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Introduction

Bone is a dynamic tissue continuously renewed through the 
collaborative activity of osteoclasts, which resorb mineralized 
bone and osteoblasts, which form the new bone matrix. 
During this process, some osteoblasts get embedded into the 
new bone where they further differentiate into osteocytes.1 
Communication between these cell types is essential for bone 
remodeling, a crucial process for the integrity of the skeleton, 
which allows auto-repair and adaptation of intrinsic properties 
of bone to external constraints.2 The compensatory activities 
of osteoblasts and osteoclasts must be tightly regulated because 
any disruption of this balance may lead to pathological bone 
defects.

Osteoclasts are multinucleated motile cells derived from 
hematopoietic stem cells during a multistep differentiation 

process called osteoclastogenesis through cell-cell contact or the 
secretion of local factors. It is mainly mediated by two cytokines, 
the Macrophage Colony-Stimulating Factor-1 (M-CSF) and 
the Receptor Activator of Nuclear factor-kB Ligand (RANKL) 
which belongs to the Tumor Necrosis Factor (TNF) superfamily.3 
Osteoclasts maturation is characterized by their subsequent 
polarization. They first assemble the sealing zone, an actin ring 
made of densely packed podosomes. Within this structure, the 
plasma membrane in contact with the bone reorganizes into 
a ruffled border where the cell secretes protons and chloride 
ions to acidify the extracellular medium and dissolve bone 
hydroxyapatite. The osteoclast also produces acidic proteases 
(Cathepsin K, MMP9) and phosphatases (Tartrate Resistant 
Acid Phosphatase TRAP) that will further degrade bone matrix 
proteins (Fig. 1). To exert their function, osteoclasts cycle 
between resorption and migration phases along the bone surface, 
which require deep actin cytoskeleton reorganization.

GTPases of the Rho subfamily, which are best known as 
critical regulators of the actin cytoskeleton,4 belong to the super 
family of Ras GTPases and include the far best characterized 
RhoA, Rac1 and Cdc42. These classical GTPases switch 
between an active guanine triphosphate (GTP)-bound state and 
an inactive guanine diphosphate (GDP)-bound state. Guanine-
nucleotide exchange factors (GEFs), promote the release of 
GDP in exchange of GTP. They activate the Rho GTPases 
allowing their interaction with downstream effector proteins to 
propagate transduction signals.5,6 They return to their inactive 
conformation by hydrolyzing GTP into GDP thanks to their 
intrinsic phosphatase activity, a process that can be accelerated 
by GTPase activating proteins (GAPs).7 Rho GTPases are 
prenylated at their C-terminus and associate with cell membranes. 
Guanine-nucleotide dissociation inhibitors (GDIs) extract them 
from membranes and inhibit the dissociation of GDP, keeping 
the GTPases in an inactive state and preventing their activation 
by GEFs.8 Rho GTPases, are also regulated through their 
expression level, stability and post translational modifications, 
in particular atypical Rho GTPases such as RhoE/Rnd3, which 
lacks intrinsic GTPase activity or RhoU/Wrch-1, which shows 
a high nucleotide exchange rate.9 In this review, we will focus 
on the regulatory role that Rho GTPases, and more particularly 
Rho, Cdc42 and Rac, exert on the actin cytoskeleton as well as 
on other cellular activities during osteoclasts differentiation and 
function.
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Bone is a dynamic tissue constantly renewed through a 
regulated balance between bone formation and resorption. 
excessive bone degradation by osteoclasts leads to 
pathological decreased bone density characteristic of 
osteolytic diseases such as post-menopausal osteoporosis or 
bone metastasis. Osteoclasts are multinucleated cells derived 
from hematopoietic stem cells via a complex differentiation 
process. Their unique ability to resorb bone is dependent 
on the formation of the actin-rich sealing zone. within this 
adhesion structure, the plasma membrane differentiates into 
the ruffled border where protons and proteases are secreted 
to demineralize and degrade bone, respectively. On the bone 
surface, mature osteoclasts alternate between stationary 
resorptive and migratory phases. These are associated with 
profound actin cytoskeleton reorganization, until osteoclasts 
die of apoptosis. in this review, we highlight the role of Rho 
GTPases in all the steps of osteoclasts differentiation, function 
and death and conclude on their interest as targets for 
treatment of osteolytic pathologies.
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Osteoclast Differentiation

M-CSF and RANKL play distinct roles in osteoclastogenesis. 
M-CSF is mainly essential for the commitment of hematopoietic 
stem cells in the osteoclast lineage, proliferation of precursors 
but also survival of the entire osteoclast lineage. RANKL is 
responsible for the induction of a specific transcriptional program 
allowing the fusion of the precursors and the maturation of 
osteoclasts into bone resorbing cells.

At the initial phase of monocytic differentiation pathway, 
the transcription factor PU.1 induces the expression of M-CSF 
receptor, c-Fms, in hematopoietic stem cells of the myeloid 
lineage (Fig. 2A).10 Secreted by osteoblastic cells, M-CSF then 
drives myeloid stem cells into the monocyte lineage as well as 
the proliferation and survival of these precursors called Bone 
Marrow Macrophages (BMMs).11 Indeed, M-CSF binding to 
c-Fms, a member of the receptor tyrosine kinase family, results 

in its dimerization and auto-phosphorylation of its cytoplasmic 
tail at specific tyrosine residues. The following recruitment of 
Src Homology 2 (SH2) or phosphotyrosine-binding (PTB) 
domains-containing proteins initiates the assembly of molecular 
complexes involved in various signaling pathways with key 
transducers such as phospholipase Cγ (PLCγ), Ras/p40/42 
ERK and phosphatidylinositol 3-kinase (PI3K)/Akt.12 Cdc42 
is required for M-CSF-induced BMMs proliferation through 
activation of PI3K/Akt axis but not ERKs. Akt activation and 
the following GSK-3β inhibition increase cyclin D levels and 
its association with cyclin-dependent kinase 4 during G1 to S 
phase. This complex phosphorylates Rb, a negative regulator of 
cell proliferation, which is then inhibited and allows cell cycle 
entry (Fig. 2B).13-15

M-CSF interaction to c-Fms also results in the expression of 
Receptor Activator of NF-kappa B (RANK), a member of the 
TNF receptor family, at the BMMs surface.16 BMMs exit the 

Figure  1. Resorption function of osteoclasts. Actin (blue) and vinculin (green) immunofluorescent staining (Axioplan2/LSM 510 MeTA confocal 
microscope, Zeiss, left), schemes (middle) and scanning electron micrographs (S4000 scanning microscope, Hitachi, right) showing spread non-
resorbing osteoclasts (A) and polarized resorbing osteoclasts (B) on bone. Polarized osteoclasts are characterized by 4 domains called sealing zone, 
ruffled border, basolateral domain and functional secretory domain. Carbonic anhydrase ii generates protons (H+) and HCO3

-/Cl- exchangers increase 
chloride ions (Cl-) concentration in the osteoclasts cytoplasm while maintaining electroneutrality. inside the sealing zone (blue and green circle), proton 
pumps and chloride channels export these ions to acidify the surface in contact with the ruffled border (orange curved arrow). As a consequence, 
the mineral component of bone matrix is dissolved allowing phosphatases and proteolytic enzymes such as TRAP and Cathepsin K to degrade the 
organic component of bone therefore creating a resorption lacuna (red curved arrows). Bone degradation products are endocytosed, transported by 
transcytosis (black arrows) and evacuated at the functional secretory domain by exocytosis. Scale bars = 15 μm.
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cell cycle and RANKL interaction with RANK initiates their 
engagement into the osteoclast lineage.17,18 The main source 
of RANKL required for the formation of osteoclasts in bone 

remodeling comes from osteocytes.18,19 RANK activation induces 
its trimerization and the recruitment of the adaptor molecule 
TRAF6. This leads to the activation of downstream kinases such 

Figure 2. implication of Rho GTPases in osteoclastogenesis. Hematopoietic stem cells differentiation into osteoclasts takes place through several steps 
controlled by keys factors. PU.1 induces the expression of c-Fms in hematopoietic stem cells of the myeloid lineage (A). M-CSF secreted by osteoblastic 
cells allows to the induction of myeloid stem cell into the monocyte lineage. The interaction between M-CSF and c-Fms leads to the activation of Cdc42 
and the Pi3K/Akt axis resulting in the proliferation of these cells (B). M-CSF/c-Fms binding is also responsible for the presence of RANK at their surface (B). 
RANKL secreted by osteocytes leads to the commitment of monocyte stem cells into osteoclast precursors. RANKL binding to RANK is followed by TRAF6 
recruitment and activation of Rac1-dependent TAK1 pathway leading to NF-κB nuclear translocation into the nucleus. NF-κB and NFATc2 are then able 
to initiate the expression of the master regulator of osteoclastogenesis, NFATc1 (C). By unknown mechanisms, Cdc42 also regulates NFATc1 expression 
(C). RANKL and costimulatory signals, from DAP12 and FCγR, lead to sustained intracellular calcium influx that activates NFATc1. it is in part dependent 
on Rac1-mediated ROS production and PLCγ stimulation (D). Then, NFATc1 in cooperation with other transcription factors allows to the expression of 
osteoclast-specific target genes involved in precursor fusion (D). This process is dependent on precursor migration and contact, which implicate Rac1, 
Rac2, Cdc42, and RhoU through different signaling pathways (E). in multinucleated cells, NFATc1 associates with co-activators to induce the expression 
of osteoclast-specific target genes involved in osteoclast maturation and function (F).
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as inhibitors of κB (IκBs) kinase (IκK) and the mitogen activated 
kinases p38, JNK and ERK. These signaling pathways induce the 
expression of transcription factors like nuclear factor κB (NF-κB), 
c-Fos and nuclear factor of activated T cells 1 (NFATc1). Rac1 
activates NF-κB through the classical pathway, i.e., by releasing 
NF-κB dimers from their inhibitory interaction with IκBs in 
the cytoplasm.20 This effect is mediated by TGFβ-activated 
kinase 1 (TAK1), a member of the MAP3K family, which is 
activated after its binding to TRAF6 via adaptors called TAK1-
binding proteins 2 and 3.20-22 Activated TAK1 phosphorylates 
IκK which targets IκBs for proteasomal degradation resulting in 
NF-κB activation.23 TAK1 plays an essential role in osteoclast 
differentiation since TAK1-deficient mice have a high bone 
density due to BMMs increased apoptosis and, as a consequence, 
to fewer osteoclasts.24 In collaboration with NFATc2, activated 
NF-κB induces the expression of NFATc1, the master regulator 
of osteoclastogenesis (Fig. 2C).25 Upon calcium influx from 
RANKL and costimulatory signals involving immunoreceptor 
tyrosine-based activation motif (ITAM)-containing receptors 
DAP12 and FCγR, NFATc1 is activated and binds with AP-1 on 
its own promoter to induce its auto-amplification.26-28 Rac1 is an 
essential regulator of NFATc1 activation. Indeed, the GTPase is 
activated downstream of RANKL and produces reactive oxygen 
species (ROS) which stimulate the PLCγ to induce sustained 
calcium oscillations that drive NFATc1 activation (Fig. 2D).29,30 
Not surprisingly, BMMs lacking Rac1, which show an impaired 
osteoclastogenesis, are unable to generate RANKL-dependent 
ROS.31 NFATc1 induction is crucial for the expression of 
osteoclast-specific target genes involved in the fusion of 
mononuclear precursors, such as DC-STAMP and Atp6v0d2, 
and in osteoclast function such as Oscar, Acp5, Cathepsin K 
and ITGB3. NFATc1–mediated transcriptional activation in 
osteoclasts is complex and involves other transcription factors 
such as AP-1, myocyte enhancer factor 2 (MEF2), PU.1 or 
microphtalmia transcription factor (MITF).32,33 First, M-CSF 
promotes the assembly of MITF-PU.1 complexes at the promoter 
of target genes (Oscar, Acp5, Cathepsin K ) without activating 
their transcription. Then, RANKL increases MITF expression 
and its phosphorylation on ser307 by p38 MAPK.28 This allows 
the recruitment of the SWI/SNF chromatin-remodeling complex 
and the initiation of target gene transcription.34,35 NFATc1 is 
then recruited to maintain their transcription in differentiated 
cells (Fig. 2E).36 Cdc42 also promotes osteoclast differentiation 
by controlling MITF phosphorylation and NFATc1 expression 
but the precise mechanism remains to be elucidated.13

Another feature of osteoclast late differentiation is the fusion 
of mononuclear precursors to form multinucleated osteoclasts. 
Rho GTPases regulate the cytoskeleton reorganization associated 
with precursors migration into close proximity of neighboring 
cells as well as membrane protrusions thereby increasing fusion 
probability. Indeed, Rac2 activation downstream the signaling 
pathway of Sbds, a poorly characterized ribosome-related protein, 
and Rac1 activation upon interaction of the cytoplasmic tail of 
matrix metalloprotease MT1-MMP with p130Cas, are required 
for precursors migration.37,38 Similarly, filamin A regulates actin 
dynamics that control M-CSF-dependent precursors migration 

via Rac1 and Cdc42 combined activation.39 Besides, we showed 
that the atypical Rho GTPase RhoU, which expression is strongly 
induced during early osteoclastogenesis, is involved in osteoclast 
precursors fusion.40,41 RhoU likely promotes this process by 
inhibiting precursors adhesion to the extracellular matrix and 
stimulating cell-cell contact (Fig. 2E–F).40,42

Osteoclast Function

Mature multinucleated osteoclasts have the unique ability to 
degrade bone, a physiological process involved in developmental 
bone morphogenesis as well as in bone remodeling all life through 
to repair microdamages or to adapt to mechanical loads. On the 
bone surface, osteoclasts alternate between stationary resorptive 
and migratory phases, until they die of apoptosis. The resorption 
phase starts with the formation of a sealing zone, followed by 
apico-basal polarization and formation of the ruffled border. 
Below the area of the ruffled border delineated by the sealing 
zone, the activity of the osteoclast generates a resorption pit. 
Bone degradation products are then removed by endocytosis, 
trafficked through the osteoclasts by transcytosis and released in 
the extracellular medium. Triggered by signals that remain to be 
identified, the sealing zone then disassembles and the cell body 
spreads away from the resorption pit. A new adhesion structure is 
then formed next to the former resorption pit, and the osteoclast 
repolarizes. This alternation of resorption and migration phases 
results in the formation of resorption pit trails at the bone 
surface.43

Adhesion structures
The sealing zone is essential for bone resorption. The inability 

of osteoclasts to assemble this structures results in high bone 
mass due to impaired bone resorption, as for instance in mice 
mutant for the tyrosine kinases Src or Pyk2.44,45 Indeed, the 
sealing zone seals the osteoclast to the substrate and isolates 
the acidic environment of the resorption lacuna from the 
extracellular medium to allow efficient bone resorption.46 The 
sealing zone is a thick ring of actin, 4-μm wide and 4-μm high, 
made of densely packed podosomes.47-49 Each podosome is made 
of an F-actin-rich core extending perpendicularly to the substrate 
which is surrounded by an F-actin cloud connected to the core 
by dome-like radial fibers.50 Both are associated with proteins 
mainly involved in actin polymerization for the core (cortactin, 
(N)WASp, Arp2/3, Cdc42…) and in cytoskeletal signaling for 
the cloud (Src, Pyk2, vinculin, RhoU…).51 Interestingly, they 
express distinct receptors: CD44 in the core and αvβ3 integrins 
in the cloud, suggesting that these structures may emanate 
from distinct signaling pathways.52 It is noteworthy that CD44 
localization at the core surface is regulated by Rho-mediated Rho 
kinase (ROK-α) activation.53

Podosome organization depends on the osteoclast 
differentiation stage and the substrate it is seeded on. During 
osteoclast differentiation on non-mineralized matrix, podosomes 
evolve from clusters into unstable small podosome rings, which 
fuse and expand toward the periphery of the cell to form a belt, 
2–3-μm wide in mature osteoclasts (Fig. 3).72 The sealing 
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zone is a denser version of the podosome belt that only forms 
in osteoclasts sitting on a mineralized matrix, such as bone or 
dentine. Sealing zone and podosome belt only differ in their 
podosomes density and degree of interconnectivity.50 Osteoclast 
cytoskeletal organization is dependent on attachment to the 
matrix via αvβ3, the major integrin in osteoclasts which 
recognizes arginine-glycine-aspartic acid (RGD)-containing 
ligands such as vitronectin or osteopontin.52 Upon binding, 
various proteins such as c-Src and Pyk2 are recruited with scaffold 
proteins to transduce a signal required for actin ring formation 
and bone degradation.44,45,54,55,56 Interestingly, Rho and Rac 
activations in response to M-CSF are deficient in αvβ3 integrins 
knockout osteoclasts.57 Different approaches have been used to 
determine the importance of Rho, Cdc42 and Rac in osteoclasts 
adhesion structures organization but they have often produced 
contradictory results. The first evidence of Rho involvement 
in podosomes stability was published in 1995. It showed that 
osteoclasts treatment with C3, an exoenzyme isolated from 
Clostridium botulinum which ADP-ribosylates and inactivates 
RhoA, B, and C, disrupts the sealing zone and inhibits resorption 
on dentin slices.58 Similarly, C3 treatment of avian osteoclast-
like cells showed podosomes dissolution as soon as 2 h after 
the toxin administration.59,60 Considering the previous results, 

it would be expected that Rho activation stabilizes podosomes. 
However, microinjection or HIV-Tat-delivery of constitutively 
active V14RhoA also resulted in podosomes disappearance.59,60 
This apparent discrepancy rather reveals the requirement of a 
tight regulation of RhoA activity during podosomes formation 
and patterning. Furthermore, C3 toxin-mediated Rho inhibition 
results in sealing zone disruption on bone58 but causes its 
reorganization in podosome belts on apatite matrix47 suggesting 
a substrate effect. At last, indirect RhoA-mediated effects on the 
actin cytoskeleton add an extra level of complexity. Podosome belt 
and sealing zone, which share the same molecular components, are 
stabilized by microtubules.61 RhoA, through its effector mDia2, 
induces microtubules deacetylation by HDAC6.62 The activity 
of RhoA is downregulated by Pyk2 to maintain a sufficient 
level of acetylation in order to stabilize microtubules and then 
the podosome belt and/or sealing zone.44,55 Similarly, analysis 
of actin distribution in avian osteoclast-like cells transduced 
with Cdc42 showed podosome belt disruption60 whereas mature 
Cdc42-lacking osteoclasts are able to form sealing zones on 
dentine.13 Although the results are somehow conflicting and 
their precise function not elucidated yet, both Rac1 and Rac2 
seem to be important for the formation of the podosome belt 
and for bone resorption.31,63-66 This confirms earlier studies 

Figure 3. Dynamic of podosomes organization. Schemes and immunofluorescent staining of actin (podosome core in blue) and vinculin (podosome 
cloud in green) observed with Axioplan2/LSM 510 MeTA confocal microscope (Zeiss), showing osteoclasts differentiation through the evolution of 
podosomes organization. On non-mineralized support, they first assemble into podosome clusters then into rings, which finally fuse into belts. On 
mineralized support, the sealing zone is the ultimate structure present in differentiated osteoclasts. it is characterized by a strong density and an 
important degree of podosome interconnectivity. Scale bar = 5 μm. Figure adapted from reference 72, with permission from the editor of American 
Society for Cell Biology (ASCB).
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showing podosome belt disruption in osteoclasts where Rac1 
and Rac2 have been neutralized by specific antibodies.67 Using 
DNA microarray, we analyzed the expression profile of 76 GEFs 
of the Dbl and Dock families in osteoclasts. We found that 46 
are potentially expressed in osteoclasts among which the Rac 
GEFs, Vav3, Dock5, and FARP2.40 Interestingly, the osteoclasts 
derived from mice knockout for these GEFs could not assemble 
sealing zones on bone and showed an impaired resorptive activity 
associated with a decreased bone density.68-70 However, even if 
Dock5 and Vav3 are both required for cytoskeleton organization, 
they regulate Rac function through distinct signaling pathways. 
We and others showed that Dock5 is part of αvβ3 integrins 
downstream signaling by forming a Src/Pyk2/p130Cas/
Dock5 complex which ultimately leads to Rac1 activation and 
localization to the sealing zone.56,70 On the other hand, Vav3 is 
activated by M-CSF and adhesion and it is recruited with Rac1 at 
the plasma membrane of osteoclasts.71 So Dock5 and Vav3 seem 
to regulate Rac1 activation at distinct locations in osteoclasts and 
at different phases of the bone-resorption cycle.

Podosomes are highly dynamic structures.47,72 Polymerization 
of monomeric globular (G)-actin into filamentous (F)-actin 
is controlled by the Arp2/3 complex which nucleate filaments 
and organize them into branched networks.73 It is activated 
by the nucleation promoting factors (NPFs) among which are 
the (N)-WASP and WASP-family verprolin homolog (WAVE) 
proteins.73 Following αvβ3 stimulation by osteopontin, 
phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P

2
) and 

the transducer of Cdc42-dependent actin assembly (Toca-1) 
cooperate to induce the Cdc42-mediated targeting of WASP 
to the plasma membrane where it is activated.74 The interaction 
of PIP2 with WASP was also suggested to be Rho-dependent 
as it is decreased by C3 toxin treatment.75 Activated WASP 
conformation enables access of Tyr291 (human)/Tyr294 (mouse) 
to modifying enzymes,76,77 increasing WASP affinity to Arp2/3 
complex and ultimately leading to sealing zone formation and 
bone resorption.52,78 Surprisingly, WASP-null osteoclasts retain 
the capacity to polymerize actin but fail to assemble podosomes 
replaced by large actin-rich plaques.79 Even if Cdc42 has been 
shown to be an important regulator of (N)-WASP,80,81 notably 
because it is necessary for an efficient phosphorylation of 
Tyr291/Tyr294,77 microinjection of activated Cdc42 alone is not 
sufficient to form a podosome belt in osteoclasts.75 Interestingly, 
analysis of Cdc42 knockout in mature osteoclasts shows that 
Cdc42 is dispensable for ultimate formation of actin rings but 
regulates the rate at which these structures are generated.13 
Similarly, osteoclasts differentiated from RhoE gene trap mice 
bone marrow precursors showed that RhoE is indispensable to 
maintain podosomes fast actin turnover and patterning. The 
GTPase acts indirectly by inhibiting the kinase Rock to maintain 
cofilin, an actin severing protein that regulates F-actin assembly 
and disassembly, in its non-phosphorylated active form.82,83 
On the other hand, Rac1/Rac2 double knockout osteoclasts do 
not form sealing zones.63 This process might depend on Rac 
activation of the WAVE complex which requires simultaneous 
interactions with prenylated Rac-GTP, acidic phospholipids and 
a specific state of phosphorylation.84

Polarization and bone resorption
Following sealing zone formation, the osteoclasts round up 

and reorganize their membrane into 3 other distinct domains 
called ruffled border, basolateral domain, and functional 
secretory domain (Fig. 1).85 This polarized reorganization of 
their morphology is critical for bone resorption.

The ruffled border is a highly convoluted domain formed 
by fusion of late endosomal/lysosomal vesicles at the plasma 
membrane within the sealing zone.85 It is mainly controlled by 
the small GTPases of the Rab family (for a detailed review, see86) 
and more particularly Rab7 which regulates the late stages of the 
endosomal pathway from the basolateral membrane to the ruffled 
border.87 In resorbing osteoclasts, Rac1 and Rab7 colocalization 
and interaction at the vesicle fusion zone of the ruffled border 
suggest a possible role of Rac1 in the formation of this structure.88 
During this process, vacuolar H+-ATPases (v-ATPase) and chloride 
channels (ClC-7) are inserted into the ruffled border membrane 
where they pump protons and chloride ions from the cytoplasm 
to the resorption lacuna.89 The resulting acidification dissolves the 
mineral phase of the bone matrix and exposes the organic phase 
susceptible to degradation by acidic proteases and phosphatases 
such as cathepsin K and TRAP.89 Degraded collagen fragments, 
calcium and phosphate that accumulate at high concentration in 
the lacuna are endocytosed from the ruffled border, transported 
through the osteoclasts by transcytotic vesicles (in which they are 
further degraded by TRAP and cathepsin K) and released in the 
extracellular medium via the functional secretory domain.

Although bone-resorbing osteoclasts are polarized, the 
protein constituents that establish and sustain this polarity are 
unknown. In epithelial cells, activated Cdc42 binds the Cdc42/
Rac interactive binding (Crib) domain of the adaptor Par6 which 
in turn interacts with Par3 and atypical PKC (aPKC), forming 
a quaternary complex involved in polarity maintenance.90,91 
Interestingly, Ito et al. showed that all these proteins are able to 
form an active Cdc42/Par3/Par6/aPKC complex stimulated by 
RANKL.13

Spreading and associated-migration
After bone resorption, the osteoclasts spread initiating the 

first step of migration. Cytoskeleton rearrangement allows the 
dissolution of old sealing zones and the formation of new ones. 
The following polarization induces a contraction of the cells, 
which is responsible for the second step of migration. As the 
osteoclasts progress in the resorption cycle, the pits visualized 
on bone produce a typical trail reminiscent of inchworm-like 
migration.47

Osteoclast spreading is dependent on M-CSF signaling. This 
cytokine binding to c-Fms allows PI3K recruitment and Vav3 
activation in part by facilitating exchange of the inhibitory 
molecule PIP2 for the stimulatory molecule phosphatidylinositol 
(3,4,5)-trisphosphate (PIP3) on Vav3 pleckstrin homology (PH) 
domain.71 Vav3 in turn leads to Rac activation by stimulating the 
on-loading of GTP and ultimately spreading. Accordingly, Vav3-
deficient osteoclasts are incapable of spreading.92 The critical role 
of Rac in this process is further comforted by the observations that 
osteoclast-like cells microinjected with constitutively activated 
V12Rac1 show extensive spreading whereas Rac1 inhibition leads 
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to retraction.59 The same study also shows the antagonistic effect 
of Rho whose inhibition by C3 triggers spreading.

Apoptosis regulation
Osteoclasts cycle between resorption and non-resorption 

phases, until they die of apoptosis. This process is directly 
activated partly by an intrinsic pathway implicating Bim, a pro-
apoptotic Bcl-2 family member, which promotes the release 
of cytochrome c from mitochondria followed by caspases 
activation.93 Osteoclasts lacking Cdc42 express higher levels of 
Bim, activated caspases-3/9 and die more rapidly than wild-type 
osteoclasts upon M-CSF and RANKL withdrawal, showing that 
Cdc42 is crucial to inhibit apoptosis in these cells.13 Besides, 
apoptosis can also be indirectly regulated by the survival 
pathways involving PI3K/Akt.94-96 Indeed, adenovirus-mediated 
overexpression of dominant negative Rac1 abrogates the M-CSF-
induced prosurvival effect through the decrease of Akt activation 
in osteoclasts. Conversely, constitutively active Rac1 delays 
apoptosis in these cells.97

Conclusion

Rho GTPases important role in osteoclast differentiation and 
function revealed by in vitro experiments (Fig. 4) is confirmed 
by in vivo studies. Indeed, deletion of various Rho GTPases or 
GEFs in osteoclasts leads to a significant osteopetrosis caused 
by either a reduced number of osteoclasts or a defect in their 
function (Table 1). Independent studies focused on the effect 
of Rac deficiency on bone physiology. Although the authors 

agree on the increase in bone density, there are discrepancies 
regarding the mechanisms involved that will need further 
investigation.31,63-65 Interestingly, the absence of a single Rac 
GEF, such as Vav3, Dock5 or FARP2, is sufficient to result 
in osteoclasts impaired resorption in vivo, through distinct 
mechanisms.68-70

The higher bone density observed in mice deficient for Rho 
GTPase signaling highlights them as targets in diseases with 
increased bone resorption such as post-menopausal osteoporosis 
or cancer-associated osteolysis.98,99 Besides, the nitrogen-
containing bisphosphonates (N-BPs),100 which are the major 
class of antiresorptive drugs used to treat these diseases, target 
the small GTPases.101 By inhibiting enzymes of the mevalonate 
pathway,102,103 they impair the GTPases prenylation which is 
essential for their correct localization to the membrane.104 The 
consequent cytosolic accumulation of unprenylated activated 
Rho, Rac, and Cdc42105 induces the inappropriate activation 
of downstream signaling, ultimately leading to osteoclasts 
apoptosis and reduced bone resorption.106 However, on top of 
N-BPs unwanted side effects,107,108 osteoclast-induced cell death 
abrogates the osteoblasts-osteoclasts communication essential for 
bone remodeling and integrity.2 Novel therapeutic strategies are 
being developed to target specifically osteoclast function leaving 
osteoclast differentiation and survival unaffected. In particular, 
ONO-5334 and odanacatib, 2 inhibitors of Cathepsin K, the 
main bone-degrading protease expressed in osteoclasts,109,110 are 
currently in phase II and III clinical trials respectively. They 
indeed show encouraging results with decreased bone resorption 
and preserved bone formation.111-115 An alternative approach 

Figure  4. implication of Rho GTPases in the cyclic resorption function of osteoclasts. Scanning electron micrographs (S4000 scanning microscope, 
Hitachi, sides), schemes and immunofluorescent staining of actin (blue) and vinculin (green) staining (Axioplan2/LSM 510 MeTA confocal microscope, 
Zeiss, middle) showing morphologies and cytoskeleton structures of osteoclasts alternating between stationary resorption and migration phases. 
Polarized osteoclasts have the unique ability to resorb bone (1). Then, the sealing zone (SZ) is disassembled and osteoclasts can spread under a Rac/
Rho effect (2). Rac/Cdc42/Rhoe are implicated in actin reorganization (3) into another sealing zone stabilized by Rac/Rho and followed by osteoclasts 
polarization involving Cdc42 (4). Thereby, osteoclasts can resorb bone again and form another resorption lacuna (red arrows) (5). This cyclic process 
takes place until osteoclasts die of apoptosis implicating Cdc42 and Rac (6). Scale bars = 15 μm. Figure adapted from ref. 47 with permission of the editor 
of ASCB.
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would be to target among Rho GTPase signaling pathway, 
proteins specifically involved in the control of the formation 
of the sealing zone. In this context, we identified N-(3,5-
dichlorophenyl)benzenesulfonamide (C21) as an inhibitor of Rac 
activation by Dock5. Similar to Dock5 deficiency, C21 treatment 
impairs bone resorption without being toxic for osteoclasts.70 
Thus, the modulation of Rho GTPase activity shows promising 
results for future treatment of osteolytic diseases.
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Table 1. Genetically modified mice for Rho GTPases and GeFs with osteopetrotic phenotypes

Gene Strategy Modified cell types Cause(s) of osteopetrosis References

Cdc42 Conditional knockout - pCtsK-Cre Osteoclasts Fewer osteoclasts (increased osteoclasts apoptosis) 13

Rac1
Conditional knockout 

- pLysM-Cre
Myeloid cells

Defect in osteoclastogenesis (fewer osteoclasts)
Defect in osteoclast function in aged females (not 

investigated further)
31, 65

Rac2 Global knockout All

Defect in osteoclast function in males only (absence of 
sealing zone)

Defect in osteoclast function in aged females (not 
investigated further)

64, 65

Rac1/Rac2
Rac1 conditional knockout 
- pLysM-Cre / Rac2 global 

knockout

Myeloid cells (Rac1) / 
all (Rac2)

Defect in osteoclast function (absence of sealing zone)
Defect in osteoclastogenesis (absence of osteoclasts)

63, 31

Rac1/Rac2
Rac1 conditional knockout pCtsK-

Cre / Rac2 global knockout
Osteoclasts (Rac1) / 

all (Rac2)
Non identified 63

Vav1 Global knockout All Not investigated 68

Vav3
(Rac GeF)

Global knockout All Defect in osteoclast function (absence of sealing zone) 68

Dock5
(Rac GeF)

Gene trap All Defect in osteoclast function (absence of sealing zone) 70

FARP2
(Rac GeF)

Global knockout All Defect in osteoclast function (absence of sealing zone) 69

pCtsK, Cathepsin K promoter which is expressed in osteoclasts; pLysM, Lysozyme M promoter which is expressed in all myeloid cells
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