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Osteoclasts are multinucleated cells that are responsible for 
resorption of bone, and increased activity of these cells is 
associated with several common bone diseases, including post-
menopausal osteoporosis. Upon adhesion to bone, osteoclasts 
become polarized and reorganise their cytoskeleton and 
membrane to form unique domains including the sealing 
zone (SZ), which is a dense ring of F-actin-rich podosomes 
delimiting the ruffled border (RB), where protons and proteases 
are secreted to demineralise and degrade the bone matrix, 
respectively. These processes are dependent on the activity 
of small GTPases. Rho GTPases are well known to control the 
organization of F-actin and adhesion structures of different cell 
types, affecting subsequently their migration. In osteoclasts, 
RhoA, Rac, Cdc42, RhoU and also Arf6 regulate podosome 
assembly and their organization into the SZ. By contrast, the 
formation of the RB involves vesicular trafficking pathways 
that are regulated by the Rab family of GTPases, in particular 
lysosomal Rab7. Finally, osteoclast survival is dependent on 
the activity of Ras GTPases. The correct function of almost all 
these GTPases is absolutely dependent on post-translational 
prenylation, which enables them to localize to specific target 
membranes. Bisphosphonate drugs, which are widely used in 
the treatment of bone diseases such as osteoporosis, act by 
preventing the prenylation of small GTPases, resulting in the 
loss of the SZ and RB and therefore inhibition of osteoclast 
activity, as well as inducing osteoclast apoptosis. In this review 
we summarize current understanding of the role of specific 
prenylated small GTPases in osteoclast polarization, function 
and survival.
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Introduction

Osteoclasts are large, multinucleated, motile cells that are formed 
by the fusion of hematopoietic cells of the monocyte/macro-
phage lineage.1,2 They are the only cells in the body that are able 
to degrade (resorb) extracellular bone matrix, a process that is 
required for bone morphogenesis during development, for the 
continual repair of microdamage in the skeleton and for adapta-
tion of bone to mechanical load.3,4

These cells represent a fascinating model of cell polarization 
because, when activated to resorb, osteoclasts reorganise their 
membrane into four distinct and unique domains, namely the 
sealing zone (SZ), the ruffled border (RB), the basolateral domain 
(BD) and the functional secretory domain (FSD) (Fig. 1). The 
SZ, where the osteoclast attaches tightly to the bone matrix, is 
formed by densely packed specific actin-rich adhesion structures 
called podosomes. These consist of a core of densely packed 
actin filaments and F-actin-associated proteins such as cortac-
tin, WASp and Arp2/3, surrounded by integrins and attach-
ment-related proteins such as vinculin and talin.5,6 Compared 
with focal adhesions, these structures are highly dynamic and 
have a lifespan of only 2–12 min.7,8 This tight attachment of the 
osteoclast to the extracellular matrix effectively seals off a com-
partment beneath the cell where bone degradation occurs (the 
resorption lacuna).9 Subsequently, polarized vesicular trafficking 
pathways result in the development of the membrane enclosed 
by the SZ into a highly convoluted ruffled border, where protons 
and proteases are secreted to demineralise and degrade the bone 
matrix, respectively.10-12 The resulting degradation products are 
then endocytosed at the RB, transported through the osteoclast 
by transcytosis, and finally released at the opposite side of the cell 
at the FSD.

Small GTPases of the Ras superfamily, including the Ras, 
Rho, Arf, Ran and Rab subfamilies are key regulators of diverse 
cellular events, including cell division, vesicle transport, nuclear 
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characteristic prenylation motifs in the 
C-terminus of most small GTPases. 
This modification is performed by one of 
three protein prenyl transferase enzymes 
(farnesyl transferase, geranylgeranyl 
transferase (GGTase) I or Rab GGTase), 
specificity being determined by the pre-
nylation motif in the protein substrate.13 
Most small GTPases, including the Rab 
subfamily and most of the Rho subfam-
ily, are modified with geranylgeranyl 
groups; GTPases modified by farnesyl-
ation include most of the Ras proteins 
and some Rho family proteins.

The fundamental importance of small 
GTPases in osteoclast biology became 
apparent a decade ago, following our dis-
covery that nitrogen-containing bisphos-
phonate (N-BP) drugs inhibit bone 
resorption by blocking protein prenyl-
ation.14,15 These “blockbuster” drugs are 
non-hydrolysable analogs of pyrophos-
phate that target rapidly to the skeleton 
and are used worldwide as the frontline 
treatment for common diseases associ-
ated with increased bone resorption, such 
as post-menopausal osteoporosis, cancer-
associated bone disease and Paget’s dis-
ease.16 N-BP drugs, such as risedronate, 
alendronate and zoledronate, are very 
effective inhibitors of bone resorption 
because they are internalised selectively 
into osteoclasts during the resorption of 
drug-coated bone.17,18 Once internalised, 
N-BPs disrupt osteoclast polarization (by 
preventing formation of the actin ring, 
disrupting normal vesicular trafficking 
and formation of the RB) and also cause 
osteoclast apoptosis.18 These effects of 
N-BPs are now known to be the result 
of disruption of protein prenylation, 
since these drugs mimic the structure of 
isoprenoid lipids such as geranyl diphos-
phate (GPP) and thereby potently inhibit 

farnesyl diphosphate (FPP) synthase, a key enzyme in the meva-
lonate pathway of isoprenoid and cholesterol biosynthesis.19-21 
The exact mechanism of inhibition of FPP synthase has recently 
been clarified from the X-ray crystal structure of the enzyme and 
involves the “slow-tight” binding of the drug to one of the two 
isoprenoid lipid substrate pockets, resulting in conformational 
changes in the enzyme.22-24 Some N-BPs are also weak inhibi-
tors of other enzymes in the mevalonate pathway, such as gera-
nylgeranyl diphosphate (GGPP) synthase, squalene synthase and 
IPP isomerase.18

Inhibition of FPP synthase activity in osteoclasts results 
in the depletion of FPP and GGPP that are necessary for the 

assembly and control of the cytoskeleton. In this review, their 
roles in osteoclast function will be highlighted, in particular the 
regulation of podosomes, vesicular trafficking and cell survival.

Pharmacological Evidence for the Importance  
of Small GTPases in Osteoclast Function

In general, small GTPases localize to specific membrane compart-
ments. This property is dependent on post-translational prenyl-
ation, which involves the attachment of a hydrophobic isoprenoid 
lipid group (either a 15-carbon farnesyl or 20-carbon geranyl-
geranyl moiety) to a conserved cysteine residue contained within 

Figure 1. Alterations in membrane domains during osteoclast activation. Unpolarized, inactive os-
teoclasts present dispersed podosomes. During osteoclast activation, these podosomes coalesce 
into a peripheral belt and subsequently into distinct “actin ring” that forms the sealing zone where 
the osteoclast adheres tightly to the bone surface. Following this, trafficking of late endosomes/ly-
sosomes toward the bone surface result in formation of the ruffled border, the resorptive organelle 
of the osteoclast. Finally, a membrane domain known as the functional secretory domain forms at 
the top of the cell, to which transcytotic vesicles formed at the ruffled border are targetted.
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of RGGT on osteoclasts31 and confirms that Rab prenylation 
is essential for osteoclast activity; however the identity of the 
underprenylated Rab GTPases that contribute to the resorptive 
defect remains unclear.

Regulation of Cytoskeletal Arrangement  
and Osteoclast Polarity by Small GTPases

Osteoclasts possess a unique podosomal organization that 
depends on the substrate to which they adhere. Adhesion onto 
glass coverslips causes the formation of podosome clusters which 
subsequently assemble into small rings of podosomes and even-
tually into a podosome belt around the periphery of the cell, 
in which individual podosomes can clearly be distinguished.7 
In contrast, in osteoclasts seeded onto bone or bone-like min-
eralised substrates, the podosomes become tightly packed into 
a dense F-actin ring, also referred to as the sealing zone (SZ). 
Although individual podosomes cannot be distinguished in the 
SZ by classical fluorescence microscopy, high-resolution scan-
ning electron microscopy combined with fluorescence micros-
copy has demonstrated that this structure is composed of a dense 
network of podosome cores interconnected by radial actin fibers, 
called the F-actin cloud.6,9 The difference in podosome orga-
nization on these substrates suggests that, while adhesion pro-
motes podosome formation, other extracellular signals regulate 
the organization of the podosomes. Osteoclast attachment to the 
bone surface is mainly dependent on integrins, particularly the 
vitronectin receptor (α

v
β

3
), one of the major integrins in osteo-

clasts,36,37 which is more abundant on these cells than any other 
cell type.38,39 The deletion of the β3 subunit in mice has dramatic 
effects on osteoclast spreading and cytoskeletal organization, 
resulting in a progressive osteopetrosis, indicating a reduction in 
osteoclast activity.37 Upon ligand binding, α

v
β

3
 integrins recruit 

numerous proteins, including the non-receptor tyrosine kinases 
Pyk2, Src and Syk as well as the RING finger-containing ubiq-
uitin ligase c-Cbl,40-42 which transduce signals to regulate both 
podosome assembly/disassembly and podosome organization. 
Osteoclasts from src, pyk2 or syk knockout mice are unable to 
form a proper sealing zone, demonstrating that these three tyro-
sine kinases all play an important role in podosome organization 
in osteoclasts.42-44 In contrast, the deficiency of c-Cbl ubiqui-
tin ligase does not affect formation of the sealing zone, but the 
migration of osteoclasts is impaired both in vitro and in vivo, 
suggesting that Cbl might be involved in podosome turnover.41,45 
The number of podosomes and their lifespan are reduced in  
src-/- osteoclasts suggesting that Src also plays a critical role in 
podosome formation and stability.46 Moreover, the rate of flux 
of actin monomers into the podosomes of Src or Pyk2 deficient 
mice is decreased, indicating that Src and Pyk2 kinases regulate 
actin polymerization.44,46

Given their role in regulation of the cytoskeleton, it is not sur-
prising that Rho family GTPases are proving essential for the 
formation and organization of podosomes in osteoclasts and for 
polarization of these cells (Fig. 3). The Rho family of GTPases 
is composed of 20 members and transcript profiling analyses 
have revealed the presence of 18 Rho GTPases in osteoclasts.47 

prenylation of small GTPases. As a result, small GTPases accu-
mulate in the unprenylated form and fail to localize to membrane 
compartments (Fig. 2).25 This effect can be easily measured in 
cultured cells by monitoring the metabolic incorporation of [14C]
mevalonate into prenylated proteins (Fig. 2A),14,18,26 by protein 
gel blot analysis of cell lysates using an antibody that specifically 
hybridizes to the unprenylated form of the small GTPase Rap1A 
(Fig. 2B),27 or by visualizing the subcellular localization of small 
GTPases such as Rab6 (Fig. 2C).25

Since prenylated small GTPases act as molecular switches, 
their activity must be tightly controlled. Recent studies sug-
gest that some unprenylated small GTPases such as Rac that 
accumulate in the cytosol after exposure of cells to N-BPs, are 
predominantly their active GTP-bound state (presumably due 
to lack of interaction with regulatory GAP proteins), causing 
inappropriate activation of downstream signaling kinases such 
as p38.28 Inhibition of the mevalonate pathway by N-BPs there-
fore appears to disrupt osteoclast function either by causing loss 
of prenylated proteins (and loss of downstream signaling) and/
or accumulation of unprenylated proteins (and therefore inap-
propriate activation of downstream signaling pathways or seques-
tration of effectors).18 These effects on small GTPase signaling 
result in disruption of cytoskeletal organization and vesicular 
trafficking in osteoclasts, causing loss of the SZ and RB, and 
in osteoclast apoptosis. In particular, geranylgeranylated, rather 
than farnesylated, small GTPases are essential for osteoclast 
function and survival, since geranylgeraniol (a cell-permeable 
form of GGPP) overcomes the inhibition of osteoclast formation 
and bone resorption by N-BPs.15,29 Furthermore, small GTPases 
geranylgeranylated by GGTase I (such as Rho, Rac and Cdc42) 
are crucial for osteoclast function (see below), since an inhibitor 
of GGTase I (GGTI-298) closely mimics the effects of N-BPs 
on osteoclast polarization and survival.30 We also identified the 
first-known specific inhibitors of Rab GGTase (RGGT), which 
closely resemble the structure of N-BPs but contain a carboxylate 
moiety instead of one of the phosphonate groups.25,31 These phos-
phonocarboxylate (PC) compounds appear to inhibit RGGT by 
preventing the second geranylgeranylation step of Rab proteins 
that are normally di-geranylgeranylated, perhaps by binding to 
a GG-cysteine recognition site on RGGT that may be required 
to align non-geranylgeranylated Rabs for the second step of lipid 
modification.32 These agents specifically disrupt the prenylation 
and localization of Rab GTPases in osteoclasts and also inhibit 
bone resorption, by disrupting vesicular trafficking.25,31

The naturally occurring mouse strain known as gunmetal is 
an interesting in vivo model of defective Rab prenylation. This 
defect is characterized by a 75% reduction of RGGT activity 
due an autosomal recessive mutation in the gene encoding the 
α-chain of this enzyme.33 We have shown that macrophages and 
osteoclasts from these mice are more sensitive to the effects of 
PCs, thereby confirming that these drugs act through inhibition 
of RGGT.34 Moreover, although gunmetal mice do not exhibit an 
overt bone phenotype, osteoclasts generated in vitro from these 
mice exhibit a reduced resorptive capacity, despite being able to 
rearrange their cytoskeleton into F-actin rings.35 This pheno-
type closely mimics the effects of pharmacological inhibition 
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Figure 2. Bisphosphonate drugs inhibit the prenylation of small GTPases. (A) Inhibition of protein prenylation by nitrogen-containing bisphospho-
nates can be demonstrated in vitro by culturing cells with [14C]mevalonate, which becomes incorporated into 14C-labeled, prenylated proteins.  
Radiolabelled, prenylated proteins (21–26 kD, boxed region) can then be detected by autoradiography following electrophoretic separation. Treat-
ment with the bisphosphonate drugs alendronate (ALN), ibandronate (IBA), incadronate (INC) and risedronate (RIS) clearly inhibits prenylation com-
pared with control (Ctrl) cells. Reproduced from Luckman et al.14 with permission of the American Society for Bone and Mineral Research. (B) Inhibition 
of protein prenylation by bisphosphonate drugs results in the accumulation of the unprenylated form of small GTPases in osteoclasts. The accumula-
tion of unprenylated Rap1A (red) can be determined by protein gel blotting, for example after treatment of cultured cells with ≥10 mM zoledronate 
(image kindly provided by Gemma Shay). The unprenylated form (red) is of higher molecular mass than the prenylated form (green) due to lack of 
cleavage of the terminal tripepetide. (C) Inhibition of protein prenylation by bisphosphonate drugs alters the subcellular distribution of small GTPases 
such as Rab6. Multinucleated osteoclasts were immunostained for Rab6, which localizes to the perinuclear golgi in the untreated osteoclast (left) but 
has a cytosolic distribution in the osteoclast treated for 48 h with the bisphosphonate risedronate (right).
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suggesting that RhoA activation alone is not sufficient to induce 
SZ formation and that this requires additional signals from the 
bone matrix or more complex regulation of RhoA activity.54-56 
Indeed, several observations confirm the importance of regulat-
ing RhoA activity in order to induce podosome and sealing zone 
formation. On the one hand, active RhoA induces the synthesis 
by phosphatidylinositol-4-phosphate-5-kinase (PI4P-5 kinase) of 
phosphatidylinositol-4,5-bisphosphate (PI(4,5)P2), which sub-
sequently interacts with WASp to promote sealing zone forma-
tion.57 On the other hand, in Src-transformed cells, ERK5 limits 
Rho activation by upregulating the expression of RhoGAP7 and 
thereby induces podosome formation.58 Moreover, in osteoclasts, 
activated Rho induces HDAC6-mediated deacetylation of micro-
tubules through its effector mDia2 leading to disruption of the 
SZ.56 Pyk2-deficient osteoclasts, which have a decrease in micro-
tubule acetylation and SZ formation, have increased Rho activity 
suggesting that Pyk2 downregulates Rho activity to allow the 
stabilization of the microtubules and SZ.44 This demonstrates 
that a tight regulation of RhoA activity is essential to osteoclast 
polarization.

Rac

As in other cell types, Rac1 mediates lamellipodia formation and 
cell spreading in osteoclasts, for example in response to M-CSF, 

However, so far, only four members of the family have been iden-
tified to play a role in the regulation of cytoskeletal organization 
and polarization of osteoclasts: RhoA, Rac1, Cdc42 and RhoU.48 
Recently, another family, the ARF GTPases, which are known 
to regulate membrane trafficking and actin dynamics,49 has been 
implicated in the regulation of the osteoclast cytoskeleton and 
the formation of the sealing zone.50

Rho

Rho was the first GTPase to be studied in osteoclasts. Inhibition 
of RhoA, RhoB and RhoC using the Clostridium botulinum 
C3 exoenzyme disrupted SZ formation, leading to inactivation 
of osteoclasts.51 Indeed, when osteoclasts are cultured on bone, 
C3 exoenzyme induces osteoclast spreading and the reorgan-
isation of podosomes from a SZ into a belt at the periphery of 
the cell, suggesting that RhoA activity is required for SZ for-
mation, but not for actin belt formation.52 Consistent with this, 
we recently showed that cannabinoid agonists of the G-protein 
coupled receptor GPR55 stimulate osteoclast polarization and 
bone resorption, which is associated with activation of RhoA, 
probably via Gα13.53 Moreover, microinjection of constitutively 
activate RhoA into osteoclasts cultured on glass coverslips did 
not trigger the formation of a sealing zone but caused disrup-
tion of the podosome belt and the creation of podosome clusters, 

Figure 3. Role of small GTPases in signaling pathways regulating the polarization of osteoclasts. Upon adhesion of osteoclasts to the bone matrix, en-
gagement of the vitronectin receptor (αvβ3) and CD44 activates several downstream signaling pathways to promote the formation of the sealing zone 
and osteoclast polarization. These pathways involve a variety of small GTPases (blue), GAPs (red), GEFs (pink) and GTPase effectors (green) and can also 
be activated via other receptors such as the M-CSF receptor and the G protein-coupled receptor GPR55.
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α and βPIX, exchange factors for Rac1 and Cdc42 that surround 
the actin core of podosomes in macrophages where they control 
podosome formation72 and coordinate Rho and ARF-induced 
cytoskeletal rearrangements and focal adhesion turnover.73,74 
PIX proteins are also involved in the formation of podosome-
like F-actin columns in phorbol ester treated vascular smooth 
muscle cells.75 However, αPIX was found to be unnecessary for 
the ARF6/GIT2-mediated regulation of SZ formation, suggest-
ing that another GEF is involved in the coordination of ARF6 
and Rac1/Cdc42 signaling pathways in osteoclasts.50 The ARF6/
Rac1 pathway may also play a role in lysosomal trafficking (see 
section on Rab7 effectors).

Cdc42

Cdc42 is an important regulator of actin polymerization through 
its direct binding to Wiscott-Aldrich Syndrome proteins (WASp 
and N-WASP), which induces a conformational change to allow 
the binding of WASp to the Arp2/3 complex, thereby promot-
ing actin nucleation.76,77 Microinjection of activated Cdc42 into 
osteoclasts leads to disruption of podosome organization, but 
following subsequent treatment with osteopontin, there is an 
increase in the interaction between WASp and Arp2/3 promoting 
actin polymerization, suggesting that Cdc42 alone cannot acti-
vate WASp in osteoclasts.57 Cdc42 can also regulate polarity of 
epithelial cells by interacting with the Par polarity complex con-
taining Par-3, Par-6 and atypical PKC.78 The expression of these 
proteins in osteoclasts suggests that the association of Cdc42 and 
Par-6 could control osteoclast polarization.79 Although the deple-
tion of Cdc42 in osteoclasts did not affect the formation of actin 
rings, when cell polarization was disrupted by serum starvation 
the recovery of actin rings was delayed, indicating that Cdc42 
plays an important but non-essential role in establishing osteo-
clast polarization.

Osteoclasts from WASp knockout mice exhibit a reduction 
in podosome formation and therefore are unable to polarize.80 
Moreover, the phosphorylation of WASp at Tyr-291 is regu-
lated by several kinases, including Src, which increases Arp2/3-
mediated actin polymerization and SZ formation.81,82 WASp also 
interacts with WIP (WASp-interacting protein), which induces 
its localization to podosomes and protects against calpain-depen-
dent degradation.83 Deficiency of WIP in osteoclasts induces a 
reduction in WASp protein level and in the number of podo-
somes; both of these changes can be restored by the activation of 
CD44 receptors, confirming the critical role of WASp in osteo-
clast polarization.84

The other group of Rho family effector molecules implicated 
in podosome formation is the p21-activated kinases (PAK) family, 
which contains six members that can interact with both Cdc42 
and Rac to mediate cytoskeleton rearrangement.85 Expression of 
dominant negative PAK4 mutants resulted in reduced size and 
number of podosomes in macrophages.72 Moreover, expression 
of a kinase-active PAK1 mutant induced the formation of podo-
some-like F-actin columns in vascular smooth muscle cells.75 
Cortactin, an F-actin binding protein that interacts with the 
Arp2/3 complex to stimulate actin nucleation and to regulate 

which promotes osteoclast spreading and motility.59,60 Its role in 
podosome organization is less well understood. Ory et al. reported 
that Rac has opposite effects to Rho in multinucleated giant cells, 
since expression of constitutively active Rac promoted lamellipo-
dia formation and cell spreading whereas expression of dominant 
negative Rac caused cell retraction and podosome disorganisa-
tion.54,60 Razzouk et al. took an alternative approach involving the 
use of neutralising antibodies to Rac1 and Rac2, to demonstrate 
that inhibition of Rac activity disrupted actin rings, reduced 
resorptive activity and caused retraction of rat osteoclasts.61 More 
recently, osteoclasts from rac2-/- mice have been shown to have 
defects in SZ formation and M-CSF-induced migration in vitro, 
leading to a decrease in osteoclast activity both in vitro and in 
vivo,62 therefore confirming the important role played by Rac 
proteins in podosome and sealing zone formation.

Relatively little is known about the regulation of Rac and 
Rho by guanine nucleotide exchange factors (GEFs) and GTPase 
activating proteins (GAPs) in osteoclasts. There are over 70 
RhoGEFs in mammals, belonging to two different groups: the 
Dbl-homology domain containing proteins and the CZH pro-
teins.63,64 Transcript profiling analyses have revealed the expres-
sion of 42 RhoGEFs in osteoclasts including Vav3, FARP2, 
Dock5 and αPIX.47 Currently, there is evidence that several 
of these that specifically regulate Rac activity play a role in 
osteoclasts.

All three Vav proteins are expressed by osteoclasts but so 
far only Vav3 has been shown to play a crucial role in osteo-
clasts,65 mediating M-CSF-induced cytoskeletal rearrangement 
and osteoclast spreading via association with Rac1.60 Deficiency 
of Vav3 in mice leads to osteopetrosis due to a defect in bone 
resorbing osteoclasts, which exhibit defective actin rings and loss 
of polarization.65 FARP2 is a Dbl family GEF specific for Rac1 
that is important for cytoskeletal organization.66 Its expression 
is upregulated during osteoclastogenesis and it localizes to the 
actin core of podosomes.67 Overexpression of a dominant nega-
tive form of FARP2 lacking the RacGEF domain results in the 
disorganisation of the actin belt and in a lack of bone resorption.

Dock5, a Rac1 GEF of the CZH family, has been also recently 
been implicated in SZ formation.68 Expression of Dock5 is upreg-
ulated during RANKL-induced osteoclastogenesis.47 Osteoclasts 
from Dock5 knockout mice have decreased Rac1 activity and 
a disrupted actin cytoskeleton,68 further indicating that Rac1-
regulated pathways play an important role in formation of the SZ.

ARF6

Recently, ARF6, which is known to regulate the plasma mem-
brane localization of Rac1,69,70 has been identified to be necessary 
for sealing zone formation.50,69 GIT proteins (GIT1 and GIT2), 
which are ARF-GAPs, are targets of Src kinase and are local-
ized to the sealing zone in polarized osteoclasts.50,71 GIT2 has 
been shown to downregulate ARF activity and possibly Rac1 
recruitment at the SZ, thereby maintaining osteoclast polarity.50 
Moreover, osteoclasts from GIT1 knockout mice have a disrupted 
actin cytoskeleton, confirming the importance of GIT proteins 
in the formation of the SZ.50 GIT proteins can interact with  
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release of proteases that degrade the organic matrix. This is medi-
ated both by the fusion of lysosomes at the RB, which directly 
liberates acid into the resorption lacuna, and by the continued 
action of the V-ATPase that is inserted into the RB as a result 
of this trafficking pathway.96 The V-ATPase acidifies late endo-
somes and lysosomes by pumping protons generated by carbonic 
anhydrase II into the lumen of the vesicle.97 To maintain electro-
neutrality of the vesicles, chloride ions are transported into the 
lumen by the H+/Cl- antiporter ClC-7, which is highly expressed 
in osteoclasts and is also delivered to the RB by lysosomal traf-
ficking.98 Secretion of proteases, in particular cathepsin K, via 
this pathway mediates the degradation of the organic matrix, 
which is predominantly type I collagen.99-101 This endocytic path-
way that is responsible for the formation and maintenance of the 
RB originates from the basolateral membrane, since endosomal 
markers such as HRP and iron-loaded transferrin are internalised 
into endosomes from this membrane domain before delivery to 
the peripheral area of the RB close to, but distinct from, the seal-
ing zone.102 Although podosomes and invadopodia are known 
to mediate matrix degradation via the release of metalloprote-
ases such as MMP9 that can degrade collagen, it is cathepsin K 
delivered through the endocytic pathway that is critical for bone 
degradation,102 and the sealing zone itself is not the main site of 
bone resorption.

Rab proteins, the largest family of small GTPases, comprising 
more than 70 members in humans,103 are the master regulators of 
vesicular trafficking, playing a role in vesicle budding, transport 
and fusion with destination membranes. While many Rab pro-
teins are likely to play similar fundamental roles in all cell types, 
the expression of some Rabs is restricted to specialized cell types, 
where they have a distinct function; for example, Rab17 is specifi-
cally expressed by polarized epithelial cells, where it mediates the 
apical polarized transport of recycling endosomes.104 Since osteo-
clasts exhibit unique vesicular trafficking pathways to maintain 
their polarization, it is likely that some Rab proteins play unique 
roles in osteoclast function (Fig. 4). One strong candidate that 
is known to have restricted tissue distribution is Rab27a, since 
this is involved in trafficking of “secretory lysosomes” in other 
cell types such as melanocytes and cytotoxic T cells. However, 
Rab27a is not expressed in osteoclasts, despite being present in 
precursor cells, while the ashen mouse that is deficient in Rab27a 
does not have an overt bone phenotype (Coxon FP and Seabra 
MC, unpublished data). Intriguingly though, Rab27a and b iso-
forms are expressed in bone-forming osteoblasts, where they play 
a role in the trafficking of RANK ligand-expressing vesicles to 
the plasma membrane.105 This is therefore likely to impact on 
osteoclast activity in vivo, since RANK ligand is essential for the 
differentiation and function of osteoclasts.

While studies have identified the expression of Rab1B, Rab3A/
B/C/D, Rab4B, Rab5C, Rab7, Rab9, Rab10, Rab11B and Rab35 
in osteoclasts,95,106,107 little is known about the function of most 
of these Rabs in osteoclasts. Rab9 colocalizes with Rab7 to late 
endosomes, but not to the RB in resorbing osteoclast.95,106 Rab6 
is also highly expressed at the protein level and displays a perinu-
clear Golgi localization, but its exact role remains undefined.32,108 
Rab11 is localized in perinuclear recycling compartments in 

podosome formation,86,87 can be phosphorylated by PAK thereby 
affecting its binding to actin in vascular smooth muscle cells.88 
In osteoclasts, neutralizing antibodies to PAK1 disrupted actin 
rings, similar to the effects of neutralising anti-Rac antibodies, 
suggesting that PAK proteins promote not only podosome forma-
tion but also mediate Rac-induced sealing zone formation.61

RhoU

The most recent member of the Rho GTPase family implicated 
in the regulation of osteoclast cytoskeleton is RhoU, also known 
as Wrch1 (Wnt1-Responsive Cdc42 Homolog 1). RhoU shares 
significant sequence and functional similarity with Cdc42, but 
unlike Cdc42, RhoU has an extremely rapid, intrinsic guanine 
nucleotide exchange activity.89 Moreover, RhoU has putative Src 
homology 3 (SH3) domain-interacting motifs in its N-terminal 
region. In contrast to RhoA, Rac1 and Cdc42, RhoU expression 
is upregulated during osteoclast differentiation.47 RhoU colo-
calizes with vinculin around the actin cores in cells that form 
podosomes, i.e., in osteoclasts and in Hela cells transfected with 
a constitutively active form of Src.90 Studies in other cell types 
have indicated that RhoU is involved in cytoskeletal reorgan-
isation and in cell polarity. In MDCK cells, the interaction of 
RhoU and Par-6 regulates the tight junction assembly necessary 
for epithelial cell polarization and for cystogenesis.91 Moreover, 
Src phosphorylation of RhoU at Tyr-254 is required for cystogen-
esis in 3D culture of MDCK cells.92 In H1299 cells, Src-mediated 
RhoU phosphorylation induces its subcellular relocalization and 
downregulates its binding to GTP, leading to a decrease in RhoU-
induced PAK and Pyk2 autophosphorylation.92 However, in 
osteoclasts, overexpression of wild-type and constitutively active 
RhoU destabilizes the podosome belt and increases the formation 
of actin clusters but has no effect on sealing zone formation or in 
vitro bone resorption,93 suggesting that RhoU is not required for 
osteoclast polarization and its role in osteoclasts remains to be 
determined.

Regulation of Vesicular Trafficking  
in Osteoclasts by Small GTPases

Vesicular trafficking processes are essential in osteoclasts to 
establish and maintain cell polarization, release the mediators of 
bone resorption into the resorption lacuna, and to recycle recep-
tors such as integrins that promote osteoclast motility and func-
tion. The crucial membrane domain for bone resorption, which 
is formed as a result of vesicular trafficking and fusion, is the RB, 
a highly convoluted membrane that forms only once osteoclasts 
have undergone cytoskeletal rearrangement to form the SZ.10-

12 Unlike conventional plasma membranes, the RB expresses a 
number of proteins associated with the endosomal/lysosomal 
pathway, such as LAMP1, LAMP2, lgp110 and Rab7, defining 
the RB as a lysosomal membrane;12,94 markers of early endo-
somes, such as EEA1, are not found at the RB, but are restricted 
to vesicles within the cytoplasm of osteoclasts.95 The lysosomal 
nature of the RB is not surprising, as the degradation of the bone 
matrix requires acidification of the resorption lacuna and the 
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It also regulates the retrograde trafficking of late endosomes along 
microtubules toward the microtubule organizing center through 
interactions with the effector protein RILP and the motor protein 
dynein.111 Given the importance of this trafficking pathway in 
RB formation, Rab7 may therefore be involved in RB formation 
by controlling both the fusion of late/mature endosomes with 
each other and with the RB,12 and/or the trafficking of these 
vesicles on microtubules. In support of this, Rab7 co-localizes 
with markers of the ruffled border and of late endosomes, but 

osteoclasts where it may be involved in ruffled border mem-
brane turnover, promoting osteoclast migration and resorption.95 
However, a definitive role in vesicular trafficking to the RB of 
osteoclasts has been ascribed to only Rab7 and Rab3D thus far.

Rab7

Rab7 mediates heterotypic fusion between early endosomes and 
late endosomes, and between late endosomes and lysosomes.109,110 

Figure 4. Hypothetical model for the transport of late endosomes/lysosomes to the ruffled border in osteoclasts. Rab7 is localized to late endosomes/
lysosomes and to the peripheral area of the ruffled border (close to the sealing zone) in osteoclasts and regulates the trafficking of these vesicles 
toward the plus end of microtubules. The other mediators of this process remain unknown, although the Rab7-binding protein Plekhm1, which is re-
cruited to late endosomes/lysosomes by Rab7, is likely to be involved, since osteoclasts from osteopetrosis patients with mutations in this protein have 
defective ruffled borders. One possibility is that Plekhm1 may bridge Rab7 and a kinesin motor to enable trafficking to occur on microtubules. Rab7 
has been shown to interact directly with Rac1 close to the sealing zone, and it has been postulated that this interaction may mediate the transfer of 
the late endosomes/lysosomes from the microtubule network to the cortical actin network prior to fusion with the ruffled border acceptor membrane 
and the release of cathepsin K and acid at the periphery of the RB into the resorption lacuna. This process also serves to insert the V-ATPase, ClC-7 and 
Rab7 into the ruffled border membrane. The V-ATPase itself may also have a role in this process, since subunits of the pump have been shown to bind 
to actin microfilaments. Transcytotic vesicles, which are involved in the further degradation and removal of collagen fragments and are trafficked on 
microtubules to the functional secretory domain (FSD), originate from the central region of the ruffled border; as yet the Rab GTPases governing this 
pathway remain unknown.
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a kinesin motor), where an interaction between Rab7 and Rac1 
may enable the transfer from the microtubules to the cortical 
actin network.

Rab7 is also necessary for the fusion of lysosomes with auto-
phagosomes to form autolysosomes and enable degradation of the 
material within the autophagosome.121 In addition, the transport 
of autolysosomes along microtubules is promoted by the inter-
action of Rab7 with its effector FYCO1.122 Interestingly, it has 
recently been suggested that the RB also exhibits characteristics 
of autophagosomal membranes, such as expression of the protein 
Atg8/LC3, which participates in the recruitment of material to 
be degraded by autophagy as well as fusion of autophagosomes 
with lysosomes.123,124 This raises the intriguing possibility that 
the fusion of lysosomes with the RB could be mediated via LC3, 
and/or that autophagosomes are trafficked to the RB in osteo-
clasts. A recent paper indicates that LC3 also plays a role in 
phagosomes in macrophages, supporting the idea that LC3 local-
ization and function may not be restricted to autophagosomes.125

Rab3D

Rab3 proteins are involved in regulated exocytosis and are there-
fore mostly expressed in cells with high secretory requirements, 
particularly neurons and neuroendocrine cells.126,127 Of the Rab3 
isoforms, Rab3D is highly expressed in osteoclasts both at the 
mRNA and protein levels while expression of Rab3A, Rab3B and 
Rab3C is much lower.95,107 In addition, Rab3D is essential for 
osteoclast function, since Rab3D-deficient mice exhibit an osteo-
sclerotic (high bone mass) phenotype due to defective resorp-
tion by osteoclasts, which can be replicated by overexpression 
of a dominant negative form of Rab3D in osteoclasts in vitro.107 
Moreover, osteoclasts from the Rab3D-deficient mice exhibit an 
abnormal RB, suggesting a defect in vesicular trafficking to this 
domain. However, Rab3D does not appear to be involved in the 
lysosomal trafficking pathway, since it localizes to a subpopula-
tion of post-TGN vesicles in osteoclasts. Rab3D may therefore 
regulate the biogenesis of a secretory compartment from the 
TGN, although it is unclear whether this compartment repre-
sents a completely distinct vesicular population from the Rab7-
regulated endocytic pathway or whether these vesicles merge 
with the endocytic pathway in order to reach the RB. Rab3D 
may regulate the trafficking of these putative secretory vesicles 
by recruiting the dynein motor component Tctex-1, with which it 
binds in a GTP-dependent manner.128

Transcytosis

A high concentration of degraded collagen fragments, calcium 
and phosphate are created by the degradation of the bone matrix, 
which need to be removed from the resorption lacuna so that 
they can ultimately be excreted in the urine. However, the SZ is 
impermeable to molecules larger than 10 kDa suggesting the exis-
tence of a cellular route to clear the lacuna of these products.128 
Indeed, bone degradation products can be detected within intra-
cellular vesicles, at a specific domain of the basal membrane and 
in the extracellular space close to this membrane,130,131 suggesting 

not with markers of early endosomes or the Golgi apparatus in 
osteoclasts.12,112 In addition, antisense knockdown studies have 
confirmed that Rab7 is essential for RB formation and resorp-
tion by osteoclasts, and for trafficking of the V-ATPase to the 
RB.112 While transferrin uptake into early endosomes is normal 
in Rab7-depleted cells, trafficking to the RB is disrupted, provid-
ing further evidence that Rab7 regulates the latter stages of the 
endosomal pathway from the basolateral membrane to the RB.112

Rab7 Effectors

There is currently no evidence for a role of the established Rab7 
effectors, such as RILP, ORP1L, Rabring7, hVPS34 or FYCO-1 
in osteoclast function. However, it has been shown that Rab7 
interacts with the small GTPase Rac1 in osteoclasts in a GTP-
dependent manner.113 As outlined above, Rac1 plays an impor-
tant role in formation of the sealing zone and both Rac1 and 
Rab7 colocalize at the fusion zone of the RB, just inside the 
sealing zone. It has been hypothesized that this association may 
be required for the fusion of late endosomes at the RB, by con-
trolling the switch of late endosomes from microtubule-based 
transport to the cortical actin network (Fig. 4). In this respect, 
an analogy can be drawn with the transport of melanosomes in 
melanocytes, which require the interaction of Rab27a with mela-
nophilin to switch from microtubule to actin-based transport in 
peripheral dendrites.114 However, Arf6-activated Rac1 has been 
shown recently to recruit an effector Armus, a member of the 
TBC/RabGAP family, which leads to Rab7 inactivation and 
promotes E-cadherin lysosomal degradation, suggesting another 
possible function for the Rac1/Rab7 complex.115 Moreover, there 
is also evidence that the V-ATPase on the late-endosomes/lyso-
somes may be the mediator of their tethering at the cortical actin 
network by directly binding to F-actin.116,117

Interestingly, the protein Plekhm1 has been identified as 
another putative effector of Rab7 in osteoclasts.118 Mutations in 
Plekhm1 are a cause of the bone disease osteopetrosis, in which 
the osteoclasts are dysfunctional due to defective RB formation, 
suggesting that Plekhm1 is involved in Rab7-dependent endo-
somal/lysosomal transport to the RB.118 Plekhm1 is a large, cyto-
solic protein that also shows some localization on endosomal/
lysosomal vesicles, to which it is recruited to by GTP-bound 
Rab7.118 The osteopetrosis-causing mutation results in the intro-
duction of a premature stop codon, and therefore a truncated 
form of Plekhm1 that fails to localize to endosomes/lysosomes, 
suggesting that transport of lysosomes to the RB in osteoclasts 
depends on the association of Plekhm1 with Rab7. The physical 
interaction between Plekhm1 and Rab7 has recently been con-
firmed, although intriguingly in this study the authors suggest 
that Plekhm1 negatively regulates the endocytic pathway in Hela 
cells.119 Interestingly, another study reported a point mutation 
(R714C) in Plekhm1 mutation that has no effect on Plekhm1 
localization, but causes generalized osteopenia (low bone mass), 
suggesting that this may be a gain-of-function mutation.120 Taken 
together, we propose a model (Fig. 4) in which Plekhm1 may 
link Rab7 to microtubule-based transport of the late endosomes/
lysosomes toward the RB (for example through interacting with 
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promoting osteoclast survival.142 Mutations in the nf1 gene, cod-
ing for the Ras GAP Neurofibromin, leads to neurofibromato-
sis type 1, a disease characterized by neurofibroma tumors, skin 
pigmentation defects, osseous malformations, learning defects 
and predisposition to selected malignancies.143 Nf1 patients have 
bone loss due to defects in both osteoblasts and osteoclasts.143 
Osteoclasts from these patients survive longer in the absence of 
serum than control osteoclasts confirming Ras as an essential 
regulator of osteoclast survival.144

Although Ras plays a role in osteoclast survival, its effect on 
osteoclast activity remains unclear. Indirectly interfering with the 
function of most forms of Ras by inhibiting its prenylation (using 
the specific inhibitor of farnesyl transferase, FTI-277), had no 
effect on the cytoskeleton or activity of rabbit osteoclasts.30 In 
contrast, dominant negative Ras expression in avian osteoclasts 
increased lysosomal enzyme secretion, suggesting that Ras may 
negatively regulate osteoclast activity.145 Moreover, murine osteo-
clasts from Nf1/- mice have increased Ras activity, actin ring for-
mation and resorption.146,147 This effect is mediated by Rac, as 
the absence of Rac abolishes the Nf1-induced osteoclast polariza-
tion and activity.147 The precise role of Ras GTPases in osteoclasts 
therefore remains to be fully clarified.

Little is known about the role of other small GTPases in 
osteoclast survival. However, the ability of the specific GGTase I 
inhibitor, GGTI-298, to potently induce apoptosis in osteoclasts 
suggests that the Rho family proteins may be involved in this 
process.30 Indeed, overexpression of a dominant negative form of 
Rac1 in mouse osteoclasts induces apoptosis and decreases bone 
resorption while the constitutively active Rac1 increases cell sur-
vival PI3K-dependent manner suggesting that Rac acts not only 
on osteoclast cytoskeleton but also promotes osteoclast survival.59

Conclusion

In conclusion, it is clear that osteoclast function, and hence bone 
resorption, is highly dependent on small GTPases of the Ras, 
Rho and Rab families, which all require post-translational pre-
nylation for their correct localization and function. Inhibition of 
prenylation of small GTPases is the major mechanism of action 
of the drugs that are most widely used to inhibit bone resorption 
in common metabolic bone diseases. Studies into the role of spe-
cific small GTPases has revealed further insights into the unique 
cytoskeletal arrangement and vesicular trafficking routes in 
resorbing osteoclasts. However, further such studies are required 
to fully understand how these pathways are regulated in this fas-
cinating cell type.
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that these degradation products are trafficked though the osteo-
clast by transcytosis.

This process may play a role in balancing the membrane 
domains in osteoclasts, as well as enabling further degradation 
of matrix fragments through the action of tartrate-resistant acid 
phosphatase (TRAcP).132 The central region of the basolateral 
membrane domain, to where the transcytotic vesicles are traf-
ficked, has therefore become known as the functional secretory 
domain (FSD), and has characteristics of the apical membrane 
in epithelial cells.10,94 Consistent with the transcytosis model, the 
central area of the RB exhibits extensive endocytic activity and 
vesicle coat proteins such as clathrin and AP-2 are restricted to 
this domain, together with the GTPase dynamin,102,133 which is 
crucial for separating the budding vesicles from the membrane. 
Similarly, to compensate for the membrane loss during the 
matrix uptake process, recent evidence suggests that there is an 
additional ‘reverse’ transcytotic pathway that delivers membrane 
from the FSD to the RB.134

Despite the elucidation of these unique trafficking pathways 
in osteoclasts, the Rab GTPases that regulate them remain com-
pletely unknown. In epithelial cells, Rab17 is involved in tran-
scytosis of the polymeric immunoglobulin receptor from the 
basolateral to the apical domain,135 while a more recent report 
indicates that the Rab11 effector Rab11-FIP5 also plays a role in 
this process.136 However, it is difficult to extrapolate these find-
ings to osteoclasts, given the unique nature of the membranes 
between which transcytosis occurs.

Small GTPases and Osteoclast Survival

Small GTPases play an important role in osteoclast survival, 
exemplified by the ability of bisphosphonate drugs to induce 
osteoclast apoptosis as a result of inhibiting the prenylation of 
these proteins.137 Ras GTPases are key regulators of cell survival 
and are activated by numerous cell surface receptors to induce 
key signal transduction pathways, including ERK, MAP kinase 
and PI3-kinase.138 When activated, Ras recruits Raf-1, a serine/
threonine kinase that subsequently phosphorylates and activates 
MEK (MAPK/Erk kinase), that, in turn, phosphorylates and 
activates Erk1 and Erk2, which are required for cell survival.36,138 
Another Ras effector is phosphatidylinositol-3-kinase (PI3K), 
which activates the pro-survival serine/threonine kinase Akt/
PKB.139 Overexpression of constitutively active Ras in murine 
osteoclasts promotes cell survival, which was blocked by inhibi-
tion of PI3K or Raf-1, demonstrating the involvement of both 
Ras-induced pathways to osteoclast survival.140 Confirming the 
implication of the Raf-1-dependent pathway, a constitutively 
active form of MEK greatly increases osteoclast survival, without 
affecting bone-resorbing activity.141

PAK1 has recently been described to activate expression of 
survivin downstream of Raf-1 in a MEK-independent manner, 
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