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Chapter 5
The Role of mTOR in Osteoclasts

Ralph A. Zirngibl and Irina Voronov

Abstract Evolutionary conserved kinase mechanistic target of rapamycin (mTOR)
is the signaling hub for cellular responses to nutrients, cytokines, growth hormones,
and environmental stresses in all eukaryotic cells. Increased mTOR activity has
been demonstrated in numerous diseases, such as cancer and autoimmune diseases.
Due to its prominent role, mTOR inhibitors are being used and tested to treat a wide
variety of conditions. Recent evidence suggests that regulation of mTOR activity
and function is not universal and varies between the cells. Here we summarize the
latest research on the role and regulation of mTOR in osteoclasts, the unique multi-
nucleated bone-resorbing cells, focusing on the role of mTOR as part of the
mTORCI1 complex. Collectively, the results suggest that mMTORC1 activity plays a
double role in osteoclastogenesis: at the earlier stage, it is necessary for prolifera-
tion of the precursors, and, at the later stage, it is indispensable for cytoskeletal
reorganization involved in the process of bone resorption. We also present evidence
that in osteoclasts, mTOR protein levels and activity are regulated differently com-
pared to other primary cells and cell lines. Due to this prominent role of mTOR in
osteoclast formation and function, mTOR inhibitors could be used to treat numer-
ous diseases that involve overactive osteoclasts, such as osteoporosis, inflammatory
arthritis, Paget’s disease, and cancer-related osteolysis.

5.1 Osteoclasts

The skeleton is constantly being remodeled. New bone is deposited by osteoblasts,
the bone forming cells, while old or damaged bone is removed by osteoclasts, the
bone resorbing cells. These cycles of bone formation and resorption are tightly con-
trolled, with both osteoblast and osteoclasts secreting molecules regulating each
other’s activity (reviewed in [1, 2]). Osteoclasts are multinucleated cells of hemato-
poietic origin formed by fusion of mononuclear precursors (Fig. 5.1) [1, 3]. This
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Fig. 5.1 Osteoclastogenesis (adapted from Boyle et al. [69]). In the presence of M-CSF and
RANKL, osteoclast precursors undergo differentiation and fusion. Transcription factors are listed
above the cells; key functional proteins are listed below the cells. To regulate osteoclast formation
and function, osteoblasts and stromal cells secrete osteoprotegerin (OPG), a decoy receptor for
RANKL

precursor differentiation and fusion is initiated by two factors secreted by osteo-
blasts, osteocytes and stromal cells: macrophage colony stimulating factor (M-CSF)
and receptor activator of nuclear factor kB ligand (RANKL). These two molecules
are absolutely necessary for osteoclast differentiation, fusion, activity, and survival.
Lack of either RANKL, its receptor RANK, M-CSF or M-CSF receptor CSF-1R
leads to an osteoclastogenesis defect and severe osteopetrosis [4—6].

To resorb bone, mature multinucleated osteoclasts attach to the bone surface and
form a tight sealing zone. This sealing zone is defined by a dense cytoskeletal actin
ring structure, composed primarily of F-actin. Within this sealing zone, osteoclasts
form a convoluted plasma membrane called a “ruffled border,” a dynamic structure
formed by continuous fusion of lysosomes and secretory vesicles delivering proteo-
lytic enzymes for bone resorption, as well as continuous fission of transcytosing
vesicles moving the degraded matrix away from the resorption site to the opposite
(basolateral) side of the cell [1, 7]. The ruffled border is enriched with proton pump-
ing vacuolar H*-ATPases (V-ATPases) and chloride proton exchangers (CIC7), the
protein complexes responsible for creating an acidic environment necessary to
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dissolve the mineral component of bone and to allow degradation of the bone matrix
proteins [1].

M-CSF is responsible for osteoclast precursor proliferation, precursor commit-
ment, cytoskeletal organization, and survival. M-CSF binding to its tyrosine kinase
receptor CSF-1R (also known as c-Fms or M-CSF receptor) activates the
phosphatidyl-inositol 3-kinase (PI3K)/AKT pathway, similar to other receptor tyro-
sine kinases. One of the downstream targets of PI3K/AKT pathway is a serine/
threonine kinase mechanistic target of rapamycin (mTOR), the main subject of this
chapter (its activation and function will be discussed later in greater detail). RANKL
binding to RANK initiates a number of signaling cascades and activates several
transcription factors, such as nuclear factor kB (NF-xB), activator protein 1 (AP-1)
and nuclear factor of activated T cells c1 (NFATc1) [1, 3, 8, 9]. These transcription
factors control transcription of osteoclast-specific genes that play a role in osteo-
clast function (e.g., tartrate-resistant acid phosphatase (TRAP), cathepsin K (CtsK),
calcitonin receptor (CTR), osteoclast-enriched V-ATPase subunits a3 and d2);
attachment (e.g., integrin a,f3;); or fusion (e.g., dendritic cell-specific transmem-
brane protein (DC-STAMP) and osteoclast-associated receptor (OSCAR)) as out-
lined in Fig. 5.1 [1, 10, 11].

Osteoclastogenesis is usually described as a multistage process which includes
proliferation of the precursors, commitment, fusion of the committed osteoclast pre-
cursors, polarization on the bone surface, formation of the sealing zone/ruffled bor-
der, and apoptosis (although the latest intravital imaging shows fission of osteoclasts
at the end of the bone resorbing cycle [12]; therefore, it is possible that apoptosis is
not the ultimate last stage of the osteoclast life cycle in vivo). Each stage of osteo-
clastogenesis is defined by the expression of key proteins—transcription factors and
other proteins involved in osteoclast differentiation, fusion, and function. For exam-
ple, PU.1 is the earliest hematopoietic transcription factor expressed by the osteo-
clast precursors, and loss of PU.1 results in the complete absence of osteoclasts and
myeloid precursors [8]. To elucidate precise molecular mechanisms activated dur-
ing different stages of osteoclast differentiation, two conditional gene targeting
mouse models are widely used. The lysozyme M (LysM)-Cre mouse model targets
osteoclast precursors, since LysM is expressed mainly by the cells of the myeloid
lineage, the cells that include osteoclast progenitors, monocytes, macrophages, and
dendritic cells [13]. Meanwhile, the Ctsk-Cre mouse model targets later stages of
osteoclastogenesis, since CtsK is expressed primarily by mature osteoclasts and not
by the precursors [14].

As mentioned earlier, M-CSF signaling through PI3K/AKT activates mTOR, an
evolutionary conserved kinase responsible for cellular responses to growth factors,
nutrient availability and other extracellular cues [15]. It regulates protein and lipid
synthesis, lysosomal and mitochondrial biogenesis, just to name a few, in all eukary-
otic cells. The purpose of this chapter is to summarize the latest research on the role
of mTOR in osteoclast differentiation and function. But, first, we will briefly
describe the major players involved in mTOR signaling.
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5.2 Overview of mTOR Signaling

mTOR belongs to the PI3K-related family of kinases. As the name implies, TOR
(target of rapamycin) was identified in yeast genetic screens as the protein target of
rapamycin, a macrolide with an antifungal and immunosuppressant activity [16]. In
mammalian cells, mTOR exists as part of two multiprotein complexes, complex 1
(mTORC1) and complex 2 (mTORC2) (Fig. 5.2). mTORCI consists of mTOR,
regulatory-associated protein of mTOR (Raptor), DEP-domain containing mTOR-
interaction protein (DEPTOR), proline-rich AKT substrate 40 kDa (PRAS40), and
mammalian lethal with Sec13 protein 8 (mLST8). The functions of the mTORC1
components are well known: Raptor assists with substrate recognition and recruit-
ment [17, 18], mLST8 is a positive regulator of mTOR activity [19], while PRAS40
and DEPTOR are the negative regulators of mTOR activity [20, 21]. mTORC2 is
made up of mTOR, rapamycin-insensitive companion of mTOR (Rictor), protein
observed with Rictor (Protor-1/2), mammalian stress-activated protein kinase inter-
acting protein (mSIN1), mLST8, and DEPTOR [22]. Since some of the components
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Fig. 5.2 mTORC1 and mTORC2 complexes composition and signaling (see text for detailed
explanation)
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of these two complexes are the same, Raptor and Rictor are commonly used as
markers to identify and distinguish mTORC1 and mTORC2, respectively. The func-
tions of these two complexes are also different: mTORCI1 is involved in regulation
of cell growth, proliferation, protein and lipid biosynthesis, as well as regulation of
autophagy, a lysosomal degradation pathway; while mTORC2, although less stud-
ied, is involved in cell survival, metabolism and cytoskeletal reorganization [15,
22]. Both complexes have been observed associated with various cellular compart-
ments, such as lysosomes, mitochondria, nuclei, and the cytosol and it has been
suggested that this localization is directly connected to mTOR function [23].

mTORCI is activated by several factors. Activation by growth factors is a com-
plicated and tightly controlled multistep process (Fig. 5.2) (reviewed in detail in
[15, 23-25]). Briefly, growth factor/cytokine signaling through, for example, recep-
tor tyrosine kinases, activates PI3K, phosphoinositide-dependent kinase-1 (PDK1),
and AKT. AKT phosphorylates TSC2 on S939 and T1462 and thus inhibits the
tuberous sclerosis TSC1/TSC2/TBC1D7 complex (TSC) [26, 27]. The TSC com-
plex is a GTPase-activating protein (GAP) for the GTPase Ras homolog enriched in
brain (Rheb) that functions as a negative regulator of mTORCI. Inhibition of the
TSC complex allows Rheb-GTP to bind mTORCI1 and promote its kinase activity
[25]. Both Rheb and active mTORCI1 are localized on the lysosomal surface.

mTORCI is also activated by amino acids (reviewed in detail in [24, 28]). The
exact mechanism is still being investigated, but so far it appears to involve several
multiprotein complexes that regulate cellular responses to individual amino acids.
In very simplified terms, in the presence of amino acids, active mTORC1 complex
is located on the lysosome where it phosphorylates its substrates: eukaryotic trans-
lation initiation factor 4E-binding protein 1 (4EBP1) and ribosomal protein S6
kinase (S6K); both regulate downstream pathways necessary for protein and nucle-
otide synthesis. In the absence of amino acids, inactive mTORCI1 has been reported
to dissociate from the lysosome [29, 30]. Rheb and Rag GTPases, also located on
the lysosomal surface, are necessary for mTORCI1 activity. Several other multipro-
tein complexes, such as GATORI1 (GAP activity toward the Rag GTPases 1),
GATOR2, KICSTOR (a scaffold for GATOR1) (reviewed in [15, 24]), have also
been reported to regulate mTORCI activity. Solute carrier family 38 member 9
(SLC38A9) and CASTORI have been described to serve as arginine sensors [31—
33], while Sestrinl and Sestrin2 have been identified as leucine sensors [34, 35].

In addition to all of these multiprotein complexes, active mTORCI is tethered to
the lysosome via Ragulator, a pentameric scaffolding complex that also anchors
Rag GTPases to the lysosome. Furthermore, mTORCI activation is directly linked
to the V-ATPases: some of the subunits of the Ragulator complex directly interact
with several V-ATPase subunits [30]. The V-ATPases are necessary for mTORCI
activation as inhibition of the V-ATPases using inhibitors or siRNA decreases
mTORCI activity; however, a precise role of the V-ATPases in mTORC1 signaling
is not known [29, 30]. In the absence of amino acids, inactive mTORCI1 allows
initiation of autophagy, a lysosomal degradation process, to raise intracellular free
amino acid levels by degrading proteins and organelles to survive this temporary
“starvation” [36].
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Less is known about mTORC?2 signaling: mTORC?2 is not activated by amino
acids and is less sensitive to rapamycin treatment [22]. As described above, growth
factor signaling activates AKT (S308), which, in turn phosphorylates mTOR on
T2173 (in both mMTORC1 and mTORC2 complexes) [37]. mTORC2 has been shown
to phosphorylate AKT (S473) leading to maximal activation and stabilisation of
AKT, thus connecting the mMTORC1 and mTORC?2 pathways (Fig. 5.2) [38].

5.3 Role of mTOR in Osteoclasts

Osteoclasts are unique cells: they are multinucleated (up to 20-30 nuclei per cell in
pathological conditions); they contain numerous mitochondria; they have high lev-
els of lysosomal membrane proteins and V-ATPases; during resorption, they secrete
large amounts of proteolytic enzymes to degrade the demineralized bone matrix. All
these processes require increased energy demands, as well as protein and lipid syn-
thesis. The cellular master switch responsible for regulation of cell survival, cell
proliferation, lipogenesis, protein synthesis, nucleotide synthesis, lysosome and
mitochondrial biogenesis in all eukaryotic cells is, in fact, mMTOR. Even though
mTOR is involved in all of these cellular processes, surprisingly little is known
about the precise role of mTOR in regulation of osteoclast differentiation and func-
tion. Below is the summary of what we do know so far.

During osteoclastogenesis, mMTOR mRNA expression is increased at the pre-
osteoclast stage, but returns to baseline levels in mature osteoclasts (our unpublished
data and [39]). At the same time, gene expression levels of the mTORC1 and
mTORC?2 specific subunits Raptor and Rictor do not change over the course of
osteoclastogenesis [39]. The activity of mTORCI, as measured by phosphorylation
of S6K and S6, is also increased during the early/proliferation phase and then rapidly
declines to almost undetectable levels in mature multinucleated osteoclasts [40, 41].
Both RANKL and M-CSF activate mTORC1 signaling, as determined by phosphor-
ylation of mTORCI substrates S6K, S6, and 4EBP1 [42]. mTOR has been shown to
play a role in osteoclast survival: mTOR downregulates Bim (also known as BCL2-
like protein 11), a proapoptotic BH3 domain only protein, and the decreased levels
of Bim allow for osteoclast survival [43]. Treatment with mTORC]1 inhibitor
rapamycin or with mTOR siRNA inhibits osteoclast formation and induces apopto-
sis, confirming that mTORCI is necessary for osteoclastogenesis and survival [42,
43]. Interestingly, it was observed that rapamycin had a more pronounced effect on
osteoclast differentiation when cells were treated with the inhibitor at the earlier
(days 1-2), rather than later (days 3—4) stages of osteoclastogenesis [39]. Furthermore,
genetic deletion of mTOR or Raptor in vitro also significantly suppressed osteoclas-
togenesis in cells derived from bone marrow of mTOR fI/— or Raptor fI/fl mice [39].
Similar observations were also made in vivo: rapamycin treatment inhibited metas-
tasis-induced osteoclastogenesis, as well as bone resorption [44]. These observa-
tions suggested that mTORC1 activity is more important at the precursor proliferation/
early commitment stage rather than at the mature osteoclast stage.
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Several in vivo studies have been published in the last 2 years (summarized in
Table 5.1), which methodically deciphered and shed the light on the role of
mTORCTI in osteoclast biology. To elucidate the role of mMTORCI in osteoclasto-
genesis, Wu et al. [45] created two osteoclast-specific conditional knockout mouse
models by targeting the mTORCI negative regulator TSC1 in osteoclast precursors
(LysM-Cre;TscI"" mice) or in mature osteoclasts (Ctsk-Cre;TscI™ mice).
Unexpectedly, hyper-activation of mTORCI resulted in high bone density/osteope-
trotic phenotype in both mouse lines; however, the underlying osteoclast defect was

Table 5.1 Summary of the in vivo and in vitro phenotypes of the conditional knockout mouse

models
Gene K/O | Stage of Bone OC # OC #
(Al OC-genesis | phenotype in vivo in vitro Mechanism Reference
TSC1 oC Osteopetrosis; | Same OC# | |OC# and | |NF-xB Wau et al.
tTmTORCI | precursor Tbone volume, | asin |bone signaling [45]
(LysM-Cre) | ttrabecular control resorption
number lbone
resorption
(ICTX,
DPD)
TSC1 oC Osteopetrosis | TOC# TOCH# INFATc1 Zhang
1TmTORCI | precursor Tbone volume, | |bone lbone INF-xB p100 |etal. [40]
(LysM-Cre) | ftrabecular resorption | resorption | |NF-kB p105
spacing; (1CTX) INF-xB p50
decreased
thickness
TSC1 Mature OC | Osteopetrosis; | TOC# T0C# lactin ring Wu et al.
tMMmTORCI | (Ctsk-Cre) | tbone volume, | |bone |bone structures [45]
Ttrabecular resorption | resorption | formation
number, (ICTX,
Ttrabecular DPD)
thickness
TSC1 Mature OC | Osteopetrosis; | OC# and | TOC# lactin ring, Xu et al.
MmTORCI | (Ctsk-Cre) | 1 bone volume, | |bone |bone podosome [41]
Ttrabecular resorption | resorption | belt, and
number, (ICTX) ruffled border
Ttrabecular structures
thickness formation;
JRac1/Cdc42
activity/GTP
binding
Raptor ocC Osteopenia 1OC# 1OC# TNFATcl Zhang
1ImTORCI | precursor |bone volume, |1 bone 10C size et al. [40]
(LysM-Cre) | trabecular resorption | tbone
thickness, (1CTX) resorption
ltrabecular
number
Raptor Mature OC | Osteopetrosis; | |OC# 1OC# 1OC-specific | Dai et al.
1JmTORCI | (Ctsk-Cre) | tbone volume, gene [47]
ttrabecular expression

thickness
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different [45]. LysM-Cre;Tsc ™" mice had normal weight and size, and the number
of osteoclasts in vivo did not appear to be affected by the deletion; however, bone
resorption parameters (lower serum C-terminal telopeptide (CTX) and urine
deoxypyridinoline (DPD) levels) were decreased. In vitro, monocyte proliferation
was increased, while the number of multinucleated TRAP-positive cells and bone
resorption were significantly diminished. Gene expression of the differentiation
markers (e.g., DC-STAMP, NFATc1, CtsK, TRAP) was decreased, mainly due to
reduced NFATc1 and NF-kB activity, therefore, explaining the failure to form mul-
tinucleated cells [45]. The bone and osteoclast phenotype, as well as an inhibition
of NFATc1 and NF-kB were also confirmed independently by another group [40].
At the same time, the Ctsk-Cre;Tsc 1 mice also had normal weight and size; how-
ever, the number of osteoclasts in vivo was dramatically increased [45]. Bone
resorption, as measured by CTX and DPD levels, was significantly decreased in
these mice, suggesting impaired osteoclast function. In vitro, the number and size of
the Crsk-Cre;Tsc ™" osteoclasts was increased; however, the bone resorbing func-
tion was decreased. The authors also reported that the number of ring-like actin
structures in the bones of both mouse lines was diminished, and this defect appeared
to be more pronounced in Ctsk-Cre;Tsc I osteoclasts, suggesting that the impaired
bone resorption was due to actin ring formation defect [41, 45]. Another group, also
using osteoclasts derived from Ctsk-Cre;Tsc ™ mice, showed that hyperactivation
of mTORCI in mature osteoclasts disturbed podosome belt/actin ring assembly,
resulting in decreased bone resorption in vivo and in vitro [41]. Interestingly, treat-
ment with low doses of rapamycin rescued podosome belt assembly and bone
resorbing function both in vivo and in vitro, suggesting that low levels of mMTORC1
activity are still required for proper osteoclast function. Xu et al. [41] further showed
that this actin ring/podosome assembly defect was dependent on mTOR regulation
of small GTPases Cdc42 and Racl, the regulators of the actin cytoskeleton and the
GTPases involved in osteoclast migration, formation of actin ring, podosome belt,
and ruffled border [46]. The osteoclasts from Ctsk-Cre;Tsc 1’ mice had lower levels
of Racl/Cdc42 activity compared to controls and the authors proposed that
mTORCI is an upstream negative regulator of Rac1/Cdc42 [41].

Two groups generated osteoclast-specific conditional knockout mouse models
where mTORC1 was inactivated by targeting Raptor, the unique scaffolding protein
inmTORCI, in osteoclast precursors and in mature osteoclasts [40, 47]. Interestingly,
the mouse models had different bone phenotypes: LysM-Cre;Raptor™ mice had
osteopenia [40], while Ctsk-Cre;Raptor™ mice were osteopetrotic [47]. The LysM-
Cre;Raptor ™ mice had a reduced bone mass and a significantly higher number of
osteoclasts in vivo, together with an elevated bone resorption rate (as measured by
serum CTX levels). In vitro, osteoclastogenesis using the cells from the LysM-
Cre;Raptor ™ mice was increased, generating higher number of larger (5+ nuclei)
cells; gene expression of osteoclast-specific genes was also upregulated, suggesting
an acceleration of differentiation compared to the controls. In addition, the
LysM-Cre;Raptorl™" osteoclasts generated larger resorption lacunae, confirming
the in vivo phenotype [40]. Since the protein levels of the transcription factors
NFATc1 and NF-kB2 were increased, the authors proposed that the noncanonical
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NF-kB2 and NFATc1 are negatively regulated by mTORC]1 during osteoclastogen-
esis [40]. In comparison, when mTORC1 was inactivated in mature osteoclasts, the
Ctsk-Cre;Raptor™ mice had lower bone mass and decreased number of osteoclasts
[47]. In vitro, the number of multinucleated Ctsk-Cre;Raptor™ osteoclasts was also
decreased, even though osteoclast progenitor proliferation was not affected. The
authors demonstrated that the expression of a constitutively active form of S6K1
rescued the osteoclast phenotype in vitro, confirming that mTORCT activity is nec-
essary for proper osteoclast maturation and function [47].

In summary, these latest osteoclast-specific conditional knockout models clearly
demonstrate that mTORC1 signaling plays a crucial role in osteoclast formation and
function. What is apparent so far, is the fact that mMTORCI1 has different roles during
different stages of osteoclastogenesis: high mTORCTI activity is necessary for early
precursor proliferation phase, while low levels of mMTORCT activity are required for
the later stages—osteoclast fusion, cytoskeletal reorganization/actin ring/ruffled
border formation, and bone resorption (furthermore, mMTORC1 was recently shown
to play a role in determining osteoclast size, both in continuous osteoclast fusion
and in fusion-independent cytoplasm growth [48]). At the moment, it is hard to
reconcile all the observations into a simple consistent model, but it is clear that
dysregulation of mTORCI can potentially lead to osteopetrosis or to osteopenia
when activated or repressed at the wrong time.

5.4 Regulation of mTOR in Osteoclasts

Based on the studies summarized in the previous section, it is clear that mMTORC1
activity levels differ at different stages of osteoclastogenesis, with higher protein
levels of mTOR/mTORCI activity at the earlier stages, and lower protein levels/
activity at the later stages. The mechanisms of mMTORCI regulation in osteoclasts
are still not known; however, there are potential clues suggesting that in osteoclasts
mTOR is regulated differently compared to other cell types and cell lines.

The majority of published studies indicate that the following factors are involved
in mTORC1 regulation: (1) nutrient/amino acid status, with mTORC1 reported to
localize to the surface of the lysosomes and to dissociate during starvation; (2)
autophagy, where active mTORCI suppresses autophagy, while inactive mTORCI1
induces autophagy [49]; (3) the V-ATPase function, where inhibition of the
V-ATPase downregulates mTORCT activity [29, 30]; and (4) lysosomal positioning,
where peripheral vs. perinuclear localization of the lysosomes dictates mTORCI
activity levels [50]. Lysosomes appear to play a central role in mTORC1 regulation
and function: it is the place for mMTORC1 activity, substrate recruitment and phos-
phorylation; furthermore, mTORCI activity is regulated by intraluminal amino
acids via an unknown inside-out mechanism ([30] and see detailed reviews in [25,
51, 52]). Meanwhile, mTORCI1 is responsible for regulation of lysosomal biogene-
sis: active mTORCI1 phosphorylates (and inactivates) transcription factor EB
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(TFEB), the transcription factor considered to be a master regulator of lysosomal
biogenesis [53]. This creates an interdependent relationship between mTORCI and
the lysosome: the lysosome regulates mMTORCI activity, while mTORC1 controls
lysosome formation and function.

Our laboratory is interested in investigating the role of the lysosomal pH in
osteoclast differentiation and signaling. One of the model systems we use is a mouse
model with the R740S mutation in the V-ATPase a3 subunit, where an evolutionary
conserved arginine involved in proton translocation across the membrane is replaced
with serine [54]. The a3 R740S mutation does not affect protein expression, and the
V-ATPase multisubunit complexes are assembled and targeted to the lysosome;
however, the proton pumping is impaired [55, 56]. The a3 containing V-ATPases are
preferentially expressed in osteoclasts and are localized to the lysosomes and to the
ruffled border membrane [57, 58]. Due to this high expression level, the a3 R740S
mutation significantly affects osteoclast bone resorption: homozygous (R740S/
R740S) mice have severe osteopetrorickets, and heterozygous (+/R740S) animals
have mild osteopetrosis [56, 59]. Lysosomal pH in osteoclasts with the R740S
mutation is higher compared to the wild type (+/+) controls: pH ~6.3 in the R740S/
R740S cells vs. pH ~5.7 in +/R740S cells vs. pH ~4.7 in +/+ controls [55, 60]. This
gene-dosage effect makes the R740S cells a perfect model to study the role of lyso-
somal pH in osteoclast signaling.

During characterization of the +/R740S osteoclasts, we demonstrated that the
these cells had decreased osteoclastogenesis due to accumulation of regulator of
calcineurin 1 (RCANT1), an endogenous inhibitor of NFATc1, resulting in impaired
NFATc1 nuclear translocation [55]. As RCANI protein levels in the cells are con-
trolled by lysosomal degradation [61], we investigated autophagy, a lysosomal deg-
radation process dependent on proper lysosomal function. We made three interesting
observations: (1) osteoclastogenesis was severely impaired in R740S/R740S cells
(Fig. 5.3); (2) autophagic flux was blocked in cells with the R740S mutation; and
(3) mTOR protein levels and mTORC1 activity was increased in cells with the
R740S mutation [62, 63]. The last observation appeared to contradict the current
model of mMTORCI signaling, a model stating that active mTORCI1 inhibits autoph-

++ | +/R740S R740S/R740S

Fig. 5.3 Osteoclastogenesis in cells with R740S mutation. Spleen-derived osteoclasts were dif-
ferentiated in the presence of M-CSF and RANKL for 4 days. The cells were then fixed and stained
for TRAP, an osteoclast marker. R740S/R740S cells had almost no cells with more than four nuclei
(unpublished observations)
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agy and, therefore, cannot coexist with active autophagic degradation. To verify our
findings, we treated +/+ cells with the lysosomal inhibitors ammonium chloride
(NH,CI) or chloroquine (CHQ) and confirmed that increased lysosomal pH resulted
in higher mTOR protein levels and mTORCI activity [62]. Based on our results, we
hypothesized that in osteoclasts mTOR is regulated by lysosomal degradation.
Treatment of +/+ and +/R740S osteoclasts with CHQ and proteasomal inhibitor
MG132 increased mTOR protein levels in +/+ cells, but not in +/R740S osteoclasts,
confirming our hypothesis. Cycloheximide blockade (inhibition of new protein syn-
thesis) showed a decrease of mTOR protein levels in +/+ cells; however, the rate of
the decrease in +/R740S cells was significantly slower, further supporting our lyso-
somal degradation hypothesis [62]. Our finding contradicting the current model of
mTOR regulation is not unique and have been also observed in at least two other
cell types: in primary mouse chondrocytes [64, 65] and in primary mouse hippo-
campal neurons [66]. Bartolomeo et al. reported that this increased mTORC1 activ-
ity was only observed in chondrocytes from the mouse model for
mucopolysaccharidosis type VII (MPSVII), a lysosomal storage disease, but not in
fibroblasts from MSPVII mice or HeLa cells lacking the same gene [64].
Furthermore, Hwang et al. showed that in ischemia-induced hippocampal neurons,
mTOR was preferentially degraded via the autophagy/lysosomal pathway [66].
These results collectively suggest that mMTOR/mTORCI regulation by lysosomal
degradation could be a special property of highly specialized cells, such as neurons,
chondrocytes, and osteoclasts.

Lysosomal positioning is another factor reported to be involved in regulation of
mTORCI activity [50]. Using HeLa cells, Korolchuk et al. showed that during
“starvation” (corresponding to inactive mMTORC1), the lysosomes are located in the
perinuclear region of the cells, while in the presence of the nutrients/amino acids
(corresponding to active mTORCI1), the lysosomes are dispersed in the cytosol and
move toward cell periphery [50]. Furthermore, overexpression of factors that redis-
tributed lysosomes to the periphery, e.g., kinesins KIF1Bf and KIF2 and the small
GTPase ARL8B, increased mTORCT activity. Contrary to HeLa cells [50], in osteo-
clasts, lysosomes were primarily perinuclear during “fed” conditions, while “starva-
tion” caused the lysosomes to move to the periphery [63]. Similar observations were
reported for human adipose microvascular endothelial cells, primary human macro-
phages, and dendritic cells [67, 68], suggesting that different cell types have differ-
ent pattern of lysosomal distribution. In addition to lysosomal distribution, we also
observed that in osteoclasts mMTOR does not disassociate from the lysosome during
“starvation”. Using an ultrapure lysosomal purification method, we demonstrated
that absence of mTORC 1/lysosome dissociation in the absence of nutrients was
only observed in differentiated mature osteoclasts, but not in undifferentiated mouse
monocyte cell line RAW264.7 [63].

In summary, we believe that mTOR regulation in osteoclasts (and possibly in
other highly specialized cells, such as neurons) is different compared to other cell
types and cell lines: (1) mTOR protein levels and mTORCT activity appears to be
regulated by lysosomal/autophagic degradation; (2) mTORCI activity does not
depend on lysosomal distribution; and (3) mTORC1 does not dissociate from the
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lysosome and remains associated with the lysosome even during “starvation.”
However, the exact mechanisms involved in mTORCI] regulation in osteoclasts are
not known and still need to be elucidated.

5.5 Conclusion

Osteoclasts are unique bone-resorbing cells involved in maintaining bone homeo-
stasis; however, increased osteoclast activity is responsible for pathological bone
loss in numerous conditions, such as osteoporosis, osteoarthritis, rheumatoid arthri-
tis, Paget’s disease, and cancer-related osteolysis. As mTOR plays a key role in
regulating osteoclast formation, activity, and function, m"TORC1 signaling pathway
could become a therapeutic target to treat diseases that involve overactive osteo-
clasts [38]. Since regulation of mTOR can be different in very specialized cells as
we and others have shown, caution is necessary in extrapolating treatment para-
digms from one cell/organ type to another.
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