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Introduction

Bone remodeling is the physiological process by which bone 
extracellular matrix (ECM) is constantly renewed. It implies 
the coordinated activity of 2 highly specialized cell types: the 
osteoblast, responsible for de novo bone matrix formation,1 and 
the osteoclast, responsible for the resorption of the old matrix.2 
An imbalance in the activity of these 2 cells can lead to severe 
bone diseases. In particular, an excess of bone resorption over 
bone formation is invariably associated with the most common 
bone disease, osteoporosis. Hence, it is essential to understand 
the molecular mechanisms regulating osteoclast activity in order 

to develop targeted therapies for this and other bone disorders. 
The molecular elucidation of various forms of osteopetrosis, a rare 
genetic disease caused by an absence of osteoclast or by a defect 
in their function,3 has highlighted the critical importance of 
lysosomal proteins to the osteoclast function.4,5 These molecular 
genetic studies of rare human diseases coupled with additional 
work performed in cell culture or in genetically modified mouse 
models have recently uncovered signaling pathways implicated in 
the regulation and in the biogenesis of lysosomes in osteoclasts. 
This review aims at giving an overview of the significance of the 
regulation of lysosomal biogenesis and function in this cell type.

Lysosomes and Osteoclast Physiological Functions

Osteoclasts are large multinucleated cells of hematopoietic 
origins specialized in the removal of the mineralized bone 
extracellular matrix (ECM). Osteoclast resorptive function 
is absolutely necessary for normal bone growth, i.e., for bone 
modeling,6 and for the renewing of bone mass in adult vertebrates, 
i.e., for bone remodeling.2 Bone resorption by osteoclasts is also 
required to maintain calcium and phosphate ions homeostasis.7 
Additionally, it has been proposed that osteoclast resorptive 
function may play a role in the formation of hematopoietic stem 
cell niches in the bone marrow.8-13 Furthermore, it was recently 
shown that osteoclasts are implicated in the control of glucose 
metabolism and male fertility by regulating osteocalcin, a bone-
derived hormone. Indeed, osteocalcin is activated by osteoclast 
through a non-enzymatic decarboxylation, which is dependent 
on the extracellular acid pH generated during bone resorption.14,15 
Finally, a recent study has suggested that the bone resorptive 
activity of osteoclast was implicated in the regulation of bone 
formation by osteoblasts.16 Hence, several physiological functions 
depend on the resorptive capacity of this cell.
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In order to resorb the mineralized bone extracellular 
matrix, the osteoclast relies on the generation of a resorption 
lacuna characterized by the presence of specific proteases 
and a low pH. Hence, bone resorption by osteoclasts is highly 
dependent on lysosomes, the organelles specialized in intra- 
and extracellular material degradation. this is best illustrated 
by the fact that multiple forms of human osteopetrosis are 
caused by mutations in genes encoding for lysosomal proteins. 
yet, until recently, the molecular mechanisms regulating 
lysosomal biogenesis and function in osteoclasts were poorly 
understood. Here we review the latest developments in the 
study of lysosomal biogenesis and function in osteoclasts with 
an emphasis on the transcriptional control of these processes.
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In order to resorb the bone ECM, the osteoclast attaches 
tightly to the bone surface, creating a sealing zone (see Fig. 1). 
This process, necessary for the activation and the polarization 
of the osteoclast, implicates integrin-dependent signaling and 
multiple cytoskeleton remodeling events.17 Following attachment 
and activation, a ruffled border is created within the sealing zone. 
This ruffled border is characterized by the presence of proton 
pumps and chloride channels that allow the acidification of the 
resorption lacuna, which then develops underneath the ruffled 
border.18 It is generally accepted that the formation of the ruffled 
border and thereby the resorption lacuna occurs through the 
simultaneous fusion and secretion of numerous intracellular 
vesicles.19 The presence of several lysosomal proteins at the ruffled 
border and in the lacuna and the acidic pH of this lacuna suggest 
that most of these vesicles must be of lysosomal origin.

A closer look at how bone resorption occurs explains better how 
a proper lysosomal function is playing a dual role in osteoclastic 
activity. First, through the generation of an acidic environment in 
the lacuna, lysosomes allow the dissolution of hydroxyapatite, the 
mineral component of the bone ECM, and the decarboxylation, 
i.e., the activation of osteocalcin.14 Second, lysosomes synthesize 
and secrete in the resorption lacuna proteases required for the 
degradation of the organic fraction of the bone ECM mostly 
composed of type I collagen. Before going into the details of 
lysosomal function regulation in osteoclasts, we will first present 
the main lysosomal proteins implicated in the resorptive activity 
of the osteoclast.

Lysosomal Proteins and Osteoclast Function

The lysosomal proteins required for osteoclast resorptive 
function can be subdivided into 2 classes (see Tables 1 and 2). 
The first one includes proteins implicated in the acidification of 
the resorption lacuna, while the second one comprises enzymes 
implicated in the degradation of the bone ECM. It should be 

noted that the proteolytic enzymes of the second group generally 
require an acidic environment to be activated and are thus 
dependent on the first group of proteins to function normally.

Lysosomal Proteins Implicated in 
the Lacuna Acidification

The largest group of proteins implicated in the acidification 
of the resorption lacuna is formed by different subunits of the 
vacuolar-type H+ATPase (V-ATPase). V-ATPases function to 
acidify particular organelles, such as lysosomes, by coupling 
ATP hydrolysis to proton transport across membranes. In 
osteoclasts, V-ATPase activity is enriched at the ruffled border 
and is essential for bone resorption. This is best illustrated by 
the fact that mutations in TCIRG1, a gene encoding for the 
subunit a3 of the V-ATPase complex (also called OC116), is 
mutated in about 50% of the cases of autosomal recessive 
osteopetrosis in human.5,20 A mutation in the same gene was 
found to cause osteopetrosis in the oc/oc mice.21 Although 
the number of multinucleated osteoclasts is increased in the 
patients with mutations in TCIRG1 and in oc/oc mice, their 
capacity to resorp bone ECM is deficient. It is generally believed 
that the a3 subunit is responsible for the specific and unique 
localization of the V-ATPase complex at the ruffled border in 
osteoclasts. This notion is supported by the highly restricted 
expression of TCIRG1 to osteoclasts.20 Interestingly, in mice, 
a Tcirg1 dominant-negative mutation (R740S) results not only 
in an increased lysosomal pH, but also in a cell-autonomous 
defect of osteoclastogenesis in vitro caused by an inhibition of 
the nuclear translocation of the transcription factor NFATc1.22 
These results suggest that lysosomal pH may be important for 
osteoclast differentiation.

Other V-ATPase subunits have been implicated in osteoclast 
activity. One of them, the ATP6V0D2, an isoform of the d subunit 
of the V-ATPase, is highly expressed in osteoclasts, interacts 

Table 1. List of lysosomal genes and proteins implicated in eCM acidification

Gene/protein name Function in osteoclasts
Mouse mutant model(s) 

(phenotype[s])
Human mutation(s)

ATP6AP1/aC45 V-atPase accessory subunit Atp6ap1−/− (embryonic lethal) None

ATP6V1C1/atP6V1C1 V-atPase subunit None None

ATP6V0D2/atP6V0D2 V-atPase subunit Atp6v0d2−/− (high bone mass) None

CLCN7/ClC-7
Cl− channel

Cl−/H+ antiporter(?)

Clcn7−/−

(osteopetrosis)
Clcn7unc/unc

(mild osteopetrosis)

autosomal recessive osteopetrosis
autosomal dominant osteopetrosis

OSTM1/OStM1
ClC-7 β subunit

Other functions (?)
gl/gl

(osteopetrosis)
autosomal recessive osteopetrosis 

with neural involvement

SLC29A3/eNt3 Lysosomal nucleoside transport (?)
Slc29a3−/−

(No bone phenotype described)
Dysosteosclerosis

TCIRG1/atP6a3 V-atPase regulatory subunit
oc/oc

Tcirg1−/−

Tcirg1+/r740S

(osteopetrosis)

Infantile autosomal 
recessive osteopetrosis

autosomal dominant osteopetrosis
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with the a3 subunit, and is required for osteoclast fusion and for 
extracellular acidification in cell culture.23 Interestingly, mice 
deficient in Atp6v0d2 have increased bone mass, but this phenotype 
appears to be secondary to a decrease in osteoclast fusion rather 
than a defect in osteoclast function. It should be noted, however, 
that the Atp6v0d2−/− mice are characterized, in addition to this 
osteoclast defect, by an increased bone formation.24 ATP6V1C1, 
a c subunit of the V-ATPase, also appears to be important for 
lysosome acidification in osteoclasts and co-localizes with the 
a3 subunit at the ruffled border in vitro.25 Finally, cell culture 
experiments have demonstrated that ATP6AP1 (AC45), an 
accessory subunit of the V-ATPase,26 is required for extracellular 
acidification in osteoclasts, possibly by playing a role in the proper 
localization of the V-ATPase complex.27

Since there is a massive transport of protons toward the lacuna 
during bone resorption, it was assumed that a parallel transport of 
anions (Cl−) must take place simultaneously in order to maintain 
electroneutrality within the osteoclast. This function is achieved 
in osteoclasts by the chloride channel ClC-7 (CLCN7). Mice 
lacking this gene develop a severe osteopetrotic phenotype, 
and mutations in CLCN7 cause recessive and dominant forms 
of osteopetrosis in humans.28-30 In both mice and humans, the 
absence of CLCN7 results in a defective resorption by osteoclasts 
despite a normal differentiation process.29 Recent findings have 
challenged the classical view of ClC-7 as a Cl− channel, and rather 
suggest that this protein acts as a Cl−/H+ antiporter.31,32 This was 

supported by 2 observations. The first one is that the lysosomal pH 
is normal in Clcn7−/− neurons despite a lysosomal storage disorder. 
The second one is that a Clcn7 mutation preventing proton 
exchange without affecting Cl− transport (Clcn7unc/unc) is sufficient 
to cause osteopetrosis and neuronal disorders as observed in the 
null mice.31 However, acidification of the resorption lacuna is 
defective in Clcn7−/− osteoclasts,29 and the osteopetrotic phenotype 
is milder in Clcn7unc/unc mice than in Clcn7−/− mice.31 This suggests 
that ClC-7 Cl− transport function may be more important than 
its Cl−/H+ antiporter function in osteoclasts.

Another chloride channel family member ClC-3, which 
may also acts as a Cl−/H+ antiporter, have been reported to be 
required for proper intracellular acidification in osteoclasts in cell 
culture.33 However, it is not clear that the defects observed in 
Clcn3-deficient osteoclasts in vitro decrease bone resorption in 
vivo.

OSTM1 is a transmembrane protein localized in lysosomes 
in osteoclasts and neurons,34,35 which was found to be mutated 
in the osteopetrotic gl mice and in several patients suffering from 
the recessive form of osteopetrosis, some of them with neural 
involvement.36,37 It was proposed that OSTM1 might function 
as a β subunit of ClC-7, allowing its proper localization and its 
stabilization in neurons and osteoclasts.35 Interestingly, transgenic 
expression of Ostm1 in mature gl/gl osteoclasts using the TRAP 
promoter cannot rescue the osteopetrotic phenotype of gl/gl mice, 
while OSTM1 forced expression in myeloid progenitors using 

Figure 1. Lysosomal function, regulation, and biogenesis in osteoclasts. a bone-resorbing osteoclast is schematized. Proteins implicated in lysosomal 
biogenesis, in lysosomes trafficking and exocytosis, in eCM acidification, and in eCM degradation are indicated on the left. the recently identified 
pathway linking raNKL signaling, PKCβ, and tFeB to transcriptional regulation of lysosomal biogenesis is also included. See text for more details.
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PU.1 regulatory sequences fully rescue their osteoclast defect in 
vivo.38 In contrast, expression of ClC-7 in Clcn7−/− mice using 
the same TRAP regulatory sequences rescued the osteopetrosis 
in these mice.39 These results suggest that either OSTM1 has 
additional functions besides being a ClC-7 subunit, within 
the osteoclast lineage, or that it acts in a non-cell-autonomous 
manner and independently of ClC-7 in other hematopoietic cell 
types affecting osteoclast function.38

More recently, dysosteosclerosis, a form of osteopetrosis 
associated with skin manifestation, such as histiocytosis, was 
found to be caused by mutations in SLC29A3 a gene encoding the 
equilibrative nucleoside transporter ENT3.40 SLC29A3 is expressed 
in primary osteoclasts, and osteoclasts lacking ENT3 have 
decreased capacity to demineralize calcium surface. Interestingly, 
in macrophages, ENT3 is required for the proper clearance of 
the nucleosides from the lysosomes, and in Ent3−/− macrophages 
intralysosomal pH is elevated and phagocytic function altered.41 
Whether nucleoside transport may also be important for lysosomal 
acidification in osteoclasts remains to be tested.

Lysosomal Proteins Implicated in the 
Degradation of the Bone ECM

Once the acidic environment of the resorption lacuna has 
dissolved the mineralized bone ECM, the organic components 
of bone become exposed and can be degraded by proteolytic 
enzymes (see Fig. 1 and Table 2). These enzymes are active 
at low pH, given the acidic condition of the lacuna. Among 
them, cathepsin K (CTSK), a lysosomal cysteine protease, 
may be the most important. It is CTSK’s ability to catabolize 
collagen type I fibers that degrades the organic phase of the bone 
ECM. Mutations in CTSK are responsible for pycnodysostosis, 
a recessive form of osteosclerosis in human.42 Osteoclasts 
from pycnodysostosis patients and from mice deficient in Ctsk 
differentiate normally, form a ruffled border, and can even 
dissolve the mineral matrix, but they are unable to degrade the 
collagenous bone matrix.43,44

Other lysosomal proteases possibly implicated in bone 
resorption include matrix metalloproteinases (MMPs). In cell 
culture MMPs may contribute to the degradation of the bone 
ECM and mediate the release of the C-terminal telopeptide of 
type I collagen (CTX) fragment in the absence of cathepsin K 
activity.45 Interestingly, mice lacking MMP13 or both MMP9 

and MMP13 display bone remodeling defects and increased 
trabecular bone density.46 Loss of function and dominant 
point mutations in MMP9 and MMP13, respectively, were 
found to cause autosomal recessive and dominant metaphyseal 
anadysplasia in human.47 However, it has not been shown that 
osteoclast activity is altered in metaphyseal anadysplasia or in 
MMPs-null mice. Thus, whether MMPs contribute to bone 
resorption in vivo remains to be established.

The tartrate acid-resistant phosphatase (TRAP or ACP5), 
which is commonly used as a specific marker of differentiated 
osteoclasts, is another lysosomal enzyme implicated in osteoclast 
resorptive function. TRAP is a glycosylated metallophosphatase 
that is activated by proteolytic cleavage, most likely involving 
cathepsin K activity.48 TRAP is abundant at the ruffled border and 
in intracellular secretory organelles, including lysosomes.49 Mice 
deficient in Acp5 develop only mild osteopetrosis,50 but further 
studies have suggested that another acid phosphatase, lysosomal 
acid phosphatase (LAP), can compensate for the absence of TRAP 
in osteoclasts in mice.51 More recently, mutations in ACP5 were 
identified as being responsible for spondyloenchondrodysplasia, 
a rare skeletal dysplasia in humans.52,53 Nonetheless, the exact 
function of TRAP in osteoclasts resorptive activity remains 
debated. It was proposed that TRAP dephosphorylates specific 
proteins present in the bone ECM, including osteopontin, 
which then could contribute to the migration of osteoclasts 
on the resorbed bone matrix.54 In addition, recent findings in 
other cell types suggest that TRAP might remove the mannose 
6-phosphate (Man6P) moiety on proteins targeted for lysosomal 
degradation, thereby contributing to the hydrolysis and removal 
of degradation products by lysosomes.55,56

Regulation of Lysosomal Function in Osteoclasts

Given its critical role in osteoclast function, the activity of 
the lysosomes must be tightly regulated in these cells. This is 
achieved through the action of a growing number of proteins 
and pathways (see Fig. 1 and Table 3). Although most of these 
proteins are implicated in the trafficking and exocytosis of the 
lysosomal vesicles, some new players were recently identify that 
control alternative pathways regulating the proper localization of 
lysosomal enzymes or lysosomal biogenesis.

Among the proteins implicated in the trafficking of the 
lysosomes in osteoclasts are the 2 small GTPases, Rab3d and 

Table 2. List of lysosomal genes and proteins implicated in eCM protein degradation

Gene/protein name Function in osteoclasts Mouse mutant model (phenotype) Human mutation(s)

ACP5/traP

Man6P 
dephosphorylation (?)

Osteopontin 
dephosphorylation (?)

Acp5−/−

(Mild osteopetrosis)
Spondyloenchondrodysplasia

CTSK/CtSK Collagen proteolysis
Ctsk−/−

(Mild osteopetrosis)
Pycnodysostosis

MMP9/MMP9
MMP13/MMP13
Other MMPs(?) Collagen proteolysis (?)

Mmp13−/−

Mmp9−/−;Mmp13−/−

(High bone mass, decreased bone remodeling)

Metaphyseal anadysplasia or 
sponduloepimetaphyseal dysplasia 

(no bone resorption defect reported)
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Rab7. Rab7, which was known to be associated with the late 
endosomes in other cell types, is highly expressed and localized 
at the ruffled border in osteoclasts. Downregulation of Rab7 
in osteoclasts results in a defective polarization, an absence 
of ruffled border, and an impaired bone resorptive capacity in 
vitro.57,58 Rab3d is also abundant in osteoclasts and localized 
to a lysosomal subset of the post-trans-Golgi network (TGN) 
vesicles. Rab3d deficiency in mice results in osteoclasts with 
underdeveloped ruffled borders, leading ultimately to an 
osteosclerosis phenotype, suggesting that Rab3d functions at the 
post-TGN to regulate the traffic of lysosomal vesicles implicated 
in ruffled border formation.59 The GTPase activity of Rab 
proteins is dependent on their post-translational prenylation by 
Rab geranylgeranyl transferase (RGGT). The gunmetal (gm/gm) 
mouse bears a mutation in the catalytic subunit of RGGT causing 
hypoprenylation of several Rabs in various cell types, including 
osteoclasts.60,61 gm/gm osteoclasts differentiate normally, but have 
underdeveloped ruffled borders and reduced capacity to resorb 
bone ex vivo,61 confirming the importance of Rabs proteins for 
osteoclast activity.

Synaptotagmin VII, a member of a family of proteins that 
mediate calcium-dependent regulation of membrane trafficking 
in synaptic transmission, is associated with Rab7-positive 
lysosomes in osteoclasts. Absence of synaptotagmin VII in mice 
inhibits ruffled border formation, and cathepsin K secretion 

in osteoclasts in vitro and results in reduced bone resorption 
in vivo,62 suggesting that this protein is required for lysosome 
exocytosis in osteoclasts. Plekhm1, a RUN and pleckstrin 
containing protein, is another Rab7-interacting protein that 
was identified recently as an important regulator of vesicular 
trafficking in osteoclasts.63 PLEKHM1 is mutated in a type of 
recessive human osteopetrosis and in the osteopetrotic rat strain 
incisors absent.64 PLEKHM1-deficient osteoclasts differentiate 
normally but fail to form a ruffled border and to resorb the bone 
ECM.64 In addition, a dominant mutation in PLEKHM1 has 
been identified in a patient with generalized osteopenia with 
focal sclerosis. In this case, however, the defect appeared to be at 
the level of endosomal acidification.65 Finally, proteins implicated 
in autophagy such as Atg5 and LC3 have been shown to localize 
at the ruffled border in resorbing osteoclasts. Osteoclasts lacking 
Atg5 fail to localize Rab7-positive lysosomes to the ruffled border 
and have reduced resorptive capacity.66

Tctex-1, a dynein light chain protein, was identified as an 
interacting partner of Rab3d in a yeast 2-hybrid screen.67 The 
same group demonstrated that Tctex-1 co-localizes with Rab3d on 
lysosomal vesicles and that Tctex-1 downregulation in osteoclasts 
result in mislocalization of these vesicles and in impaired bone 
resorption capacity. This study and more recent work implicating 
the dynein–dynactin complex proteins and LIS1, a microtubule 
regulator in the resorptive capacity of osteoclasts, suggest that 

Table 3. List of genes and proteins implicated in lysosomal regulation in osteoclasts

Gene/protein name Function in osteoclasts
Mouse mutant model 

(phenotype)
Human mutation(s)

Atg5/autophagy related 5
regulates the secretion 

of lysosomes
Atg5fl/fl;LysM-Cre

(Decreased bone resorption)
None

Dynlt1b/tCteX-1
regulates vesicular 

trafficking via rab3d
None None

GNPTAB/GlcNac-1-
phosphotransferase 

α, β-subunits

regulates the targeting 
of Cathepsin K and traP 
to secretory lysosomes

Gnptab−/− (reduced bone growth) Mucolipidosis type II α/β

PLEKHM1/PLeKHM1
Lysosome transport 
and acidification (?)

None (Mutated in Incisor 
absent osteopetrotic rat)

Intermediate recessive osteopetrosis

Prkcb/PKCβ
regulates lysosomal 

biogenesis through the 
phosphorylation of tFeB

Prkcb−/−

(Decreased osteoclast activity, 
increased bone mass)

None

Prkcd/PKCδ
regulation of cathepsin 

K exocytosis

Prkcd−/−

(Decreased osteoclast activity, 
increased bone mass)

None

Rab3d/raB3D Lysosome trafficking Rab3d−/− (Osteosclerosis) None

Rab7/raB7 Vesicular trafficking Rab7−/− (embryonic lethal) None

SNX10/SNX10
Sorting nexin

endosomes trafficking (?)
None Infantile autosomal recessive osteopetrosis

Syt7/Synaptotagmin VII
regulates the secretion 

of lysosomes

Syt7−/−

(Decreased osteoclast and 
osteoblast activity, low bone mass)

None

Tfeb/tFeB
transcriptional regulation 
of lysosomal biogenesis

Tfebfl/fl;Ctsk-Cre
(Decreased osteoclast activity, 

increased bone mass)
None
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the active transport of vesicular cargo along microtubules is 
essential to osteoclasts function.68,69 Moreover, nocodazole, a 
microtubule-depolymerizing reagent, inhibits the bone resorptive 
activity of differentiated osteoclasts,70 illustrating the importance 
of microtubule networks in osteoclast function.

Recently, mutations in SNX10, the gene encoding the 
sorting nexin 10, a phox (PX) domain containing protein, were 
found in a subset of patients with autosomal infantile recessive 
osteopetrosis.71-73 SNX10 in osteoclasts is important for endosomal 
trafficking, TRAP exocytosis, and for the resorptive capacity of 
osteoclasts.73,74 Additional studies in other cell types or organisms 
have shown that SNX10 is interacting with the V-ATPase complex 
and may be important for its proper localization.75

The protein kinase C-delta (PKCδ) seems to be an important 
and specific regulator of cathepsin K exocytosis in osteoclasts. 
PKCδ−/− osteoclasts form a normal ruffled border and have proper 
trafficking of the V-ATPase containing lysosomes. However, they 
fail to secrete cathepsin K, because PKCδ normally phosphorylates 
and modulates the actin bundling protein myristoylated alanine-
rich C-kinase substrate (MARCKS).76 Thus, different pathways 
may control V-ATPase and cathepsin K containing lysosomes in 
osteoclasts. The differential localization of proteins to specific sub-
type of lysosomes may implicate the mannose 6-phosphate (Man-
6-P)-targeting pathway. Indeed, osteoclasts deficient in GlcNAc-
1-phosphotransferase (Gnptab−/−), which lack a functional Man-
6-P targeting pathway, show increased cathepsin K and TRAP 
exocytosis, but impaired secretory lysosome formation.77

Transcriptional Control of Lysosomal 
Biogenesis in Osteoclast

Although many proteins have been implicated in lysosomal 
biogenesis and function, the transcriptional programs controlling 
these biological functions in osteoclasts are still unclear. In 
contrast, many transcription factors have been shown to be 
involved in the differentiation of osteoclasts from hematopoietic 
myeloid progenitors. For instance, PU.1, c-FOS, NFκB, and 
PPARγ act early in the differentiation process,78-81 while NFATc1, 
MITF, and TFE3 affect later aspects of osteoclast maturation.82,83 
The transcriptional machinery deployed at different times to 
regulate osteoclast differentiation and maturation is under 
the control of RANKL and M-CSF-dependent signaling 
pathways.2 Therefore, an important question to ask is whether 
lysosome biogenesis is under the control of the same pathway(s) 
regulating osteoclastogenesis, or if this process requires a 
different mechanism. Interestingly, it was observed more than 
a decade ago that RANKL signaling can modulate the ability of 
mature osteoclasts to resorb bone ECM,84,85 but the downstream 
mediator(s) of this effect remained elusive. Our recent work 
has linked lysosomal biogenesis to this function of RANKL in 
differentiated osteoclasts.86

Stimulation of fully differentiated osteoclasts with RANKL 
increases the size and number of lysosomes in these cells 
because of the activation of a specific transcriptional program 
increasing the expression of lysosomal genes implicated in bone 
resorption. Importantly, this occurs without affecting osteoclasts 

number.86 The dissociation of the role of RANKL in osteoclasts 
differentiation from the one it has in lysosomal biogenesis 
suggested that RANKL might control osteoclasts differentiation 
and activity through distinct mechanisms.

TFEB, a recently identified transcriptional regulator of 
lysosomal biogenesis,87 is a basic helix-loop-helix leucine zipper 
(bHLH-Zip) transcription factor, member of the MITF/TFE 
subfamily including MITF, TFE3, and TFEC.88 Many of the 
genes encoding for proteins implicated in ECM acidification and 
degradation by osteoclasts (i.e., ACP5, ATP6V0D1, ATP6V0D2, 
ATP6V1C1, CTSK, CLCN7, and OSTM1), have been shown to 
be regulated by TFEB in HeLa cells, mouse embryonic fibroblasts 
(MEFs), and/or hepatocytes.87,89 Therefore, we hypothesized 
that TFEB might be mediating RANKL-dependent lysosomal 
biogenesis in osteoclasts.

TFEB is highly expressed in osteoclasts, and mice lacking 
Tfeb specifically in this cell type show increased bone mass with 
normal osteoclasts number, suggesting that Tfeb might regulate 
osteoclasts activity once they are fully differentiated. Indeed, 
loss of Tfeb in osteoclasts caused a reduction in their capacity 
to resorb bone or a mineralized substrate in an in vitro assay 
without affecting their differentiation capacity. Since Tfeb−/− 
osteoclasts contain fewer and smaller lysosomes, it appears that 
this functional defect is caused by reduced lysosomal biogenesis. 
In addition, the vacuolar pH and the pH of the resorption lacuna 
are increased in Tfeb−/− osteoclasts. The lysosomal biogenesis 
dysfunction observed in Tfeb−/− osteoclasts is probably caused by 
a direct effect on lysosomal gene transcription, since TFEB binds 
the promoter region of several lysosomal genes (Atp6v1c1, Clcn7, 
and Ctsk), and loss of Tfeb in osteoclasts is characterized by lower 
expression levels of Acp5, Atp6v1c1, Clcn7, Ctsk, and Tcirg1.86 
Altogether, these data point to TFEB as a critical regulator of 
lysosomal biogenesis directly modulating the expression of key 
effectors in this process.

Furthermore, our recent work has shown that TFEB fulfills 
this function downstream of RANKL. Stimulation of osteoclasts 
by RANKL provokes an accumulation of TFEB protein 
independently of TFEB transcription and translation. This 
stabilization of TFEB following RANKL stimulation depends 
on the activity of the protein kinase C β (PKCβ). PKCβ 
directly phosphorylates TFEB on specific serine residues (S468, 
S461/S462, and/or S465/S466), an absolutely necessary step 
for TFEB capacity to induce lysosomal gene expression and to 
increase lysosomes size and number. Accordingly, inactivation or 
inhibition of PKCβ prevents TFEB stabilization in osteoclasts, 
decreases lysosomal gene expression, lysosomes size and numbers, 
and eventually increases bone mass in mice.86 Although PKC 
family members have been previously proposed to be involved 
in osteoclasts function,76,90-92 this study provided the first in vivo 
evidence that PKCβ regulates bone resorption by controlling 
lysosomal biogenesis.

Previous studies have shown that TFEB phosphorylation on 
S142 and/or S211 by ERK or mammalian target of rapamycin 
(mTOR) in the presence of nutrients prevents TFEB from entering 
the nucleus and decreases lysosomal biogenesis.89,93,94 In addition, 
TFEB induces its own expression through an autoregulatory 
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feedback loop in response to starvation in hepatocytes.95 It was also 
reported that mTOR-dependent cytosolic-nuclear TFEB transport 
is controlled by a serine-rich region within TFEB C-terminal 
domain.96 Of note, this domain also contains the serine residues 
implicated in TFEB accumulation in osteoclasts. Our study shows 
that TFEB-dependent lysosomal biogenesis does not require 
TFEB cytosolic-nuclear transport and mTOR, but instead relies 
on a novel post-translational regulation of TFEB downstream 
of PKCβ86. Thus, although TFEB acts as a master regulator of 
lysosomal biogenesis in different tissues, the signaling pathways 
and mechanisms regulating TFEB function differ depending on 
the cell type involved. Interestingly, it was recently shown that the 
transcription factor ZKSCAN3 inhibits lysosomal biogenesis in 
HeLa cells.97 Whether a pathway counteracting TFEB also exists 
in osteoclasts is not known, but one can speculate that the tight 
control of the balance between this putative pathway and TFEB 
will be critical to bone mass maintenance.

MITF and TFE3, 2 other members of the MITF/TFE 
subfamily, are implicated in osteoclast maturation. Loss of 
function of either Mitf or Tfe3 does not affect osteoclasts, while 
Mitf−/−;Tfe3−/− mice show severe osteopetrosis due to a defect 
in pre-osteoclast fusion,83 demonstrating that these 2 genes act 
redundantly to regulate osteoclast maturation in vivo. In contrast, 
forced MITF expression in either osteoclasts or HeLa cells do not 
induce lysosomal biogenesis, and Mitf−/−;Tfeb+/− mice do not show 

any osteoclasts dysfunction,83,86,87 suggesting that Mitf and Tfeb 
do not fulfill the same function in osteoclasts.

Conclusion

The understanding of lysosomal biogenesis and functions 
in osteoclasts has progressed in recent years, yet important 
questions remain to be addressed. One of them is to determine if 
additional transcriptional and non-transcriptional pathways are 
implicated in lysosomal biogenesis in osteoclasts. Defining more 
precisely how the vesicular trafficking network is controlled in 
osteoclasts will be critical to identify osteoclast-specific lysosomal 
proteins and pathways. This important information will help 
to define pharmacological targets for the treatment of diseases 
characterized by excessive or defective bone resorption.
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