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Abstract

Podosomes are ventral adhesion structures prominent in cells of the myeloid lineage. A common
aspect of these cells is that they are highly motile and are required to traverse multiple tissue
barriers in order to perform their functions. Recently podosomes have gathered attention from
researchers as important cellular structures that can influence cell adhesion, motility and matrix
remodeling. Adhesive and soluble ligands act via transmembrane receptors and propagate signals
to the leukocyte cytoskeleton via small G proteins of the Rho family, tyrosine kinases and scaffold
proteins and are able to induce podosome formation and rearrangements. Manipulation of the
signals that regulate podosome formation and dynamics can therefore be a strategy to interfere
with leukocyte functions in a multitude of pathological settings, such as infections, atherosclerosis
and arthritis. Here, we review the major signaling molecules that act in the formation and
regulation of podosomes.
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1. Introduction

Podosomes are adhesion structures prominent in cells of the myeloid lineage — monocytes,
macrophages, osteoclasts and immature dendritic cells (DCs). Studies have also suggested
the presence of podosomes or podosome-like structures in neutrophils [1] as well as in
malignant lymphocytes of B cell chronic leukemia [2] and a range of leukocytes adhering to
the luminal surface of endothelial cells during diapedesis [3]. They are distinguished from
other adhesions structures, such as focal contacts, via their distinct localization and
molecular arrangement (Figure 1). Unlike focal adhesions or the smaller focal complexes
where actin bundles terminate in plaques of adhesion molecules, in podosomes a core of F-
actin, presumably branched, is surrounded by a ring of adhesion-related proteins, such as
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talin, paxillin, vinculin, etc. Individual podosomes are, in turn, connected to each other via
radial bundles of loose F-actin, termed the actin cloud. This supramolecular organization
arranges podosomes into characteristic clusters. Additionally, unlike the more stable focal
adhesions and focal complexes, podosomes are highly dynamic, with a lifetime of 2-10
minutes, with continuous actin turnover [4]. While the fine molecular organization of focal
adhesions has recently been resolved using high-resolution light microscopy [5], revealing
with impressive detail the arrangement of structural and signaling molecules at nm
precision, such information is still lacking for podosomes. Arguably, however, podosomes
are sites of signaling. Integrins, protein kinases, GTPases, the actin nucleation machinery, all
converge to sense soluble and/or adhesive signals and influence cellular behavior.

1.1 Roles of podosomes

The most well-established function of leukocyte podosomes is matrix remodeling.
Podosomes of macrophages and DCs define the sites of localized matrix degradation via the
targeted delivery of MT1-MMP [6-8]. In addition, several signaling molecules that appear
to be important for podosomes in vitro, such as the tyrosine kinase Hck [9] may also
interfere with the ability of leukocytes to invade one or several tissue barriers in vivo,
including endothelial monolayers and basement membranes. The recent characterization of
macrophage podosomes in 3D environments [10] reinforces the idea that podosomes assist
in cell invasion and motility, and we will address this by discussing the roles of key
signaling components that regulate both podosome formation and cell invasion or motility in
3D.

Podosomes have also been implicated in cell migration on planar surfaces. Studies of
macrophages obtained from Wiskott-Aldrich Syndrome (WAS) patients that lack distinctive
podosomes due to the absence of the Wiskott-Aldrich Syndrome protein (WASP), revealed
impaired chemotaxis to soluble cues including CSF-1, MCP-1 and fMLP, suggesting that
they may be critical for directional migration [11, 12]. This may also be supported by the
presence of podosomes into what is morphologically defined the leading edge of a migrating
cell, however this link remains speculative with no direct evidence connecting podosomes to
chemotaxis directly. Intriguingly, similar to studies in cells such as fibroblasts, adhesion is
often correlated to decreased ability to migrate, and indeed signals that may result in
podosome disassembly may promote increased migratory behavior of the cell. This has been
observed in macrophages [13] but perhaps the most striking examples have been provided
for immature DCs. Calle et al [14] have demonstrated that inhibition of the intracellular
cysteine protease calpain stabilizes podosomes through accumulation of several podosome
components such as WASP and talin, and prevents DC motility and transendothelial
migration. Likewise, immature DCs contain podosomes and show enhanced 2 integrin-
mediated adhesion to ICAM-1, compared with mature DCs, which were devoid of
podosomes [15]. Lipopolysaccharide (LPS) or prostaglandin E, (PGE,) induce the
disassembly of podosomes [15-18] resulting in reduced adhesion strength to ICAM-1 [15]
and increased DC migration [16]. Likewise, immature DC interactions with CD4* T cells
promoted dissolution of podosomes and stimulated migration towards several chemokines
[19]. In vivo this correlates with ability of DCs to migrate to the lymph node following
antigen binding. Even though the exact function of podosomes remains somewhat
controversial, investigating the signaling mechanisms that regulate the dynamics of
podosome assembly and disassembly are therefore essential in understanding the motility
and migration mechanisms employed by macrophages and DCs.

Podosomes in osteoclasts are also very dynamic and represent more specialized entities with
well-defined functions in bone metabolism. As osteoclasts mature in vitro, individual
podosomes show remarkable rearrangements and transition from individual podosomes to
podosome clusters to a podosome belt [20]. When in contact with apatite [20] or bone [21,
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22], podosomes organize into a tightly packed array with a higher degree of
interconnectivity between podosomes, forming the sealing zone, critical for the osteoclast’s
bone resorptive properties. While osteoclast podosomes are capable of matrix degradation,
their main role differs. Rather than the sealing zone itself mediating degradation of the
mineralized matrix, it delimits the region of bone resorption within a tightly sealed
compartment termed the resorption pit. This compartment is isolated from the extracellular
environment and is highly acidified thus facilitating bone resorption via the activities of
cathepsin K [23]. Several signaling molecules have been found to regulate podosome
formation, dynamics and the transition to a sealing zone. The importance of podosomes in
osteoclast functions in vivo is highlighted by the fact that animals deficient in key signaling
molecules that regulate podosome dynamics tend to have abnormal bone mass and thus
present with varying degrees of osteopetrosis. Among those that will be mentioned in this
review, Src [24], Pyk2 [25], WASp [26], Syk [27], and Vav3 [28] are prominent examples.

Related structures to podosomes, such as invadopodia of carcinoma cells or rosettes of src-
transformed cells have been described. These are distinct from leukocyte podosomes and
several signaling molecules have been identified that may assist in the differentiation
between these structures, apart from the more apparent morphological differences and
relation to patho-physiological functions [29, 30]. Interestingly, several non-transformed
cells such as endothelial cells or smooth muscle cells form podosomes that have the
characteristic core-ring arrangement of leukocyte podosomes, or the rosette arrangement of
src-transformed cells and may occur following several physiological stimuli. These
structures will not be covered here, however, enzymes or scaffolding molecules from the
same families are acting in all these structures (e.g. Src family kinases), highlighting
common molecular themes in the formation and organization of ventral adhesion and
invasive structures. For more details on invadopodia and podosome rosettes in non-myeloid
cells the reader is referred to other reviews [6, 31].

While functional and molecular differences between podosomes, invadopodia and rosette-
like structures of src-transformed cells or endothelial cells have been described and
discussed elsewhere [29], here we provide a more detailed analysis of the signaling
networks that govern the formation, dynamics and function of the leukocyte podosomes.
These involve the co-ordination of many molecules including actin nucleating factors, small
GTPases, kinases and transmembrane receptors. In particular, we will focus on the
podosomes of myeloid cells — macrophages, DCs and osteoclasts — cells in which
podosomes occur constitutively, at least in culture, and could be inherent to the functions of
these cells, e.g. bone resorption and the ability to cross multiple heterogeneous barriers in
order to encounter pathogens and present antigens.

2. Rho GTPases

Small GTPases of the Rho family have important and conserved roles in virtually every
function of the cytoskeleton. Their activity is tightly regulated by three classes of molecules;
guanine nucleotide exchange factors, GEFs, which exchange GDP for GTP therefore
activating the GTPase [32]; GTPase activating proteins, GAPs, which assist in the
hydrolysis of bound GTP to GDP thus contributing to inactivation [33]; and guanine
dissociation inhibitors, GDlIs, which sequester membrane-anchored GTPases into the cytosol
and thus affect their distribution, localization and protein levels [34-36].

Initial experiments utilizing forced expression of constitutively active or dominant negative
forms of the Rho GTPases, or treatment with bacterial toxins showed that RhoA, Cdc42 and
Rac1 played important roles in podosome formation. In particular, expression of dominant
negative Cdc42 induced podosome disassembly in DCs [37]) and macrophages [38], as did
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expression of constitutively active Cdc42 [38, 39]. This would suggest that precise control
of the activity of Cdc42 is required for the correct regulation of podosomes; nevertheless,
overexpression of such mutants may have several indirect effects. The importance of Cdc42
in macrophage podosome formation has also been confirmed by shRNA-mediated
downregulation of endogenous Cdc42 [40]. Indeed, Cdc42 stands as a central player in the
regulation of podosome dynamics as it orchestrates podosome actin polymerization via its
canonical effector, WASP.

Racl and Rac2 may play distinct roles in macrophage podosome formation. Racl deficient
macrophages show impaired podosome formation with fewer cells displaying podosomes
that lacked the adhesion ring, while Rac2 deficiency results in complete loss of podosomes
in macrophages [41]. Interestingly, Rac2-deficient cells were still able to migrate
directionally, despite altered morphology, but were unable to invade through matrigel in
vitro. This would suggest that podosomes are not required for efficient chemotaxis as
previously suggested [11], but may still be required for invasion. DC podosomes were also
found to depend on Racl/2 activity, and PLCy2 was important in regulating Racl activation
[42]. Indeed, DCs from PLCy2 deficient mice displayed abnormal podosome arrangement
with loose clusters and lack of a discernible adhesion ring [42]. Racl and Rac?2 are therefore
essential in podosome formation and organization.

The role of RhoA has been somewhat controversial and its influence on podosomes may
reflect cell type dependent differences or an effect of distinct RhoA effectors downstream of
distinct signals. For example, inhibition with C3 transferase induced podosome disassembly
in DCs [37], though this treatment may target other GTPases than just RhoA [43]. Acute
podosome disassembly in immature DCs induced by PGE, was dependent on RhoA via a
CAMP-PKA pathway [17]. In osteoclasts, transduction of TAT-RhoA V14 induced
podosome formation [44] while C3 transferase treatment on osteoclasts adhering on
mineralized matrix prevented formation of the sealing zone [20]. This presumably works via
a Rho kinase (ROCK)-dependent pathway, as the ROCK inhibitor Y-27632 inhibited bone
resorption in vitro [45]. C3 treatment in osteoclasts plated on glass, however, stabilized the
podosome belt following microtubule depolymerization [46] also implicating Rho in
destabilization of the sealing zone. The same study reported disruption of the podosome belt
when constitutively active RhoA was microinjected into osteoclasts. Indeed, RhoA inhibits
microtubule acetylation and therefore stability of the podosome belt, an activity mediated by
the effector mDia2 and the subsequent activation of the deacetylase HDACG6. RhoA is
therefore involved in multiple aspects of podosome dynamics influencing both the formation
and the stability of podosomes. This may be achieved by engaging with distinct RhoA
effectors and their targets, or alternatively, by tuning of the amplitude of a signal such that
above a threshold of activity RhoA can have either a positive or a negative effect on
podosomes.

The above studies established a link between Rho GTPase activity status and the regulation
of podosomes. However, the exact sequence that regulates the interplay between the Rho
family GTPases is still missing.

2.1 Other GTPases

The roles of small GTPases other than the conventional RhoA, Racl and Cdc42 on
leukocyte podosomes have not been explored in detail. However, Arf6 has been implicated
in podosome formation in immature DCs as a constitutively active form (Q67L) or a GDP-
locked mutant (T44N) decreased the number of cells displaying podosomes. Intriguingly,
the nucleotide-free T27N mutant of Arf6, only induced a modest decrease in podosome
numbers [47]. Similarly, in osteoclasts, Arf6é T27N did not affect sealing zone formation,
unlike the constitutively active mutant Q67L [48], which was inhibitory. Depletion of the
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Arf-GAP GIT-2, but not GIT-1, similarly prevented sealing zone formation in osteoclasts.
GIT-2 is a substrate for the Src tyrosine kinase, an enzyme with extensive functions in
osteoclast podosome dynamics (discussed below).

The unconventional Rho GTPase Wrchl, also known as RhoU, localizes to the osteoclast
podosome belt [49]. Overexpression of either wild-type, dominant negative or constitutively
active Wrch1 altered the organization of the podosome belt but did not affect bone
resorption in vitro [50]. The exact role of Wrch1l in osteoclast podosomes remains therefore
uncharacterized [51]. Overall, these studies indicate that multiple small GTPases regulate
podosome dynamics.

2.2 GTPase regulation

Despite the well-established role of Rho family GTPases in podosome formation and
dynamics, GEFs that activate GTPases in the context of podosome regulation have not been
extensively studied. aPIX, a Rac/Cdc42 GEF has been found to localize to podosome rings
and regulates podosome size and number [52]. Interestingly, interfering with the GEF
activity of aP1X did not affect podosome number significantly, implying that it may play
another role in podosome dynamics independent of GEF activity. The localization of aPIX
to macrophage podosome rings may be due to its association with the protein GIT-1, which
is known to interact directly with paxillin, another podosome ring component [53]. GIT-1 is
a GAP for the GTPase Arf6. It is possible that the interaction between GIT-1 and aPIX may
link the Cdc42, Racl and Arfé GTPases in podosome formation, or alternatively, that it
restricts Arf6 activity from the podosome core thus preventing Arf6-induced podosome
disassembly. The function of aP1X in podosomes remains controversial, especially due to
the fact that sSiRNA against o or B PIX did not interfere with sealing zone formation of
osteoclasts [48].

Recently a Racl-specific GEF, FARP2, has been demonstrated as being important in
podosome regulation of osteoclasts. Overexpression of a FARP2 construct lacking the GEF
domain in osteoclasts abolished podosome formation while osteoclasts from FARP~~mice
failed to resorb bone efficiently in vitro [54]. Vavl, a GEF that regulates Racl also appears
to be important in the regulation of leukocyte podosomes [55] although not required for their
formation but instead for the actin dynamics inside the podosome. On the other hand, while
Vav1 is not required for podosome formation and organization in osteoclasts, Vav3, which
is expressed in abundance in osteoclasts and also regulates Rac1 is indispensable for
podosome formation in osteoclasts [28].

Podosome regulation by Rho GAP activities is unknown. However, Cdc42GAP deficiency
in neutrophils has been associated with a decrease in the presence of podosome-like
structures in neutrophils [1], supporting earlier studies that suggested tight regulation of
Cdc42 for podosome assembly [38].

The fact that interference with all three major Rho GTPases affects podosomes in
macrophages and DCs suggests a co-operative or complementary function or, on occasion,
antagonistic. For example, PGE, stimulation, which induces podosome loss in DCs via
RhoA-ROCK, increases RhoA-GTP levels while Rac1-GTP and Cdc42-GTP are decreased
[17]. This can be achieved either through crosstalk between the three GTPases [56] (Figure
2), or alternatively, that each one acts independently of the other at distinct parts of
podosomes or at separate times during the life-time of a podosome. The use of biosensors
for reporting GTPase activity would be a useful tool to explore the time, location and
interdependency of GTPase activities during conditions that promote podosome formation
or disassembly [57, 58]. These, linked with identification of specific GEFs, GAPs and
effector proteins will decipher the roles of all GTPases.
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2.3 Effectors of Rho GTPases in podosome regulation

Despite numerous Rho effectors with catalytic or scaffolding activities, those with specific
functions in podosome regulation are largely unexplored. Importantly, not all effectors that
mediate cytoskeletal changes may be required for podosome formation. For example, the
WAVE2 complex, which acts downstream of Rac, does not affect podosome formation in
macrophages [59]. Of the known canonical effectors, the functions of ROCK, PAK4 and
WASP are discussed.

2.3.1 ROCK—As mentioned above, RhoA mediates the dissolution of podosomes by
PGEo,. This is dependent on ROCK activity since pharmacological inhibition of ROCK
prevented podosome disassembly by PGE,. This RhoA-ROCK effect was dependent on
myosin I1A contractility as podosome disassembly is sensitive to blebbistatin [17]. The
RhoA-ROCK signaling axis therefore promotes podosome dissolution through myosin-
dependent contractility. Likewise, reduced ROCK activity is required for the stability of
osteoclast podosomes. The two Rho associated kinases, ROCK | and ROCK Il have distinct
functions [60], and presently it is not known whether either or both affect podosomes in
leukocytes. Interestingly in osteoclasts, ROCK Il was found to phosphorylate CD44 [45], a
transmembrane protein and component of the podosome core [61], and ROCK activity was
required for efficient bone resorption [45]. These apparently conflicting functions of ROCK
and myosin I1-mediated contractility can be reconciled by assuming that a basal level of
RhoA-ROCK-myosin Il regulates podosome formation and function, but that increases in
activity dissolve podosomes [62] (Figure 2).

2.3.2 PAK4—PAKA4, a group Il PAK family member, binds preferentially to Cdc42 and not
to Racl [63]. It is localized to macrophage podosomes and forms part of a complex together
with aP1X (see section 2.2, above). PAK4, unlike aP1X, localizes to the cores of
macrophage podosomes. Its localization and activity in macrophage podosomes may
therefore be independent of aP1X [52]. siRNA-mediated downregulation of PAK4 or
expression of a truncation mutant lacking the GTPase binding domain severely impaired
podosome formation. On the other hand formation of podosomes was independent of its
kinase activity indicating a scaffolding role for PAK4 in podosome formation [52].
However, catalytic domain mutants of PAK4 affect actin in podosomes with a kinase-dead
mutant resulting in smaller podosomes with less F-actin, opposite to a catalytically enhanced
PAKA4, that resulted in larger podosomes with more F-actin [52]. Substrates of PAK4 that
may regulate actin content in podosomes have yet to be identified. However, a target for
PAK4 LIMK phosphorylates and inactivates cofilin [64] and suggests that the effect of
PAK4 on podosome F-actin could potentially involve the cofilin activity cycle [6, 65].
Active PAK4 may therefore inactivate cofilin via LIMK phosphorylation, resulting in
decreased filament severing by cofilin and enhanced F-actin content. The above data point
to two distinct functions for PAK4, one that is catalytically-independent and is involved in
podosome formation, and another, catalytically-dependent and affects actin dynamics inside
podosomes.

2.3.3 WASP-a critical intermediate in podosome formation—WASP is a scaffold
protein and an actin nucleation promoting factor that acts via the Arp2/3 complex. It is an
effector of Cdc42 and it plays a central role in nucleating nascent podosomes. WASP
deficiency in humans with WAS or in mice with genetic deletion results in loss of
podosomes in a variety of leukocytes, including macrophages [11], DCs [15] and osteoclasts
[26] and disruption of WASP interaction with Cdc42 results in loss of podosomes in
macrophages [40]. A multi-domain protein, WASP has several other critical binding
partners necessary for its function in podosome formation (Figure 2). WASP interacting
protein (WIP) is one such protein. This is highlighted by the fact that the majority of loci
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mutated in WAS or X-linked thrombocytopenia are found in the WH1 domain of WASP,
which is responsible for its interaction with WIP [66]. Inhibition of the interaction of WASP
with WIP results in a drop of the levels of WASP, suggesting that WIP acts as a chaperone
for WASP [66]. Accordingly, loss of WIP in mice results in a dramatic drop of endogenous
WASP levels, and defective podosome formation in DCs [67], and osteoclasts [61] (Sabadel
07). In addition to its interactions with WIP and Cdc42, further interactions of WASP are
also important for its function in podosome formation. The Cdc42- and microtubule-
interacting protein CIP4, member of the Pombe Cdc15 homology (PCH) family of proteins
[68], is also required for WASP-dependent podosome formation though the CIP4-WASP
interaction appears to be independent of Cdc42 [69]. Consistent with this theme, the related
formin-binding protein FBP17 also recruits WASP/WIP to nascent podosomes and regulates
podosome formation [70].

WASP is also a substrate for tyrosine kinases, including src-family kinases (SFKs; reviewed
[71], and its tyrosine phosphorylation status affects podosome dynamics [40, 72]. In
macrophages, WASP is phosphorylated by the SFK Hck (H. Park and D.C., personal
communication), which also regulates podosomes and invasion [9, 39]. A WASP
phosphomimetic (Y291E) expressed in macrophages increased the number of podosomes in
macrophages, the rate of podosome nucleation and filament stability inside podosomes [40].
While biochemical studies have associated WASP tyrosine phosphorylation with enhanced
activity [71, 73], a non-phosphorylatable WASP mutant (Y291F) was still active, but the
active species was not localized correctly in macrophage podosomes as evidenced using
FRET-based biosensors, and did not form podosomes efficiently when plated on fibronectin
[40]. Also, Thrasher and coworkers have generated mice with a knock-in phosphomutant
WASP and the phosphoabolishing Y291F mutation resulted in mice phenotypically similar
to WASP null mice, with DCs not forming well-defined podosomes [72]. Interestingly, the
phosphomimetic Y291E WASP also impaired podosome formation and dynamics. It was
proposed that constitutive WASP phosphorylation resulted in proteasomal degradation of
WASP, hence the result in decreased podosome formation.

Another protein that interacts with WASP [74] is Proline, serine, threonine phosphatase
interacting protein (PSTPIP1) is a heavily phosphorylated adaptor molecule and member of
the PCH family of proteins [68] together with CIP4, FBP17, and Toca-1, all of which
interact with Cdc42 and/or WASp and have roles in podosome formation in macrophages,
discussed above. While its homologue PSTPIP2 is involved in signaling from the CSF-1R
[75], PSTPIP1 is not known to associate with CSF-1R and is likely phosphorylated by c-Abl
[76] and/or SFKs [48]. Mutations in PSTPIP1 result in pyogenic arthritis, pyoderma
gangrenosum and acne (PAPA) syndrome in humans. Recently it was demonstrated that
macrophages from PAPA syndrome patients lack podosomes and cannot degrade matrix or
invade matrigel [77], implicating PSTPIP1 in podosome function. Despite the interaction
between the PSTPIP1 SH3 domain and the poly-proline region of WASP [74], it is not
known whether the podosome phenotype in PAPA syndrome macrophages is due to an
alteration in WASP association, despite a striking phenotypic similarity with WAS patient
cells. The interaction between PSTPIP and WASP is increased in osteoclasts following
osteopontin stimulation and results in the formation of a complex containing WASP,
PSTPIP, the tyrosine kinases Src and Pyk2 and the tyrosine phosphatase PTP-PEST [78].
All the components of this signaling complex localize to sealing zones and could affect its
dynamics. Importantly, several reports have suggested that the interaction of PSTPIP1 with
PTP-PEST results in dephosphorylation of WASP and inhibition of WASP-dependent actin
polymerization [79, 80]. Interestingly, while siRNA-mediated downregulation of PTP-PEST
resulted in retention of a sealing zone, bone resorption stimulated by osteopontin was
impaired. This would indicate that the complex between PTP-PEST and WASP, regulated
by the scaffolding action of PSTPIP1, is required for dephosphorylation and thus
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inactivation of WASP and subsequent cycles of sealing zone disassembly, reassembly and
resorption [78].

4. Tyrosine kinases

From the above example, it becomes clear that apart from GTPases, kinases are also active
in podosome regulation. Historically, it was the transformation of fibroblasts with the
constitutively active form of Src from Rous sarcoma virus, v-Src, which induced formation
of ventral adhesion structures, variable referred to as invadopodia, podosomes or rosettes
[81]. This turned the attention to tyrosine kinases, especially SFKs, in the regulation of
podosomes in leukocytes. Pharmacological inhibition of SFKSs using the inhibitor PP2
resulted in loss of podosomes in human macrophages [39, 82] suggesting they are important
in the stability of native podosomes.

4.1 SFKs — Hck

Hck is a SFK expressed in leukocytes [83], where it plays important roles in motility and the
regulation of podosomes. Hck is expressed as two isoforms, produced by alternative splicing
of the same mRNA; p59Hck and p61Hck, and it is suggested that it is the later that localizes
to macrophage podosomes [39] and osteoclast podosome belt [84]. Hck is activated by
ligation of the urokinase plasminogen activator receptor and the integrin aMp2 [85, 86] in
macrophages, though it is unknown whether these modes of activation are relevant to
podosome signaling. Hck is able to interact via its SH3 domain with the polyproline regions
of WASP, WIP and ELMOL1 [87] and phosphorylates both WASP [88] and ELMOL1 [87]
when these proteins are overexpressed in COS7 or CHO cells, respectively. Hck is also the
major endogenous WASP kinase in macrophages, as ShRNA against Hck results in dramatic
decrease of WASP tyrosine phosphorylation in response to various stimulations (H. Park
and D.C., unpublished data). ELMO1 interacts with Dock180, an unconventional GEF for
Rac1 [89], suggesting that Hck can couple to GTPase signaling. This is further reinforced by
the fact that another Hck substrate, the Rac GEF Vav1l [90], regulates podosome distribution
and their F-actin content in DCs [55]. Importantly, while ectopic expression or constitutively
active p61Hck induced rosette formation in fibroblasts, these were inhibited when cells were
co-transfected with dominant negative Cdc42 or Racl — not RhoA — suggesting that p61Hck
signals via these two GTPases [30]. It is assumed that nascent podosome biogenesis through
p61Hck is achieved by actin polymerization that drives the fusion of lysosomes to
podosomes [30] and this requires the catalytic activity of p61Hck and the concerted activity
of WASP, Arp2/3 and Cdc42 in cell-free assays [91]. However, whether Hck phosphorylates
WASP or other substrates in this setting is unknown.

4.2 SFKs — Src

Src has prominent roles to play in osteoclast podosome assembly and functions. Indeed, the
knock-out mouse of the first ever proto-oncogene to be identified presented with severe
osteopetrosis [24], highlighting the important role it played in bone metabolism. Osteoclasts
from src™/~ mice do not form a sealing zone [92, 93], while re-expression of Src in these
null cells restored the phenotype [94]. Importantly, knock-out of other myeloid-expressed
SFKs did not result in osteopetrosis [95], highlighting the specificity of Src in this process.
Of note, while most double Src™/"Hck ™'~ mice die after birth, those that survived presented
with severe osteopetrosis, suggesting that Hck may perform, at least in part, compensatory
roles with Src in osteoclast functions [96]. This is further supported by the fact that Hck
expression was increased in cells from src™~ mice [96]. Src in osteoclasts is activated
following ligation of avB3 integrin via the tyrosine kinase Pyk2 (see 4.3, below) and the
concerted activity of the cytosolic form of the tyrosine phosphatase PTP¢ [97]. Src deficient
osteoclasts form individual podosomes, possibly through the action of Hck, however these
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podosomes lack the surrounding actin cloud, do not assemble a proper adhesion ring around
the F-actin core, show altered actin dynamics inside the F-actin core, and do not form the
podosome belt [98, 99].

Regulation of podosome dynamics by Src is achieved through multiple regulatory and
signaling steps. In osteoclasts, Src can form a complex with the active avp3 integrin and the
tyrosine kinase Syk [27, 100], where it phosphorylates and activates Syk. Syk in turn
phosphorylates the Racl GEF Vava3 resulting in Racl activation and cytoskeletal
reorganization [23] (Figure 3). Cortactin, a major Src kinase substrate is also required for
osteoclast podosome dynamics and bone resorption [99, 101]. Indeed, Src-phosphorylated
cortactin engages in vitro in a complex with WIP and N-WASP and results in enhanced
Arp2/3-dependent actin polymerization compared to non-phosphorylated cortactin [102].
Importantly, all these proteins localize to osteoclast podosomes and the podosome belt [101,
102]. Depletion of endogenous cortactin resulted in loss of podosomes from differentiated
osteoclasts and a mislocalization of WASP and N-WASP from podosome belts [101]. The
requirement for Src-mediated cortactin phosphorylation in podosome dynamics is
highlighted by studies where expression of cortactin with Y-to-F mutations of the three
phosphorylation sites could not rescue for the absence of endogenous cortactin [101] while it
also resulted in reduced life-span of the podosomes [99] in osteoclasts.

Downstream of Src in osteoclast podosome signaling is also Cbl, a ubiquitin ligase that acts
in down regulating several signaling pathways by targeting molecules for the ubiquitination
machinery or via endocytosis [103, 104]. Cbl is phosphorylated by Src and other SFKs,
including Hck, in osteoclasts [104] as well as in macrophages [105-107] and localizes to the
podosome belt in osteoclasts [78, 103] (Tanaka 96; Sanjay 01). Osteoclasts express c-Cbl
and Cbl-b and downregulation of c-Cbl in Cbl-b~/~ osteoclasts disrupted formation of the
podosome belt, and individual podosomes remained loosely connected at the cell periphery
[108]. Chbl is therefore important for formation of the podosome belt in osteoclasts. Cbl
participates in podosome belt regulation through association with dynamin [109, 110] and
microtubules, where it displaces HDACG6 [108] thus resulting in microtubule stability, and
potentially via PI3K (reviewed in [95]).

Pyk2 is a homolog of focal adhesion kinase (FAK), however unlike the ubiquitously
expressed FAK, Pyk2 expression is restricted to neuronal and hematopoietic cells. Pyk2
localizes to the podosome ring in the mouse macrophage cell line 1C-21 [111], suggesting it
participates in adhesion-dependent signaling. Consistently, Pyk2 is phosphorylated
downstream of B2 integrin ligation with clustering antibodies or following adhesion to
various ECM proteins, such as fibronectin, vitronectin, fibrinogen, but not poly-L-lysine,
collagen or laminin [111]. Pyk2 phosphorylation is dependent on the SFKs Hck and Fgr
[112] and Pyk2 deficiency in macrophages results in defective activation of PI3K and RhoA
pathways downstream of matrix adhesion [113].

In mature osteoclasts, Pyk2 is localized to the podosome belt and the sealing zone [93].
Ligation of the avp3 integrin results in elevation of intracellular Ca2* and phosphorylation
of Pyk2 on Y402 [104, 114]. Elevation of intracellular Ca2* occurs potentially through the
activity of PLCy2 [115]. Autophosphorylation of Pyk2 on Y402 is a critical event as it
provides a binding site for the SH2 domain of Src and activates Src via relief of its
autoinhibitory constraints. The Y402F mutation of Pyk2 abolishes Src binding and impairs
bone resorption [116]. Interestingly, a kinase-defective form of Pyk2, which otherwise acts
as a dominant-negative, localizes normally to podosome belt and does not impair the ability
of osteoclasts to resorb bone [25, 116]. This would suggest that another kinase trans-
phosphorylates Pyk2 on Y402 following integrin ligation. The absence of Pyk2 in
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osteoclasts resulted in abnormal podosomes and absence of a podosome belt, while there
were increased RhoA-GTP levels leading to destabilization of the microtubule network [25].
Importantly, expression of activated Src could not rescue for the absence of Pyk2 suggesting
that Pyk2 signaling could involve two pathways, one affecting RhoA and the other
proceeding via Src with both signals being required for bone degradation [25].

5. Transmembrane receptor signaling at podosomes

All cells communicate with their extracellular environment via transmembrane receptors
that recognize soluble or immobilized ligands and transmit signals to the interior of the cell.
Podosomes are the net result of such signals and both adhesion and chemokine and cytokine
receptors participate in their formation or disassembly. Integrins present arguably the most
important and well-studied class of adhesion receptor. The earliest signaling events initiated
by integrins are activation of SFKs and Syk [117], and these are relevant in podosome
formation and dynamics, as have been discussed above. In leukocyte podosomes the 2 and
B3 integrins are found in the podosome ring and mediate adhesion signals [118]. The p1
integrin may be localized in the podosome core as in the case of B cells from B cell chronic
lymphocytic leukemia [2] or the ring, as in the case of DCs [16]. In osteoclast podosomes 3
integrin localizes in rings of the podosome belt, while B1 integrin is altogether absent from
the podosome belt [61]. Substrates onto which leukocytes are usually plated in order to
study podosome formation include ICAM-1, which binds aL (32, fibronectin, which binds a
range of integrins, and vitronectin and bone sialic protein which bind avf3.

Integrins usually exist at a basal, low affinity or inactive state and activation occurs in a bi-
directional manner [117]. Outside-in signaling following ligand occupancy of the
extracellular part of the integrin induces clustering of the receptors and secondary changes
further increasing the affinity of the integrin for its ligand. The second mode of activation,
inside-out signaling, involves a signaling cascade initiated through a secondary receptor,
usually a cytokine receptor, and the transmission of conformational changes from the
intracellular part of the integrin to the extracellular. Thus the integrin is primed for ligand
binding and the transmission of signals to the cell’s exterior, including those that regulate
cytoskeletal organization. The exact conformation and activity state of integrins in
podosomes has been largely unexplored. In osteoclasts, avp3 integrin inside the podosome
belt appears to be in the basal state, as monoclonal antibodies against activation-induced
epitopes could not react with the integrins [119]. By contrast, immunoreactivity against
active avp3 was observed when osteoclasts were treated with CSF-1, and active integrins
were localized to the leading edge and membrane ruffles of migrating osteoclasts [119].

Nevertheless, both modes of signaling appear to be required for integrin signaling in
podosomes. Indeed, plating of DCs on poly-L-lysine did not induce formation of podosomes
or other discernible adhesion structures, unless the media were supplemented with soluble
factors such as SDF-1a [120]. Intriguingly, when cells were plated on the integrin ligands
fibronectin or ICAM-1 alone, they formed large focal complexes but podosome formation
could only be induced when soluble factors supplemented from serum were administered
[120]. This would suggest that growth factors or cytokines induce inside-out signaling that
activates integrins and promotes their specific inclusion in podosomes. This is important
since given the actin core — adhesion ring architecture of podosomes, it is not yet established
which is the initiating structure and what exactly is the inter-relationship, structural and
biochemical, between those two components. Our data where RAW macrophage podosomes
were disassembled by cytochalasin D and podosome reformation was induced by removal of
the cytochalasin D suggested that formation of the F-actin core precedes formation of the
vinculin ring ([40] and unpublished data). It is conceivable therefore that a core structure
regulated by WASP may induce protrusion of the membrane enough to overcome barriers
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and position or cluster activated integrins thus enabling ligand binding and subsequent
outside-in signaling to organize the adhesion ring.

Integrins do not always act alone and require the concerted activity of co-receptors on the
cell surface. Integrin signaling modulation, at least in osteoclast podosomes, is also achieved
via the urokinase plasminogen activator receptor (UPAR; [121], a membrane anchored
glycoprotein acting as a vitronectin co-receptor with avp3 integrin. Specifically, osteoclasts
from uPAR ™~ mice fail to organize a correct podosome belt with podosomes clustering in
rings and peripheral aggregates [121]. uPAR also physically interacts with integrin aMpB2 in
monocytes and macrophages [85, 122] and regulates integrin-mediated adhesion and
extravasation, a process recently described as requiring the extension of podosomes [3].

The macrophage colony-stimulating factor (M-CSF or CSF-1) plays important roles in the
development, homeostasis and motility of cells of the monocytic lineage [123]. CSF-1
signals to the cell via its transmembrane tyrosine kinase receptor, CSF-1R (also known as c-
Fms). As such, it is able to affect cytoskeletal dynamics of macrophages and several
signaling components have been identified to act downstream of the receptor. These include
SFKs, adaptor proteins such as Grb2, PI3K etc. [124]. The precise role of CSF-1R signaling
in podosome dynamics is not well known. For example, in the monocyte/macrophage cell
line RAW 264.7, which grows independently of CSF-1, podosome assembly occurs
spontaneously [40]. However, in CSF-1 — dependent bone marrow derived macrophages
(BMM), withdrawal of CSF-1 resulted in reduction of podosomes [125]. When these CSF-1
deprived cells were stimulated with CSF-1, they gradually recovered their podosomes,
indicating that a signaling pathway exists between CSF-1 and podosome formation. This
was found to require at least PI3K, since pretreatment of BMMs with the inhibitor
LY294002 prevented podosome formation by CSF-1 [125]. It is assumed that PI3K might
act in the regulation of Cdc42, since several GEFs are regulated by PtdIns(3,4,5)P3, the
product of PI3K [32]. Furthermore, WASP activation in macrophages following CSF-1
stimulation requires PI3K activity [126]. Activation and autophosphrylation of CSF-1R
creates several binding sites for molecules such as Src and Cbl, important in the regulation
of osteoclast podosomes as discussed earlier. CSF-1R also participates in inside-out
signaling that activates the avp3 integrin enabling engagement of extracellular matrix
ligands, and involves the MEK pathway (reviewed in [127]). Additionally, CSF-1R may
further influence podosome/sealing zone organization since molecules such as Pyk2, Src,
PLCy and PI3K, all with established roles in osteoclast podosome organization, are either
directly or indirectly activated by CSF-1R [124].

5.2 Syndecan-4

Syndecan-4 is a transmembrane heparan sulfate proteoglycan that has been known to act co-
operatively with integrins in the regulation of focal adhesions [128]. Recently, it was also
identified to influence DC podosomes [129]. While syndcan-4 was found to associate with
a-actinin — positive dots in DCs stimulated for 24 hours with LPS, it is not clear whether
these are bona fide podosomes [130]. Syndecan-4 is mulitimerized in the plasma membrane
by PtdIns(4,5)P, and can bind and activate PKCa [131]. This association is then able to
influence RhoA [132] and Rac1 [133] signaling through RhoGDI phosphorylation [134].
Treatment of DCs with lysophosphatydilcholine (LysoPC) activates PKC3, which
phosphorylates syndecan-4 and influences its interaction with PKCa. This results in
increased levels of phospho-syndecan-4 and decreased podosome numbers, adhesion and
motility [129].
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CD44 is a ubiquitously expressed transmembrane receptor for hyaluronic acid, collagen,
osteopontin and laminin [135]. It is found in the core of osteoclast podosomes that form a
podosome belt [61] (Figure 1). The presence of an extracellular matrix receptor at the actin
core is important as it may potentially link a nascent protrusive podosome to the ECM and
stabilize it before engagement of integrins and the formation of an adhesion plaque around
the F-actin ring. This is, however, an unexplored possibility. Ligands for CD44 were able to
stimulate podosome formation in WIP~/~osteoclasts, suggesting that CD44 is able to signal
directly to WASP. The precise mechanism for this signaling pathway from CD44 to WASP
is unknown, but it could potentially involve a direct interaction between the two molecules,
since CD44 has been shown to interact directly with N-WASP [136]. This is further
supported by the fact that CD44 activation in WIP~/~ osteoclasts could stabilize the protein
levels of WASP, which are otherwise decreased due to the absence of WIP [61]. CD44 is a
signaling receptor in its own right and could potentially influence GTPase activation. For
example, the cytoplasmic tail of CD44 binds ERM proteins, which sequester RhoGDI and
release the bound Rho family GTPase [137]. Furthermore, CD44 interacts with the Cdc42
partner IQGAP1, which inhibits the GTPase activity of Cdc42 thus prolonging its activation
[138]. A feedback loop between osteopontin and CD44 in osteoclasts has been described
[45], which proceeds via ROCK Il and results in CD44 surface expression, however, how
this affects podosomes or sealing zone formation is unknown.

6. Conclusions and perspectives

Podosomes in leukocytes have long been recognized, yet signaling cascades that regulate
their formation and dynamics are only recently becoming elucidated. The central roles
played by integrins, Rho GTPases and Src family or other kinases are well established, and
the fact that they are required for leukocyte motility (Baruzzi 08), establishes a firm
connection between podosomes and motile or invasive behavior of leukocytes. Yet how
these structures are required for motility is unclear. The exact interplay between the various
adhesion and chemokine receptors is also another area that begs more attention. Podosomes
are dynamic and could provide a platform for sensing local changes in the concentration,
composition and mechanical properties of ligands, soluble or insoluble. The relative balance
of extracellular signals, sensed via their respective receptors may then allow the cell to
activate specific signaling pathways and alter its adhesive or motile behavior. For example, a
chemokine gradient may signal the formation of podosomes towards that gradient and the
establishment of polarity, while changes in matrix composition and/or rigidity may signal
for pericellular proteolysis via the podosome.

Importantly, the evidence of podosome-like structures being formed in three-dimensional
environments in vitro can stimulate investigation into their presence and functions in vivo.
These “3D podosomes” may not be comparable in structure with their 2D counterparts, yet
they show common molecular composition with podosomes formed on two-dimensional
planar substrates, e.g. talin, cortactin, and are associated with pericellular proteolysis [10].
The relevance of podosomes in vivo though may not be easy to decipher. The fact that
interstitial migration of leukocytes such as DCs can occur in the absence of proteolysis or
integrin receptors [139] could imply that podosomes are redundant for motility in 3D or,
alternatively, it may highlight the inherent plasticity of these cells in orchestrating migratory
behaviors. Nevertheless, the activity of MT1-MMP appears to be a common essential
element in tissue recruitment of macrophages [140] and other leukocytes [141] under
inflammatory conditions. Experimentally, therefore, the presence of podosomes in vivo may
have to be selected based on other considerations, for example, when a leukocyte encounters
a distinct surface and displays a distinct polarity towards that surface such as when
leukocytes encounter a luminal endothelial surface or a basement membrane. This will then

Cell Signal. Author manuscript; available in PMC 2012 August 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dovas and Cox

Page 13

allow for the proper definition of the context into which signaling components may be
required for migration through distinct tissues.
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Figure 1. Structure of leukocyte podosomes

(A). A human monocyte-derived macrophage stained for F-actin (i, red) and vinculin (ii,
green). The boxed areas were merged and enlarged in (iii). Vinculin forms rings around the
F-actin core of the podosome.

(B). Cartoon of a podosome. F-actin and actin regulatory molecules, such as WASP,
cortactin, Arp2/3 are located in the podosome core, which is tethered to the extracellular
matrix via CD44. The podosome ring contains integrins, which connect the extracellular
matrix to the interior of the podosome via cytoskeletal linkers, such as talin and vinculin,
and and regulate signaling cascades via tyrosine kinases, such as Src and Pyk2. Actin cables
link the ring structure to the podosome core. Podosomes provide a focal point for MMP
secretion and matrix degradation and remodeling.
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Figure 2. RhoGTPase signaling in podosome regulation

The three major RhoGTPases, Cdc42, Rac and RhoA are essential for podosome formation
and disassembly. All three GTPases potentially crosstalk (dashed arrows) and thus influence
each other’s activity and ultimately, podosome dynamics. GEFs that activate Rac in
podosome formation and regulation have been identified, but remain unknown for Cdc42
and RhoA. Cdc42 provides a major signal for podosome assembly via its effector WASP,
which stimulates Arp2/3-dependent actin polymerization and acts as a scaffold to bring
together signaling molecules. RhoA can play opposing roles in podosomes. Signaling via its
effector mDia2 regulates microtubules and influences podosome stability. ROCK-dependent
signaling may either contribute to podosome belt formation (in osteoclasts) or podosome
disassembly and could be dependent on the strength of the RhoA-ROCK signal with low
activity contributing to podosome assembly and high activity to disassembly.

Dashed lines represent speculative functions.
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e Pyk2
sre

Figure 3. Signals regulating podosome cluster to podosome belt/sealing zone formation in
osteoclasts

Upon osteoclast maturation, podosomes transition from clusters to a podosome belt or a
sealing zone, depending on the matrix onto which the cell adheres. This transition is
dependent on signaling orchestrated by the avp3 integrin. Matrix adhesion and cross-talk
with the CSF-1R promotes integrin-dependent activation of the kinases Pyk2 and Src. Src in
turn phosphorylates and activates Syk, which phosphorylates and activates the Rac GEF
Vav3 resulting in increased Rac-GTP levels and actin rearrangement.
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