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Osteoclasts are the cells responsible for physiological
bone resorption. A specific organization of their most promi-
nent cytoskeletal structures, podosomes, is crucial for the
degradation of mineralized bone matrix. Each podosome is
constituted of an F-actin-enriched central core surrounded
by a loose F-actin network, called the podosome cloud. In
addition to intrinsic actin dynamics, podosomes are defined
by their adhesion to the extracellular matrix, mainly via core-
linking CD44 and cloud-linking integrins. These properties
allow podosomes to collectively evolve into different patterns
implicated in migration and bone resorption. Indeed, to resorb
bone, osteoclasts polarize, actively secrete protons, and pro-
teases into the resorption pit where these molecules are con-
fined by a podosome-containing sealing zone. Here, we review
recent advancements on podosome structure and regulatory
pathways in osteoclasts. We also discuss the distinct functions
of different podosome patterns during the lifespan of a single
osteoclast.

Osteoclasts (OC) are multi-nucleated giant cells deriving
from the fusion of mononucleated precursors. Their normal
physiological function is bone degradation. However, in certain
pathological conditions such as age-related osteoporosis, tumor
osteolysis, or the inflammatory disease rheumatoid arthritis,
OC:s are excessively differentiated and/or highly active leading
to increased, pathological bone loss."* Conversely, a significant
reduction of either osteoclastogenesis or OC function leads to
osteopetrosis, a bone disease characterized by high bone mass.
Hence, understanding how OCs differentiate and how they
degrade bone is necessary to decipher bone physiology and
pathology. In this review, we will briefly discuss how OCs are
differentiated and how they polarize and degrade the stiffest
physiological matrix: bone. We will mostly detail advancements
pertaining to the organization of the OC actin cytoskeleton
that is mandatory for bone resorption and resorption-related
functions.
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Osteoclasts are Multinucleated Cells
from the Monocytic Lineage

OC:s derive from the differentiation and fusion of mononu-
cleated hematopoietic precursors of the myeloid lineage, which,
in turn, originate from granulocyte/macrophage progenitors
(GMPs). GMPs can be induced by Macrophage colony-stim-
ulating factor (M-CSF) to differentiate into monocytes (Mo),
dendritic cells (DCs), macrophages, and OCs.® The identifica-
tion of the key osteoclastogenic cytokine Receptor Activator of
NF«kB ligand (RANKL) in 19987'° accompanied by technologi-
cal advancements, mainly Fluorescence-Activated Cell Sorting
(FACS), has allowed the isolation of specific human and murine
GMP-derived monoclonal populations and the investigation of
their osteoclastogenic potential ex vivo. Strikingly, all the data
so far obtained have described wide osteoclastogenic plasticity
across the myeloid lineage of which very early myeloid precursors
as well as committed Mo, macrophages, and DCs can differenti-
ate into OCs."'"7

It is now established that M-CSF induces GMPs or GMP-
derived cells to differentiate into OCs precursors that express
RANK, the receptor of RANKL, and Triggering receptor
expressed by myeloid cells-2 (TREM2).!%" Upon recognition of
RANKL by RANK and activation of Immunoreceptor tyrosine-
based activation motif (ITAM) family receptors, OC precur-
sors undergo further differentiation to mononuclear pre-OCs
with a high activity of the transcription factor Nuclear factor of
activated T cells, cytoplasmic 1 (NFATcl), and a high expres-
sion of resorption-related genes, e.g. Tartrate Resistant Acidic
Phosphatase (TRAP), cathepsin K, and avp3 integrin.'s2*
Finally, pre-OCs fuse to give rise to multinucleated OCs, the
mature bone-resorbing cells. This process of OCs differentia-
tion is regulated by various transcription factors and exogenous
factors at different stages. While other immune cytokines such
as TNF-a have been shown to regulate osteoclastogenesis, it is
noteworthy that mice deficient of c-Fms (the M-CSF receptor),
RANKL, and RANK do not have OCs.?** Indeed, osteoclasto-
genesis but also bone resorption are regulated: by OBs through
expression of RANKL and its antagonist osteoprotegerin (OPG);
by osteocytes through RANKL expression; and by immune cells
though expression of M-CSF, RANKL, TNF-a, and different

interleukins.?%24
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Figure 1. Bone-resorbing OCs are polarized. In contact with bone, OCs exhibit functional membrane domains defining apico-basal polarity. At the bone
surface level they form the actin-rich sealing zone (green) around integrins, such as aVR3. Sealing zone delineates the ruffled border (RB) where bone
degradation takes place. The ruffled border is formed as a consequence of trafficking of vesicles in the endosomal pathway, and therefore, has charac-
teristics of a late endosomal membrane. H* protons are generated through the activity of carbonic anhydrase Il and excreted in the resorption lacuna
through V-ATPase, leading to acidification and mineral dissolution. In addition, proteases are secreted in the lacuna through the ruffled border leading
to degradation of organic matrix components. Simultaneously, degradation products from the resorption process are removed from the resorption
lacuna by a transcytotic pathway and released at the functional secretory domain (FSD). A reverse pathway from the functional secretion domain to the

ruffled border has been identified (blue).

Bone Degradation: Polarization,
Acidification, and Proteolysis

Once a differentiated, multinucleated OC adheres on the min-
eralized bone matrix it can start resorbing bone. It first becomes
polarized and its membrane is reorganized into four distinct and
unique domains: the sealing zone (SZ) that is tightly adherent
to the matrix; the membrane-rich ruffled border (RB) centrally
positioned relative to the SZ; the basolateral domain (BD); and
the functional secretory domain (FSD) at the basal pole of the
cell, distal to the matrix® (Fig. 1).

The function of the RB, surrounded by the SZ, is to acidify
the subjacent resorption lacuna, therefore dissolving the min-
eral phase of bone and to secrete proteases that will degrade the
organic phase of bone.” Bone degradation thus both occurs
through and results in the release of minerals (e.g., calcium,
phosphate) and peptides into the resorption lacuna. These deg-
radation products are then transmitted to the OC FSD via tran-
scytosis, and eventually into the microenvironment to contribute
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to general homeostasis. Interestingly, bone resorption also leads
to the emission of signaling molecules such as TGF-f3, formerly
embedded in the matrix, into the bone microenvironment.?¢%
The RB is a convoluted membrane with a high surface area that
forms as a consequence of active and directed transport of vesicles
that fuse with the plasma membrane in the basal pole of the OC,
facing the bone matrix****% (Fig. 1).

In order for bone degradation to be efficient, the OC tightly
regulates the acidification of the resorption lacuna (pH 4.5)
where it also maintains a high protease concentration.**** What
enables the OC to maintain these conditions is establishing the
SZ. The SZ is a circular adhesive superstructure comprised of
a multitude of dotlike, actin-containing structural units called
podosomes.
presented in a variety of cell types from distinct lineages, can

Podosomes and podosome-related invadopodia,

directly degrade extracellular matrices.>¥ In OCs, however, the
role of the podosomes is to collectively form the SZ, thus to sur-
round and isolate the RB. Hence, the latter is the bone-degrading
organelle per se in OCs.*®
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How the SZ is organized starting from the establishment and
subsequent patterning of singular structural units, i.e., podo-
somes, is key to understanding bone degradation, and conse-
quently, bone remodeling.

Podosome Formation in Osteoclasts

At very early stages of their RANKL- and M-CSF-induced
differentiation in vitro, OCs form integrin-based and actin-
rich adhesive structures called podosomes. Podosomes are cir-
cular structures that are around 1 pm-wide and that rise from
the plasma membrane into the cytoplasm reaching a height of
around 0.6 pm.**! They participate in OC adhesion, spreading,
migration, and bone degradation. In fact, genetic depletions in
mouse models of podosome components or regulatory proteins
leading to their disruption have serious consequences on the bone
phenotype (will be discussed below).

Although the existence of podosomes has not yet been dem-
onstrated in vivo due to physical limitations of imaging methods,
their formation in OCs seeded on their natural substrate, i.e.,
bone, has been documented by electronic microscopy and fluo-
rescence microscopy.”> Hence, their formation in vivo is highly
plausible.

The role of integrins

Integrins are transmembrane matrix receptors that are present
at, but not restricted to, the base of podosomes and constitute a
link between the extracellular matrix and the actin cytoskeleton.
These heterodimeric receptors are essential for podosome-related
OC function, such as adhesion and resorption.” The importance
of integrins to bone physiology and OC function has been evalu-
ated through extensive molecular studies of av33 integrin as well
as the matrix-degradation defects observed in Glanzmann patients
and in mice carrying lack-of-function mutations in the 83 inte-
grin gene.**¢ The reduced resorption activity from which suffer
B3~ OCs is thought to be caused by loss of avB3-mediated sig-
naling that regulates cell polarity and cytoskeletal organization.”
Likely, other integrins, namely Bl-containing dimers, are also
involved in OC function. Two recent reports using B1-deficient
OC and B1-deficient Src-transformed murine fibroblasts point
to the important role of the $1 subunit in the formation of podo-
somes and their related adhesive structures called invadopodia,
respectively.”*® Some studies of integrin expression have shown
that av, a2, B1, and B3 subunits are found in OCs from human
bone tissue.”

In addition to their expression and localization to the cell
membrane, another major factor in the podosome-organizing
capacity of integrins is their activation. Indeed, the deletion of
kindlin-3, an intracellular activator of integrins, in mice leads
to a severe deregulation of podosomes in OC and to signifi-
cant reductions of OC-mediated bone resorption. This genetic
deletion of kindlin-3 in mice mimics osteopetrosis observed in
patients with mutations in the kindlin-3 gene, due to a block of
their resorptive capacities.”” It has been shown that loss of av,
B1, and B3 subunits, through kindlin-3 inactivation, ends up in
a more severe osteopetrotic phenotype than 33 mutants alone.
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The recruitment of adhesion plaque molecules

Besides integrins, other structural proteins are recruited to
build the podosome. These proteins are described as cytoskel-
etal adaptors that organize F-actin. We have found it suitable
to collectively call them “plaque proteins.” One of these pro-
teins is talin, which binds the cytodomain of B3 integrin sub-
unit and contributes to its inside-out activation.’®' Talin is an
elongated antiparallel flexible dimer® capable of also binding
other podosome components, such as F-actin and vinculin.®® In
turn, vinculin is able to bind F-actin, a-actinin, and paxillin.>*>
The sequestration of these F-actin anchoring/docking proteins
to several concentric integrin sites at the immediate vicinity of
the plasma membrane, an interface usually called the “adhesion
plaque,” indicates that podosome assembly occurs in a bottom-up
direction. Furthermore, the actin filaments that are anchored by
these integrin-associated proteins are crosslinked by myosin 11
and a-actinin and organize into co-axial segments linking con-
centric integrin sites.*> This peripheral region of the podosome is
called the podosome cloud. At the center of these radial segments,
i.e., of the podosome cloud, the F-actin network characterized by
a higher order of density is called the “podosome core” (Fig. 2).

Molecular mapping of the podosome subdomains: The
cloud and the core

The high F-actin density in the podosome core is largely due
to oriented and highly dynamic actin nucleation and branch-
ing machinery composed of cortactin,’® the Arp2/3 complex,
(Neuronal-) Wiskott Aldrich Syndrome Protein (N-)WASP,
and WASP-associated protein (WIP).”® The latter is neces-
sary for the formation of the actin core for several reasons. First,
by binding both to cortactin and actin monomers (G-actin),
WIP recruits G-actin to cortactin-activated Arp2/3 nucleation
sites proximal to the cytoplasmic membrane.”® Second, WIP
interacts and activates actin-organizing molecules (N) WASP,
Nck, and myosin.”®®*¢" Third, WIP protects WASP from pro-
teasomal degradation.®? The importance of WIP is underlined
through the cytoskeletal phenotype of WIP~- murine OCs,
which produce podosomes that lack the core domain.® Because
WIP colocalizes with the podosome core, this phenotype sug-
gests that the podosome cloud could form, at least partially
independently of the podosome core.

The study of WIP in OCs has underlined the importance of
an unexpected podosome component: CD44. CD44 is a cell-
surface transmembrane proteoglycan that binds to hyaluronic
acid, collagen, osteopontin, and laminin.® The matrix-depen-
dent activation of CD44 can rescue podosome core formation
in WIP-~ OCs and increases overall adhesion of these cells to
their substrate. The need for outside-in activation of CD44
has been demonstrated by addition of an activating antibody
and testing its podosome-inducing capacity on different sub-
strates.® Surprisingly, inside-out activation of CD44 has not
been investigated so far and the detailed molecular mechanism
by which CD44 supports podosome core formation remains
unclear. However, the non-overlapping localizations and func-
tions of avP3 and CD44 served as decisive proof for the dis-
tinction between the two podosome domains: the cloud and
the core.
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Figure 2. Current model of dynamic podosome patterning in OCs. Podosomes (green) are collectively arranged into clusters (A), rings (B), and then
finally into either sealing zones (SZ) on glass (C) or SZ-like structures (SZL, also called “belts”) on non-mineralized substrates (D). In the cluster, podo-
somes are grouped in close vicinity as can be seen by immunofluorescence (IF) in an area of the cell (A’) and have a “relaxed” architecture (A”). Podosome
clusters evolve to transient ring patterns. The SZ ensures proper bone resorption by confining the degradation molecules secreted by the OC ruffled
border into the resorption lacuna. The SZ-like structure is not associated with a functional activity and is at the extreme periphery of the cell. There is
an increase in podosome density and interconnectivity in the SZ (C”) and the SZL (D”) compared with the cluster. Kinetic, biochemical, and structural
properties that accompany the patterning process are also displayed in this scheme. Scale bar in all micrographs is 5 um.

In parallel to the core-specific function of CD44, the tyro-
sine kinase Src has podosome cloud-specific function. In fact,
Src”” OCs exhibit podosomes with cores but without clouds.®
The SH2 or SH3 domains of Src are necessary for the dock-
ing of Src to the podosome cloud. This localization of Src can
therefore allow it to exert its tyrosine kinase activity on podo-
somal proteins. Both the localization of Src and its enzymatic
activity are essential for full podosome assembly.®

Finally, a novel podosomal subdomain has been reported
in macrophages: the podosome “cap.” The existence of this
domain has been concluded from the localization of the formin
FRLI on top of the podosome core.®“ Its potential role, how-
ever, is still to be elucidated and its presence in OCs should be
confirmed.

Spatio-temporal order of podosome assembly

The exact spatio-temporal sequence of recruitment of pro-
teins to the site of nascent podosomes has not been fully dis-
sected. In consequence, the chronological priority of cloud
versus core formation during normal podosome assembly is
still debated. A study published by Luxenburg and colleagues,
however, suggested that the first step of podosome assembly is
the recruitment of cloud-component B3 integrin followed by
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paxillin and the core-component cortactin.”” This step, which
represents the formation of the adhesion plaque at the mem-
brane-cytosol interface, is followed by the apparition of F-actin
at the podosome core simultaneously with recruitment of
a-actinin. Finally, 3 integrin would then further enrich at the
podosome cloud. Although this data consolidates some aspects
of the current podosome formation model, such as down-to-
up assembly and inside-out activation of integrins, it raises a
serious question: how are the site and the direction of actin
nucleation in the core determined in the absence of integrins?
A part of the answer could lie in the fact that, besides $3, other
integrins subunits, such as av, B1, and B2 and other non-inte-
grin receptors, such as CD44, are present at podosome site.*>%
These receptors, which have not been kinetically accounted for,
could therefore participate in initial docking of the adhesion
plaque and F-actin.

Internal podosome dynamics: Interplay between polymer-
ization and contractility

Once the podosome is “constructed,” it has a lifespan of sev-
eral minutes (2—10 min). This seemingly long duration is how-
ever coupled with highly dynamic modulation, which is owed
to intrinsic physical properties of its components.
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First, the scaffold of the podosome, i.e., F-actin, is a poly-
mer that constitutively undergoes fast treadmilling®® and is
entirely renewed every 20—60 s in OC podosomes, i.e., at least
2.5 times within the podosome lifespan.?” This fast actin turn-
over requires the presence of polymerization-regulating mol-
ecules such as gelsolin. This protein is in fact an actin-capping
and -severing protein that cleaves fast growing filament ends,
and thus, creates new nucleation sites.®”’* Gelsolin localiza-
tion at podosomes has been extensively documented’” and its
indispensability to podosome formation in OCs has been con-
firmed.” Moreover, gelsolin depletion in mice results in mild
osteopetrosis indicating a decreased bone resorption.”* The
presence of cofilin, another actin-severing protein at podosome
sites, has recently been described.””’® Cofilin is characterized
with a lower affinity for actin compared with gelsolin” but how
it regulates podosomes is still unknown.

A second level of podosome dynamics is provided by acto-
myosin contractility®® and elastic properties of vinculin and
talin® all present in the podosome cloud. These molecules
convey to podosomes a property called “mechanosensitivity,”
which can be defined by modulation of contractility in par-
allel to F-actin polymerization in the core and, therefore, the
adapration of size and stiffness of the entire podosome to the
extracellular matrix.**”7 Mathematical modeling of gelsolin-
mediated actin polymerization in podosomes has predicted that
F-actin growth can itself be a size-limiting factor of podosome
core growth.” It is therefore conceivable that contractility and
actin polymerization can interdependently modulate podosome
mechanosensitivity.

Osteoclast-specific podosome properties

Podosomes are not exclusively present in OCs. Different cell
types from a variety of lineages also exhibit these cytoskeletal
structures. They include endothelial cells,”” smooth muscle

cells,®

and cells from the monocytic lineage such as DCs and
macrophages.“"*"# The fact that podosome-presenting cells
have different physiological abilities shows the high adaptabil-
ity of podosomes to different microenvironments. Although the
pool of structural proteins that build the podosome is conserved
between different cell types, the signals that transduce podo-
some formation are often different. It is therefore not surprising
that some experimental observations depict differences between
podosomes in different cells. This section will review some of
these differences within the monocytic lineage, in other words,
between podosomes of OCs, DCs, and macrophages.

First, given that dynamic actin polymerization and depoly-
merization are necessary to maintain all podosomes, the genetic
ablation of gelsolin, a high-affinity actin-severing protein that
promotes actin turnover, in OCs results in their inability to
form podosomes and SZs” but has visibly no effect on podosome
formation in DCs.* Second, several studies have described that
podosomes in mature OCs seeded on culture-treated glass col-
lectively evolve into circular patterns called rings and SZ-like
(SZL) structures.” In human and murine macrophages seeded
on 2D substrates, podosomes also collectively organize into
circular structures called “rosettes.”®* However, when seeded
on the same 2D substrate, DCs podosomes do not exhibit
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such circular distributions but rather sustain their individual
aspect.® Third, cell migration has been shown to be mainly
exerted by podosome rings in OCs but not in macrophages
where it is driven by many individual podosomes, nor in DCs
where it is promoted by podosome clusters. These observations
suggest that there are yet unrevealed molecular pathways that
induce the regulation of the actin cytoskeleton in OCs to ade-
quately support bone resorption, the ultimate function of OCs.
Furthermore, the role of WIP to integral podosome formation
seems to be more indispensable to DCs compared with OCs.
WIP-- DCs do not exhibit podosomes at all,®® while WIP-/-
OCs do form podosome clouds (i.e., podosomes without the
core), although overall podosome formation is decreased com-
pared with wild-type OCs.%

Interplay between the actin-containing podosomes and other
cytoskeletal structures, such as microtubules, can also be dif-
ferently regulated between cells. While chemical microtubule
depolymerization by nocodazole severely abolishes podosome
formation in macrophages,®’ treatment with the same chemical at
higher concentrations only partially blocks podosome formation
in OCs but dramatically abrogates their collective patterning.®®
Recently, it has been shown that in OCs, microtubule dynamic
instability plays an important role in podosome patterning
through interacting molecular partners, such as cortactin, ¢-Src,
and EB-1.%

Podosome Patterning in Osteoclasts

Structural and kinetic characteristics of podosome patterns

Regardless of the debated importance of podosomes and
adhesion in general to the OC differentiation process itself, these
structures are undoubtedly crucial for the support of the mature
function of OCs: bone resorption. As early as individual podo-
somes form within an OC, they are collectively and sequentially
organized into patterns along the life of the same cell. These pat-
terns evolve from apparently random groups of podosomes called
“clusters” to circle of podosomes “rings” and, eventually, to more
massive circular structures, i.e., either “SZ-like structures” (SZL,
also known as “belts”) or “sealing zones” (SZ) when adherent
on glass or plastic or on mineralized matrix, respectively**3%4%%
(Fig. 2).

The first pattern formed by a group of podosomes is the
cluster. Several clusters can exist within an OC. At this point,
individual podosomes have a “relaxed” conformation: the
diameter of the core is ~300 nm, that of the cloud is 3 pm,
and the average distance between the cores of two podosomes is
750 nm.** Podosomes being in this vicinity, the radial F-actin
filaments of neighboring podosome clouds overlap in a com-
mon area yet without directly linking the cores to each other,
suggesting the existence of some topological crosstalk between
podosomes.*> The cluster pattern can last up to several hours
in an OC while the lifespan of an individual podosome within
the cluster is around 3 min*?! (Fig. 2). This means that podo-
some patterns are sustained by spatial commitment of de novo
podosome formation through yet unknown mechanisms.
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Several non-exclusive hypotheses could explain this spatial
confinement: (1) a local abundance of matrix-embedded or
membrane-anchored molecules that directly stimulate podo-
some formation; (2) a wider microenvironment-induced cell-
homing mechanism that induces migration or resorption in a
given direction; (3) a cytoplasmic enrichment of podosomal
proteins “left over” from disassembled podosomes, thus shifting
the balance from a diffusion-rate stochastic podosome forma-
tion anywhere at the cell-matrix interface in the favor of the
region containing previous component.

As clusters grow, de novo podosomes are positioned toward
the periphery of the clusters, thus making transient circular
structures that last for a few minutes: the rings (Fig. 2). Although
individual podosomes within a given pattern are not displaced,
it has been suggested that, as a consequence of actin nucleation
and polymerization at the base of the podosome core, nascent
podosomes repel each other while growing.”® The lifespan of
individual podosomes in rings shortens down from 3 min to 1
min,” thus conveying a more dynamic aspect to this pattern
compared with clusters. The shorter podosome lifespan is corre-
lated with a fast ring expansion rate at 2 pm/s.** A more detailed
characterization of ring properties has been technically challeng-
ing because of the transient nature of this structure. However,
what is visible by microscopy of fluorescently labeled actin is that
if rings stabilize, i.e., exceed their typical lifespan without chang-
ing that of individual podosomes,”” rings can give rise either to
the SZ or to the SZL (Fig. 2). When OCs are adherent to a non-
mineralized substrate (glass, plastic), rings are transformed into
SZL by fusing together and positioning podosomes at the very
periphery of the OC.* In contrast, when OCs are on bone or on
dentine, rings give rise to SZs by growing individually and mak-
ing a thicker and more central and stable “super-ring.” Several SZ
can be found in the same resorbing OC.

The SZ and SZL are the most mature podosome patterns. The
role of the SZ is to ensure osteoclastic bone resorption by con-
fining OC-secreted degradation molecules at the vicinity of the
bone matrix. We have shown that their formation is substrate-
exclusive, meaning that the SZ forms only on mineralized sub-
strates such as bone or hydroxyapatite-coated glass.”® However,
Fuller et al. (2010) have provided experimental data indicating
that the SZL, observed on glass or plastic, is associated with the
same functional changes as the SZ, and the difference between
the two structures might be attributable to the greater spreading
caused by smooth surfaces.”

The overall transition from clusters to SZs is marked not
only by a collective displacement of podosomes but also by dif-
ferent internal actin dynamics and increased interconnectivity
between podosomes (Fig. 2). The amounts of actin and other
structural proteins such as paxillin, vinculin, and a-actinin
recruited per podosome increases 3- to 4-fold in this transi-
tion, and neighboring podosomes become more tightly packed
with a core-to-core distance that increases 2-fold on average,
reaching 480 nm in the SZL and 210 nm in the SZ.** With
the increase of intimacy between podosomes, the density of the
F-actin radial fibers that make the podosome cloud increases
(Fig. 2). This allows for clouds to form a continuous circular
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band with a thickness of 2-3 pm in the SZL and 3—6 pm in the
SZ. The podosome cloud is therefore “accorded” 70—-80% of all
the actin present in the podosome (with 20-30% of podosomal
actin in the core) knowing that, at the cluster stage, the cloud
only contained about 30% of actin present in the podosome.”

Although the rate of actin turnover might change from one
pattern to another, it has been shown that individual actin turn-
over rates in the cloud and in the ring are similar and vary simul-
taneously.”” Even if these two podosomal subdomains might
have different molecular architectures, the joint actin turnover
rate attests for a common regulation of actin polymerization.

Finally, all the above-mentioned podosomal patterns can
appear within the lifetime of a single OC but the frequency
of their formation varies as a function of OC maturation. In
the early stages of osteoclastogenesis, the cluster is the most
frequent pattern, making around 65% of all patterns. At the
final stages of OC maturation, the SZL becomes the major pat-
tern, constituting more than 60% of all patterns in OCs.** This
observation reveals that OCs, in order to organize these pat-
terns, not only respond to instantaneous extracellular cues but
also commit very early along their differentiation to end-line
functions such as resorption by reaching mature podosomal
patterns. The fact that this differential patterning frequency
occurs on the same substrate makes it tempting to speculate
that the long-term regulation is directly dependent on genetic
factors. Given that the frequency of SZL patterns coincides with
increase OC fusion events, it would be interesting to investigate
whether multinucleation is a direct genetic determinant of SZ
formation.

Cluster-dependent spreading

It is currently widely accepted that the SZ is the result of
podosome patterning into clusters then rings. While the SZ has
a long-described function, to seal the resorption pit, and the
SZL has not been affiliated with a any specific cellular pro-
cess, a question rises about the cellular functions of the initial
and intermediate podosome patterns, i.e., the cluster and ring,
respectively. Do clusters and rings serve any cellular purpose(s)
besides giving rise to the SZ? Recently published in vitro studies
have provided partial answers to this question.

In an adherent cell such as the OC, the cell-matrix interplay
is continuous but involves several different processes: adhesion
initiation, spreading, and migration. Time-lapse microscopy of
OCs undergoing de novo adhesion onto a substrate has shown
that as soon as these giant multinucleated cells contact the
matrix, they first fully spread before they can start migrating
in a given direction. In the first phase of adhesion, correspond-
ing to approximately the first 10-20 min of contact with its
substrate, the OC becomes attached to it but does not display
podosomes.” Instead, its actin cytoskeleton adopts the form
of intracellular waves of unorganized actin that are pooled in
lateral membrane protrusions. This coincides with the initial,
minimal outward spreading of the plasma membrane. The
subsequent major phase of OC spreading is concomitant with
podosome formation and cluster patterning (Fig. 3).”” Indeed,
after 10-20 min of contact with the substrate, given the fact
that actin recruitment in podosomes occurs at the level of the
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Figure 3. OC adhesion, spreading, and migration. (A) When the OCs first adheres to its substrate, it is contracted and radial waves of disorganized actin
are consistent with the initiation of its spreading. (B) At the early stages of spreading, podosomes form at the periphery of the OC and cluster at the
edges of the cell. The dynamic turnover of actin within each podosome leads to podosome growth. Growing neighboring podosomes apply forces on
one another and, to the substrate if possible, thus leading to further spreading of the cell periphery. Individual podosome growth during OC spreading
also leads to their collective patterning from clusters into circular superstructures called podosome rings. (C) Podosome rings continue to display the
actin dynamics and podosome growth observed in clusters. The expansion of individual rings generates forces that drive OC displacement. A typical
mode of OC motility on two-dimensional substrates, called saltatory migration, is a biphasic cycle, namely due to ring assembly and disassembly in dif-
ferent areas of the cell. In the first phase, podosome rings expanding at the same side of the cell, drive OC displacement in a straightforward direction.
The second phase is consistent with the disassembly/collapse of one or more rings and the continued expansion of the remaining ring leads to a 90
°C-angular turn in direction. Soon after the angular turn, new rings are formed and determine the new leading edge of the OC, thus restarting a second
phase of straightforward movement. The latter ends with a new angular turn and the biphasic cycle of migration is therefore maintained for several
rounds, allowing the OC to cover a wide area of the substrate. Saltatory OC migration can be characterized by quantifiable parameters, such as an aver-
age velocity of 0.8 um/min and an average instantaneous persistence of 0.45. This mode of migration as well as its quantified parameters have been

characterized in OC migration on culture-treated dishes.

adhesion plaque at the immediate vicinity of the cell membrane,
it would mean that podosome assembly and, podosome core
growth in a bottom-up manner exerts a force on the membrane
itself, pushing it away from the center of the cell, and thus,
inducing spreading (Fig. 3).17%9>¢ Conversely, the inhibition
of integrins in an already-spread OC results in two sequential
phases of detachment: first, within the first seconds, podo-
somes disassemble but the cell remains spread, then, the cell
retracts and detaches from the substrate.”” These observations
have allowed the conclusion that podosomes are not the only
mediators of adhesion in OCs, at least in a short period of time,
but that they greatly enhance and maintain it. Indeed, while
previous investigations of OC adhesion have been performed
on culture-treated substrates, it has been shown that OCs can
adhere when seeded on a substrate, which does not allow podo-
some formation, i.e., devoid of either integrin ligands or more
75,93

specifically avB3 integrin ligand.
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Ring-driven saltatory migration

An adherent and fully spread OC forms podosomes that grow
in a confined space during their assembly phase. The growth
of podosomes in close vicinity within a cluster leads to them
“pushing” each other, thus resulting in a ring pattern. While
rings expand by rapid podosome assembly and disassembly in
an outward radial direction, they apply traction forces on the
matrix, thus steering a part of the cell that becomes a leading
edge. This cluster-to-ring transition corresponds with the ini-
tiation of OC migration (Fig. 3). Within one OC, at least two
podosome rings grow simultaneously, hence creating two lead-
ing edges at opposite directions of the cell. Rings on one edge
eventually dissociate, whereas the most stable ring determines
the migratory direction” (Fig. 3). These events translate into a
cyclic biphasic migration model comprised of: the straightfor-
ward movement phase, followed by the angular “jump” of the
entire cell of a characteristic deviation of 90 °C” (Fig. 3). In the
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normal situation, the OC migrates at an average instantaneous
velocity of 0.8 pm/s and with a track persistence value of 0.45
(0 being a constant rotation of the cell around itself and 1 being
a perfectly straight line)?” (Fig. 3).

Podosome-driven migration seems to be the main mode of
OC motility when these cells can actually form podosomes,
i.e., when these cells are seeded on culture-treated substrates or
on bone. Interestingly, a recent report investigating OC differ-
entiation and migration on non-functionalized substrates, i.e.,
substrates without integrin ligands, has shown that OCs devoid
of podosomes can still efficiently migrate and differentiate.”

Podosome Regulatory Pathways in Osteoclasts

Ring-driven migration and SZ formation are essential to
OC-mediated bone resorption. Podosomes are the structural
units of the ring and the SZ and, although the intrinsic molec-
ular composition of podosomes is well described, the signaling
pathways that govern their collective organization into these
superstructures remains relatively uncovered. This section will
focus on the essential studies that have elucidated the molecular
mechanisms involved in podosome patterning.

Tyrosine protein kinases—Focus on Src

During the collective patterning of podosomes into the SZ
or the SZL, the apparent amounts of structural proteins such
as actin, vinculin, cortactin, a-actinin, and paxillin increase
within the individual podosome. The increase of these proteins
is inversely correlated with global tyrosine phosphorylation in
podosomes (Fig. 2).°**® This residue-specific post-translational
modification has been associated with dynamic changes in adhe-
sion structures.

In OCs, Src localizes to podosomes and is important for
their assembly as well as their patterning.® In addition, Src™/-
mice exhibit a severe osteopetrosis due to dysfunctional OCs.”
The dual importance of Src involves structural/docking activ-
ity and kinase activity. The first is necessary for the proper
formation of the actin cloud in podosomes probably by bind-
ing the cytoplasmic tail of 3 and Pyk2 at the same time.*'%
Podosome cluster to podosome SZL transition is impaired in
both Src’~ and Pyk2~'~ osteoclasts, resulting in defective bone
resorption.®!'”! Interestingly, although Src kinase activity has
been shown important for podosome initiation, it is most cru-
cial for podosome patterning by phosphorylating several down-
stream targets regulating actin dynamics in osteoclasts.” In
contrast, Pyk2 catalytic activity is not required for such transi-
tion but rather controls microtubule-dependent belt formation
through inhibition of RhoA-mDia2 pathway."” Upon integ-
rin activation, Cbl adaptator proteins are also recruited by the
Src-Pyk2 complex to promote podosome SZL formation.'*
Dynamin overexpression increases OC-mediated bone resorp-
tion and migration. Cbl was shown to indirectly bind to dyna-
min and form a complex at the podosome SZL. In addition,
Src kinase activity is able to disrupt this complex promoting
dynamin self-assembly and GTPase activity. In turn, dynamin
GTPase activity reduces Pyk2 Y402 phosphorylation, which
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induces Src dissociation from the complex, providing a possible
negative feedback of the Src signaling cascade and suggesting a
coordinated role of Src, Cbl, and dynamin in regulating actin
remodeling.'”'** Moreover, Src can activate another tyrosine
kinase Syk, which is involved in podosomal rearrangement
by facilitating Rac GTPase activation.'” Indeed, mice lacking
Sre, Syk, or Vav3 expression suffer from increased bone mass
due to defective OC-resorption.”*'1” Another target of Src
is cortactin, which induces slow actin turnover in podosomes
in its phosphorylated form, and thus, contributes to SZL for-
mation.”>'%® Finally, Src expression has been shown to increase
during osteoclastogenesis,'” thus suggesting that it is needed
for mature podosome patterns.'® When other tyrosine kinases
that are important for podosome patterning such as Hck are
deleted, OCs compensate for this deletion by overexpressing
Src, which in fact re-establishes mature podosome patterning,
i.e., SZL formation, and above-average OC resorptive capacity.
However, Src is not expressed in OC precursors, and therefore,
its overexpression cannot rescue defected precursor migration
toward bone. As a result, Hck”/~ mice, despite overexpressing
Stc in OCs, are ostepetrotic.'”

It is widely assumed that tyrosine phosphorylation of
downstream mediators of integrins (e.g., ¢-Src, Pyk2) and of
podosome-associated proteins, is an essential mechanism for
collective podosome patterning. In contrast, reversible tyrosine
phosphorylation is also a regulatory process, which establishes
the general phosphorylation status of key proteins playing a
role in podosomal organization, but its investigation has been
long neglected. Indeed, the use of non-specific phosphatase
inhibitors (orthovanadate or bisphosphonates) revealed the
importance of protein tyrosine phosphatases (PTPs) in pro-
moting OC-mediated bone resorption. PTP epsilon (PTPe) is
highly expressed in OCs and has been reported to activate Src
by removing the inhibitory phosphorylation at Y527, and thus,
allowing Src protein unfolding and subsequent activation. Mice
lacking PTPe display a bone osteopetrotic phenotype due to
defective resorption. In fact, PTPe-deficient OC podosomes
mostly conserve an individual aspect and only a fraction of
these show SZL patterning. A poor interconnecting radial actin
network, as well as increased stability and lifespan, character-
ized these podosomes.'! Additionally, the receptor PTP CD45
also supports OC-mediated resorption; CD45-deficient OC
have abnormal morphology and reduced migration, which is
correlated with a decreased Src activity; this in vitro pheno-
type is in accordance with defective trabecular remodeling in
CD45-deficient mice."? Furthermore, PTP-PEST overexpres-
sion in RAW-264.7-derived OCs promotes activation of Src
by dephosphorylation at Y527, resulting in an increased phos-
phorylation of Y421 cortactin and WASP at Y294. All these
studies report positive regulation of bone resorption by PTP
acting on Src activation and podosome patterning. Inversely, no
PTP has been yet reported to restrain OC activity by regulating
the actin cytoskeleton. However, PTPs can be negative regula-
tors of other OC processes such as RANKL-mediated prolifera-
tion and differentiation. PTP SHP-deficient mice present a low
bone mass phenotype explained by an increased pool of OC
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progenitors showing an elevated fusion index resulting in
a high number of enlarged OCs containing up to 100
nuclei. In addition, SHP-deficient osteoclasts are hyper-
resorptive showing a prolonged lifespan.'”® The activity of
PTPs, their substrate specificity, and tissue-specific pat-
tern is poorly documented and is clearly a field waiting to
be explored in bone physiology.

The “SZ-Ring alternation” model

Rho and Rac GTPases

This family of molecular switches mediates signal trans-

Sealing zone Rings Sealing zone
o ®
080 ﬁ\o :
- \ e
Static Motile Static
Apico-basal polarity Migratory polarity Apico-basal polarity

duction and cytoskeletal remodeling related to a broad

spectrum of cellular processes in all cell types."*!" These
molecules have been extensively studied in vitro and in
vivo, but the specificity of the OC cytoskeleton raises the
difficulty in extrapolating their roles into OCs. The com-
prehension of the roles of these proteins has been coinci-

Figure 4. OC migration and resorption. Typically, OCs resorb bone by forming
resorption pit trails. In the current model for bone degradation and migration
(SZ-Ring alternation), bone-resorbing OCs are apico-basally polarized with a
sealing zone. When resorption stops, they flatten and start migration by becom-
ing polarized with a leading and a trailing edge. Then, the OC will stop again and
start a new cycle of resorption.

dently further complicated by several technical difficulties
encountered by investigators as will be briefly discussed in
the following paragraphs.

The importance of Rho to podosome organization and
OC-mediated bone resorption has first been commented by
Zhang and colleagues. In their study, the microinjection of
C3 exoenzyme (a Clostridium botulinum toxin, which inhibits
RhoA/B/C) in murine OC-like cells resulted in the disassembly
of the SZL structure after 20 min."® The treatment of avian OCs
with C3 lead, in the first 15 min, to transient growth of podo-
somes eventually resulting in their complete dissolution 2 h after
the treatment.!” Also, avian macrophage polykaryons treated
with membrane-permeable C3 suffered from total podosomes
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disassembly."® This data shows a positive contribution of Rho
to podosome stability. However, when the reversed experiments
were performed, i.e., when avian OCs were transduced using a
constitutively active Rho, they also suffered from podosome dis-
assembly after 30 min.'” The converging results of Rho over-
activation and inhibition suggest the necessity for a precise and
time-dependent Rho activation levels during podosome forma-
tion and patterning.

Even more, a discrepancy is observed between the C3-mediated
podosome disassembly in avian macrophage polykaryons and
C3-mediated stabilization of podosome rings and SZ disas-
sembly.®8"® Whether this experimental contradiction is spe-
cies-dependent and/or due to technical differences should be
investigated.

Finally, the SZL-stabilizing role of Rho is dependent on the
decrease of its GTPase activity during OC maturation. Indeed,
lower levels of active Rho allow for less activation of its effec-
tor, mDia. In fact, active mDia can activate HDACG, and thus,
lead to deacetylation and destabilization of microtubules (MTs).
Therefore, lower levels of Rho allow the stabilization of MTs by
maintaining their acetylation, resulting in enhanced OC spread-
ing, and SZL formation at the cell periphery.®®

Racl and Rac2 are both expressed in OCs. These proteins
are generally involved in organization of the cytoskeleton and
are also important components of the NADPH, the enzyme that
generates free radicals. The NADPH-related function of Rac has
not been related with podosome organization.
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A study of Rac functions in OCs using a murine Cre-
recombinase-based genetic depletion model has depicted distinct
roles of each of the two Rac proteins during OC precursor chemo-
taxis and differentiation in vivo."” These results have been con-
tested by Croke et al. (2011) claiming the insufficient depletion
of Racl and Rac2 genes.'® In their study, Croke et al. (2011) have
shown that Racl and Rac2 are not involved in osteoclastogenesis
but have overlapping roles in podosome assembly and SZL forma-
tion by localizing Arp3 at podosome sites during osteoclastogene-
sis. In a Rac2"~ context, the deletion of Racl results in podosome
disassembly, the absence of SZs, and diminished bone resorption
but only if Racl deletion occurs at early myeloid precursor stage
(under the Lysosome M promoter common to macrophages and
granulocytes). Surprisingly, the abnormalities first observed in
OC:s due to Rac double knockout, were not reproduced when a
different promoter corresponding to Cathepsin K-positive differ-
entiated OCs drove Racl deletion. Cathepsin K promoter expres-
sion is specific to late differentiated OCs; therefore, the authors
proposed that during the differentiation process, late Rac”~ OCs
still fuse with early Cathepsin K-negative (i.e., Racl positive)
mononucleated precursors, thus compensating Rac knockout.'?
Whether Racl and Rac2 play identical roles remains to be estab-
lished by testing if Rac2 would compensate for the Rac-1 knock-
out in the reverse experiment. The importance of Racl/2 to the
OC cytoskeleton and bone resorption is, however, confirmed by
targeting them via intra-cellular blocking antibodies.'*!

Racactivity in OCs s regulated by its Guanine Exchange Factors
(GEFs) Dock5 and vav3.!%'22 Dock5 is increasingly expressed
along osteoclastogenesis and localizes to podosomes in SZLs. The
deletion of Dock5 in mice results in an osteopetrotic phenotype
explained by decreased Rac activity, absence of podosome forma-
tion, and SZL patterning, leading to reduced adhesion and bone
resorption.'” Distinctly from Dock5, the other Rac-specific GEF
in OCs, vav3, is stably expressed during osteoclastogenesis but, like
Dock5, promotes cell spreading and SZ formation.'® The two Rac
GEFs still exert distinct functions. Vav3 controls Rac activation
during the early events of OC adhesion while Dock5, in associa-
tion with p130Cas, rather appears to activate Rac later during the
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adhesion processes.'®!?*124 Physiologically, Vav3-null mice are
osteopetrotic and protected from PTH- and RANK-stimulated
bone loss indicating a role of this GEF in physiologically regulated
bone remodeling,.

Coupling Osteoclast Migration with Resorption

In a bone-adherent OC, the description of the straightfor-
ward development of patterns from single podosomes to clus-
ters that induce spreading, then to rings that drive migration
and, ultimately, to SZs that sustain bone resorption is currently
accepted (Figs. 2 and 3). However, it is also widely accepted
that, during its lifetime, the fully differentiated OC is capable
of resorbing several areas on the bone surface, which means that
this cell has the capacity to couple resorption with migration.
This capacity has been made clear by two observations. First,
the resorption tracks made by OC cultured on bone, dentine,
ivory, or hydroxyapatite slides consist of several individual
resorption lacunae that partially overlap to collectively form
what is referred to as trails of resorption pits.'*® Second, in
vivo optical imaging of mature OCs has demonstrated the pres-
ence of two distinct states of the OC: motile and non-motile.!®

Based on non-overlapping data provided by the literature,
these observations imply two completely independent states
of OC functions. These are resorption and migration, respec-
tively.”?
acterized by apico-basal polarity. The latter is defined by the

formation of a RB, an FSD, a SZ, and the secretion of bone-
130

During bone resorption, the OC is static'® and is char-

degrading molecules.””® Once done with degrading a specific
spot of bone, the OC then entirely dismisses the first state and

adopts a migratory state characterized by the formation of a
loose podosome ring and a “front-to-back” migratory polarity,
i.e., with leading and trailing edges.”” Within the second migra-
tory state, the RB and the FSD are completely lost and the bulk
of the OC cytoplasm is at the leading edge.”” Finally, having
migrated to a new area to be degraded, the OC reestablishes
its resorption state (Fig. 4). This alternation between the two
distinct polarizations concomitant with the loss of resorption-
specific organelles, e.g., the RB, FSD, and SZ would implicate
a loss of the degradative molecules already secreted and highly
concentrated within the resorption lacuna. The functional loss
of secreted protons and proteases is not accounted for in this
SZ-ring alternation model, nor is the presence of heterogeneous
matrix signals, which would differentially promote either the
resorption state or the migration.

Finally, live imaging tools and powerful mouse genetic mod-
els are now available for both in vitro and in vivo investigations
of the many unresolved aspects of the OC function.
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