organization (Fig. 2).

In addition to PtdIns(3,4,5)P5 and PtdIns(3,4)P,, PtdIns(4,5)P,
have also been implicated in invadopodium formation.
PtdIns(4,5)P, has been shown to surround the invadopodium
protrusion and might be generated locally by phosphatidylinositol
4-phosphate 5-kinase type Io. (PIPSKIo) (Yamaguchi et al., 2010).
Both PtdIns(4,5)P, and PIP5KIo are required for ECM
degradation by breast cancer cell invadopodia, but a requirement
for invadopodia formation itself was not assessed in that study
(Yamaguchi et al., 2010). Interestingly, the Ras family GTPase
ARF6, which activates PIPSKIa downstream of EGF (Honda et al.,
1999), localizes to invadopodia and is required for their activity
(Hashimoto et al., 2004; Tague et al., 2004). PtdIns(4,5)P, affects a
wide range of actin regulators (Saarikangas et al., 2010), including
N-WASp (Kim et al., 2000; Rohatgi et al., 2000; Rohatgi et al.,
1999) and cofilin (Oser and Condeelis, 2009), that have been
shown to be crucial for actin polymerization at both invadopodia
and podosomes. Therefore, PtdIns(4,5)P, might directly control
actin assembly at invadopodia sites and, in addition, serve as a
substrate for the generation of PtdIns(3.,4,5)P; and other
phosphoinositol lipids.

Other regulators downstream of growth factor signaling

In addition to phosphatidylinositides, other key signals
downstream of growth factors that control invadopodia and
podosome formation include Rho GTPases, and tyrosine and
serine/threonine kinases. The Rho GTPase Cdc42 is essential for
actin polymerization at invadopodia and podosomes, probably
owing to its ability to directly activate N-WASp and thereby
promote actin nucleation by the Arp2/3 complex (Moreau et al.,
2003; Nakahara et al., 2003; Rohatgi et al., 1999; Yamaguchi
et al., 2005). Other Rho GTPases have also been reported to
affect invadopodia formation or activity; however, these effects
have been either variable or less strong than that of Cdc42
(reviewed by Linder and Aepfelbacher, 2003; Ory et al., 2008;
van Helden and Hordijk, 2011). Given the core role of Cdc42 in
actin polymerization at invadopodia, it seems likely that other
Rho GTPases have indirect roles through modulating signaling or
actin dynamics (Bravo-Cordero et al., 2011) downstream of
Cdc42. Rho GTPases are likely to be influenced by
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phosphatidylinositide signaling, given that most of the upstream
activator Rho GTPase exchange factors (GEFs) bind to
phosphatidylinositides (Rossman et al., 2005).

Among the factors controlling invadopodia formation and
function, Src kinase has the most links to other signaling
pathways (Hoshino et al., 2012) and is thought to be both
necessary and sufficient for the induction of invadopodia and
podosome formation (Linder et al., 2011; Murphy and
Courtneidge, 2011; Weaver, 2006). However, other protein
kinases have recently been shown to control invadopodia and
podosome formation, maturation or dynamics, including the Abl
kinases (Smith-Pearson et al., 2010), the Abl-related gene kinase
(Arg, also known as ABL2) (Mader et al., 2011), p21-activated
kinase (PAK) and ERK (Ayala et al., 2008; Tague et al., 2004;
Webb et al., 2005). Similar to Src, they have many substrates that
could influence various stages of invadopodia and podosomes.

The two popular models for studying podosome formation are
either Src-transformed cells (Fig. 1) or A7rS VSMC cells that
have been treated with phorbol ester. In both cases, podosomes
form from disassembling focal adhesions (Kaverina et al., 2003;
Oikawa et al., 2008), demonstrating a strong link between the two
structures. Similarly, Mak and colleagues demonstrated that the
expression of active PAK1 in A7r5 cells could induce a similar
transition of focal adhesions to podosomes in the absence of any
extraneous stimuli (Webb et al., 2005). On the basis of this idea
that invadopodia and podosome structures might directly form
from focal adhesions, we built theoretical network models of
focal adhesions and invadopodia and used graph theory centrality
analyses to identify signaling hubs that might regulate the
transitions between the two structures (Hoshino et al., 2012). In
an initial analysis of the results, we found that in cancer cells,
PKCa expression can enhance or inhibit invadopodia formation
depending on whether PI3K activity was deregulated in these
cells (e.g. as can happen when there is constitutively active
PIK3CA ‘hotspot” mutants or loss of the opposing lipid kinase
PTEN). We further found that in cells with overly active PI3K,
PKCua functions in an important negative-feedback loop to PI3K
activity (Hoshino et al., 2012). We therefore speculated that in
cancer cells with deregulated PI3K activity, loss of spatial control
of signaling might lead to the formation of invadopodia at non-
focal adhesion sites. Because of the many potential feedback
loops that control signaling and the uncertainty with regard to the
stage of invadopodia formation at which most of these signaling
regulators function, live imaging and systems approaches will
probably be important tools to dissect how diverse kinases, Rho
GTPases and other signaling regulators control invadopodia and
podosomes.

Regulation of invadopodia and podosomes by
ECM and adhesion proteins

Relationship between invadopodia, podosomes and

focal adhesions

Podosomes, invadopodia and focal adhesions are all actin-based
structures that contain ECM adhesion molecules, such as
integrins and adhesion adaptor proteins. For invadopodia, the
role of adhesion signaling and the adhesive ability of the
invadopodium itself have been controversial, as cancer cells
frequently contain both FAs and invadopodia. In fact, the
presence of an adhesion ring has been suggested to be the
defining difference between invadopodia and podosomes (Linder
et al., 2011; Murphy and Courtneidge, 2011), with the

presumption that invadopodia lack adhesion rings. However, a
number of studies in different cancer cell lines have shown that
adhesion-related proteins are located around or at invadopodia
puncta (Alexander et al., 2008; Bowden et al., 1999; Branch et al.,
2012; Mueller et al., 1999; Pignatelli et al., 2012; Spinardi et al.,
2004). We recently performed a thorough analysis of the role of
adhesion proteins at invadopodia and found that the adhesion
adaptor proteins paxillin and vinculin as well as integrins localize
to a podosome-like ring structure surrounding invadopodia of
breast cancer and HNSCC cells (Branch et al., 2012).
Furthermore, we find that invadopodia with adhesion rings
show an increased degradation of the ECM as compared with that
of invadopodia with no visible adhesion rings (Branch et al.,
2012). These results suggest that invadopodia and podosomes are
highly similar structures and that adhesions contribute to their
functions.

Focal adhesions are streak-like adhesion structures that
connect actin bundles known as stress fibers to clustered
adhesion molecules including integrins (Fig. 1). Focal
adhesions have long been considered to be structures without
degradative activity that mediate the attachment of the cell to the
ECM and serve as signaling scaffolds (Geiger and Yamada,
2011). Nonetheless, a recent study demonstrated that ECM
degradation can occur underneath focal adhesions in
fibrosarcoma and pancreatic cells (Wang and McNiven, 2012),
in a manner dependent on many of the factors that have been
implicated in invadopodia and podosome function, including
MTI1-MMP and Src kinase. However, these structures were
determined to be separate from invadopodia, as the streak-like
degradation underneath focal adhesions was distinct from the dot-
like invadopodia-related ECM degradation underneath the same
cell. Inhibition or knockdown of focal adhesion kinase (FAK)
and p130Cas (also known as BCARI1) primarily affected focal-
adhesion-related rather than invadopodia-related degradation,
whereas Src inhibition abolished ECM degradation under all
structures. Using a similar protocol, Machesky and colleagues
also observed ECM degradation at focal adhesions that depended
on FAK (Tang et al., 2013). These data are consistent with a
previous study where FAK was suggested to primarily regulate
invadopodia by an indirect manner in which FAK promotes the
spatiotemporal localization of Src and other phosphotyrosine
invadopodia components to focal adhesions (Chan et al., 2009).
However, other studies have found that FAK and p130Cas
directly localize to and/or promote invadopodia and podosome
activity (Alexander et al., 2008; Brabek et al., 2004; Pignatelli
et al.,, 2012; Yu et al., 2011). It seems likely that additional
molecular constituents can determine the role of FAK in
controlling ECM degradation at various invasive structures.

The finding that focal adhesions can degrade ECM was
surprising, because focal-adhesion-mediated ECM degradation
should have been evident in the many previous imaging studies.
However, the authors used a thin and uncrosslinked fluorescent
substrate (50 nm) (Artym et al., 2009; Artym et al., 2006), which
might have allowed them to detect very low levels of degradation
at focal adhesions (Wang and McNiven, 2012) that was not
previously evident using the older methods with thick matrix
substrates (Bowden et al.,, 2001). As many of the molecules
present at focal adhesions are also found at invadopodia or
podosomes, we speculate that a similar mechanism is used for
ECM degradation in all these structures, but that additional
molecular changes at invadopodia and podosomes greatly
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amplify their proteolytic capacity. It is unclear at the moment
what those differences are, but they could include enhanced
exocytosis of proteinases.

Regulation of invadopodia and podosomes by adhesion
protein signaling

A number of recent studies have looked at the role of adhesion
signaling in the regulation of podosome and invadopodia
function. In Src-transformed cells, traction force microscopy
revealed that invadosomes are mechanosensing structures,
suggesting that localized mechanotransduction signaling
through adhesions might control podosomes and/or invadopodia
(Collin et al., 2008). Likewise, we found that ECM rigidity
controls the activity, but not the formation of, invadopodia puncta
(Alexander et al., 2008). In addition, several studies have shown
that myosin-mediated contractility can induce the turnover of
podosomes (Bhuwania et al., 2012; van Helden et al., 2008).
Other studies have directly examined the role of adhesion
molecules, including integrins and downstream adhesion
components. In osteoclasts, podosome organization into belts
(Fig. 1) and bone resorption, but not actin core formation, was
reduced when combinations of B1, B2 and oV integrin were
knocked out (Schmidt et al., 2011). Similarly, in Src-transformed
cells, knockout of B1 integrins reduced the number of secondary
rosette structures of invadosomes (see figure 1b in Destaing et al.,
2010 for an explanation of rosettes). Knockdown or perturbation
of downstream adhesion components, including paxillin
phosphorylation, FAK, p130Cas, RhoA-ROCK signaling, and
calpain, have also been shown to affect the expansion of
podosome or invadosome rosettes, actin core turnover and matrix
degradation (Badowski et al., 2008; Berdeaux et al., 2004;
Brabek et al., 2004; Calle et al., 2006; Pan et al., 2011; Tatin
et al., 2006). Taken together, these results suggest that adhesion
signaling might be more crucial for podosome maturation and
organization into groups than for their formation.

In cancer cells, ligation of B1 integrin increases invadopodia-
associated ECM degradation (Nakahara et al., 1998; Nakahara
et al., 1996). We recently demonstrated a role for RGD-binding
integrins and integrin-linked kinase (ILK) in the maturation of
invadopodia to degradative protrusions (Branch et al., 2012).
Blocking the attachment of integrin to fibronectin, a major
component of the ECM, with a soluble RGD peptide or knocking
down the protein levels of ILK with small hairpin RNA led to a
reduction of both the localization of adhesion ring components
around invadopodia and invadopodia-mediated degradation of
the ECM. Live-cell imaging specifically revealed that exocytosis
of the crucial invadopodia proteinase MT1-MMP at invadopodia
that had already formed was reduced under both conditions. New
formation and stability of invadopodia were also affected in the
ILK-knockdown cells, but not in the integrin-inhibited cells.
Taken together, these data indicate that integrin-mediated cell—
ECM adhesion and downstream proteins such as ILK are
particularly important for the maturation of invadopodia into
degradative protrusions (Fig. 2). By contrast, the cellular integrin
and ECM context might be an important determinant of the
response of invadopodia to integrin~-ECM adhesion. Indeed, we
have found that adhesion of rat bladder carcinoma cells to the
matrix molecule laminin-332 via o3f1 integrin can reduce the
numbers and activity of invadopodia (Liu et al., 2010), which is
opposite to the effect of fibronectin—a5B1-integrin interactions in
breast and HNSCC cells (Branch et al., 2012). Future live-cell

imaging studies will be necessary to understand the complex role
of matrix—integrin interactions in controlling invadopodia
activity.

Integrin—~ECM adhesion promotes membrane trafficking
The contribution of RGD-binding integrins and ILK to the
localization of MT1-MMP to invadopodia (Branch et al., 2012)
suggests that these proteins have a role in membrane trafficking. In
fact, cell-ECM adhesions have recently emerged as an important
regulator of membrane trafficking. Loss of cell-ECM attachment
results in the internalization of membrane raft domains that are
dependent on caveolin-1 (del Pozo et al., 2004; del Pozo et al.,
2005), whereas reattachment of cells to the ECM induces the
recycling of lipid rafts from endosomes to the plasma membrane
(Balasubramanian et al., 2010; Balasubramanian et al., 2007). 1
integrin and ILK regulate the localization of caveolar vesicles to
the plasma membrane through the ILK-binding partner IQGAP1
and the actin- and microtubule-binding protein mDial (Wickstrom
et al.,, 2010). IQGAPI also interacts with the exocyst complex,
and this interaction is crucial for ECM degradation by breast
cancer cells (Sakurai-Yageta et al., 2008). Interestingly, we have
demonstrated that blocking of RGD-binding integrins or
knockdown of ILK protein levels reduces IQGAP localization
to invadopodia (Branch et al., 2012). Taken together, these data
suggest that a common signaling pathway involving B1-integrin-
mediated cell-ECM attachment, ILK, IQGAP1 and the exocyst
complex regulates the delivery of lipid rafts to various
cellular sites, including invadopodia (Caldieri et al., 2009;
Yamaguchi et al., 2009). In cells that express MT1-MMP and
other invadopodia proteinases, we speculate that their exocytosis
through this pathway results in ECM degradation. Whether MT1-
MMP and other invadopodia components that are delivered
through exocytosis are specifically routed to invadopodia as
opposed to other adhesion sites is an interesting future question.

Conclusions and perspectives

Overall, growth factor inputs appear to primarily affect the formation
of invadopodia and podosomes and the early stage actin dynamics,
potentially through the formation of phosphatidylinositides,
including PtdIns(3,4)P, and PtdIns(4,5)P,, and recruitment of
initiation factors such as TKS5 and N-WASp. By contrast, the
main role of adhesion signaling appears to be promotion of
invadopodia and podosome maturation, which includes the
secretion of proteinases at invadopodia to enhance degradation of
ECM. Although the current evidence supports the model we propose
(Fig. 2), we note that there are few studies using live-cell imaging in
this area, which is the definitive way to assess control of invadopodia
stages. Adhesion-based integrin signaling also intersects with growth
factor signaling inputs in many cellular contexts (Azimifar et al.,
2012; Levental et al., 2009) and could affect invadopodia formation
through such crosstalk. In addition, it is possible that adhesion
signaling could enhance formation of new invadopodia as a
secondary effect of increased proteinase activity, which is known
to enhance invadopodia numbers (Artym et al., 2006; Branch et al.,
2012; Clark et al., 2007; Steffen et al., 2008). This could occur
through the release of growth factors or ECM fragments from the
ECM, or by a direct cleavage and activation of growth factors or
growth factor receptors (Kessenbrock et al., 2010; Koshikawa et al.,
2010; Lehti et al., 2005; Lyons et al., 1990; Mu et al., 2002; Yu and
Stamenkovic, 2000). Given the complexity of adhesion and growth
factor signaling inputs and the likelihood of multiple signal feedback
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loops (Comoglio et al., 2003; Eliceiri, 2001; Hoshino et al., 2012),
we propose that a systematic-perturbation—live-imaging approach
under diverse conditions will be crucial for dissecting the control of
the different stages of invadopodia and podosomes by signaling
inputs. Overall, this is an exciting area for future research, as
invadopodia and podosomes are sites at which growth factor and
adhesion inputs converge, and can be used as model systems for
investigating how diverse signaling states control invasive behavior.
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