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Lysosomal pH Plays a Key Role in Regulation of mTOR
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ABSTRACT

Mammalian target of rapamycin (mTOR) is a serine/threonine kinase involved in the regulation of cell growth. It has been shown to play an
important role in osteoclast differentiation, particularly at the earlier stages of osteoclastogenesis. mTOR activation and function, as part of
mTORC1 complex, is dependent on lysosomal localization and the vacuolar H"-ATPase (V-ATPase) activity; however, the precise mechanism
is still not well understood. Using primary mouse osteoclasts that are known to have higher lysosomal pH due to R740S mutation in the V-
ATPase a3 subunit, we investigated the role of lysosomal pH in mTORC1 signaling. Our results demonstrated that +/R740S cells had increased
basal mTOR protein levels and mTORC1 activity compared to +/+ osteoclasts, while mTOR gene expression was decreased. Treatment with
lysosomal inhibitors chloroquine and ammonium chloride, compounds known to raise lysosomal pH, significantly increased mTOR protein
levels in 4/+ cells, confirming the importance of lysosomal pH in mTOR signaling. These results also suggested that mTOR could be degraded
in the lysosome. To test this hypothesis, we cultured osteoclasts with chloroquine or proteasomal inhibitor MG132. Both chloroquine and
MG132 increased mTOR and p-mTOR protein levels in +/+ osteoclasts, suggesting that mTOR undergoes both lysosomal and proteasomal
degradation. Treatment with cycloheximide, an inhibitor of new protein synthesis, confirmed that mTOR is constitutively expressed and
degraded. These results show that, in osteoclasts, the lysosome plays a key role not only in mTOR activation but also in its deactivation through
protein degradation, representing a novel molecular mechanism of mTOR regulation. J. Cell. Biochem. 117: 413-425, 2016.
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O steoclasts are bone resorbing multinucleated cells formed by
fusion of mononuclear precursors of hematopoietic origin
[Boyle et al., 2003]. Two molecules, macrophage colony stimulating
factor (M-CSF) and receptor activator of nuclear factor kB ligand
(RANKL), play key roles in osteoclastogenesis, leading to activation
of transcription factors and expression of proteins necessary for
osteoclast function [Boyle et al., 2003; Takayanagi, 2007].
Serine/threonine kinase mammalian target of rapamycin (mTOR)
has been shown to play an important role in osteoclast

differentiation; it is activated by M-CSF and its inhibition leads to
decreased osteoclastogenesis [Glantschnig et al., 2003; Indo et al.,
2013]. Furthermore, mTOR expression levels are higher at the earlier
stages of osteoclastogenesis and decrease at the later stages of
osteoclast formation [Indo et al.,, 2013]. mTOR is ubiquitously
expressed and plays key role in cell growth, proliferation, and
differentiation in response to nutrient availability and growth factor
signaling [Betz and Hall, 2013]. In cells, mTOR exists as part of two
complexes: complex 1 (mTORC1) and complex 2 (mTORC2). These
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complexes have different functions: mTORC2 primarily is being
involved in growth factor signaling, while mTORC1 is activated by
amino acids, growth factors, oxygen, inflammation, and Wnt
signaling [Laplante and Sabatini, 2013]. mTORC1 is also a negative
regulator of autophagy, a lysosomal degradation process responsible
for removal of long-lived proteins and damaged organelles
[Mizushima and Komatsu, 2011; Klionsky et al., 2012]. Macro-
autophagy (hereafter referred to as autophagy) is a tightly regulated
process, characterized by formation of an autophagosomal mem-
brane around target proteins, and engulfing them. mTORC1 inhibits
autophagy directly, by blocking formation of the autophagosomal
membrane. The autophagosomes later fuse with the lysosomes to
form autolysosomes, leading to degradation of the target proteins.

Lysosomes are highly acidic (pH ~4.5) intracellular organelles
and their primary function is degradation of extracellular and
intracellular material [Appelqvist et al., 2013; Settembre et al., 2013].
The molecule responsible for maintaining such low lysosomal pH is
the vacuolar H"- ATPase (V-ATPase), a ubiquitous multi-subunit
proton pump [Forgac, 2007; Maxson and Grinstein, 2014].
Lysosomes play an integral role in autophagy, and lysosomal
inhibitors, such as ammonium chloride and chloroquine, and the
V-ATPase inhibitors, such as bafilomycin A and concanamycin A,
are commonly used as autophagy inhibitors [Klionsky et al., 2012].

Prior studies have suggested a connection between the lysosome,
V-ATPases, and mTOR (for a review of this topic, see [Efeyan et al.,
2012]). It has been shown that upon amino acid signaling, mTORC1
is translocated to the lysosomal membrane where it interacts with the
Ragulator complex. A direct interaction between the Ragulator
complex and several subunits of the V-ATPase has been shown
[Sancak et al., 2010; Bar-Peled et al., 2012]. The Ragulator complex
serves as a scaffold for the Rag GTPases, a group of GTPases shown to
recruit and activate mTORC1. The precise mechanism of mTORC1
activation by amino acids is still not clear; however, it is known that
amino acid signaling is (1) initiated inside the lysosome, (2) requires
V-ATPase activity, and (3) is described as “inside-out model of
amino acid sensing” [Zoncu et al., 2011; Laplante and Sabatini,
2013]. As V-ATPases appear to play one of the key roles, we decided
to investigate the role of the V-ATPases and lysosomal pH in
regulation of mTORC1 activation and function.

To elucidate the role of lysosomal pH, we used a mouse model with
a point mutation in the V-ATPase a3 subunit [Ochotny et al., 2011;
Voronov et al.,, 2013]. In this model, an evolutionary conserved
arginine is replaced with serine (R7408S), resulting in a V-ATPase
complex that is properly targeted to lysosomes but with diminished
proton-pumping activity. Heterozygous (+/R740S) animals have
mild osteopetrosis, while homozygous mice develop severe disease
[Ochotny et al., 2013]. V-ATPases containing the a3 subunit
are highly enriched in osteoclasts [Li et al., 1999; Toyomura et al.,
2000; Manolson et al., 2003]. In actively resorbing osteoclasts,
V-ATPases are targeted to the ruffled border, a portion of the
convoluted plasma membrane adjacent to the bone surface during
active bone resorption. In vitro, in non-resorbing cells, V-ATPases
containing a3 subunit are localized to lysosomes and plasma
membranes of the osteoclasts [Toyomura et al., 2003]. We previously
demonstrated that osteoclasts from +/R740S mice have increased
lysosomal pH [Voronov et al., 2013]. Therefore, the cells with R740S

mutation are an ideal tool to elucidate the role of lysosomal pH and
the V-ATPases in mTORC1 signaling in osteoclasts. Here, we show
for the first time that in primary osteoclasts, in addition to amino
acids and growth factor signaling, lysosomal degradation of mTOR is
another regulator of its activity, further demonstrating the
importance of lysosomal pH in intracellular signaling.

ANIMALS

Heterozygous mice carrying the R740S mutation bred onto the
C3H/HeJ and FVB backgrounds were generated as described
previously [Ochotny et al., 2011]; +/+ and +/R740S littermates
were used in experiments described below. All experimental
procedures received approval from the local Animal Care Commit-
tees and were conducted in accordance with the guidelines of the
Canadian Council on Animal Care.

OSTEOCLAST CULTURES

Bone marrow (BM)-derived mononuclear cells from femurs of 2-
month-old male mice were plated at a cell density of 1 x 10° cells/ml
in 10% FBS in alpha-MEM (Gibco/Life Technologies) and antibiotics
(10 pg/ml penicillin G, 50 pg/ml gentamycin, 0.03 p.g/ml fungizone
(Gibco/Life Technologies) supplemented with 25 ng/ml M-CSF (R&D
Systems) for 2 days, and then with 25 ng/ml M-CSF and 100 ng/ml
RANKL (made in-house) for another 4 days at 37°C in 5% CO,. To
monitor osteoclastogenesis, tartrate-resistant acid phosphatase
(TRAP) staining was performed with every experiment. For TRAP
staining, the cells were cultured in 96-well plates as previously
described, briefly fixed in formalin, stained with a solution
consisting of 50mM acetate buffer, 30mM sodium tartrate,
0.1 mg/ml naphthol AS-MX phosphate, 0.1% Tritonx-100, and
0.3 mg/ml Fast Red Violet LB for 10-20 min, and then washed three
times with dH,0. TRAP-positive cells containing five or more nuclei
were counted.

STARVATION AND RECOVERY EXPERIMENTS

BM-derived osteoclasts were cultured as described above. For
starvation experiments, on the last day of the culture, the cells were
washed two times with warm Hank’s balanced salt solution (HBSS,
Gibco/Life Technologies) to remove traces of amino acids and serum,
and then incubated at 37°C in 5% CO, for specified time periods. The
cells were then either fixed for immunofluorescence experiments or
lysed for protein analysis (see below). For recovery experiments, the
cells were washed two times with warm HBSS, incubated with HBSS
for 1h at 37°C in 5% CO, and then treated with fully supplemented
media containing 12.5ng/ml M-CSF and 50ng/ml RANKL for
additional 30 min. Cells were then lysed for protein analysis, as
described below.

mTOR GENE EXPRESSION

On day 6 of osteoclast culture, total RNA was extracted using Trizol
reagent (Invitrogen). For quantitative real time PCR (qRT-PCR) gene
expression analysis, cDNA was synthesized using SuperScript VILO
c¢DNA Synthesis Kit (Invitrogen) according to the manufacturer’s
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instructions. qRT-PCR was performed using TagMan Universal
Master Mix II with UNG (cat# 4440042, Applied Biosystems) and
TagMan primer-probe mix (mTOR cat.# Mm 00444968-m1, 18S cat.
#Mm 03928990-g 1) in StepOnePlus Real-Time PCR System (Applied
Biosystems, Life Technologies). All data were normalized to
expression of 18S, a ribosomal RNA. The experiments were repeated
four times.

LYSOSOMAL AND mTOR INHIBITORS

BM-derived osteoclasts were cultured as described above. On day 5
of culture, medium was replaced with one containing 12.5ng/ml
M-CSF, 50ng/ml RANKL, and inhibitors (ammonium chloride or
chloroquine [Sigma-Aldrich], rapamycin [Cayman Chemicals]).
Cells were incubated for indicated time periods and then used either
for protein analysis or immunofluorescence, as described below.

IMMUNOBLOTTING

BM-derived osteoclasts were cultured in 6-well tissue culture plates as
described earlier. The plates were washed two times with cold PBS and
lysed using RIPA buffer (0.1% triton x - 100, 50 mM Tris, 300 mM NaCl,
5mM EDTA), containing protease inhibitors (protease inhibitors
cocktail P8340 [Sigma-Aldrich] and 1 mM PMSF), and phosphatase
inhibitors (Sigma-Aldrich, P5726). Whole cell lysates were separated
on 4-20% gradient TGX gels (BioRad), transferred to nitrocellulose
membrane and probed for LC3B, p62, mTOR, p-mTOR, p-4E-BP1, and
actin (all from Cell Signaling Technologies [CST]). Amersham™
ECL™ Prime Western blotting reagent was used as a detection
reagent. Images were captured using BioRad ChemiDoc Gel Docking
system and analyzed by rolling disk method using Quantity One
software (BioRad). All experiments were repeated at least three times.

CONFOCAL MICROSCOPY

BM-derived osteoclasts were cultured as described above. For LC3
staining (CST, #2775), cells were fixed for 30 min at 37°C in 4%
paraformaldehyde in 80 mM Hepes (pH 7.2) with 6.8% sucrose and
permeabilized cold methanol for 10min as per manufacturer's
instructions. For mTOR (CST, #2983) and LAMP2 (Developmental
Studies Hybridoma Bank, Iowa, #ABL-93c¢) staining, cells were fixed
for 30 min at 37°C in 4% paraformaldehyde in 80 mM Hepes (pH 7.2)
with 6.8% sucrose, permeabilized/blocked for 1h in 0.3% Triton-x,
5% normal goat serum (NGS) and 1% BSA in PBS. The samples were
then incubated with the primary antibodies, anti-mTOR, anti-LC3
(CST, 1:200 and 1:400, respectively), and anti-LAMP2 (1:400), in 1%
BSA, 1% NGS, and 0.3% Triton-x in PBS for 16 h, and then with
secondary anti-rabbit Alexa Fluor 555 (CST, #4413) or anti-rat Alexa
Fluor 488 (CST, #4416) antibody for 1 h; the slides were mounted in
DAPI (4'6-diamidino-2-phenylindole)-containing mounting media
(ProLong™Gold antifade reagent, Life Technologies). The samples
were analyzed with a 63 x 1.35 NA oil-immersion lens using a
spinning-disk confocal microscope (Olympus IX81) equipped with an
EM-CCD camera (C9100-13, Hamamatsu, Quorum Technologies, Inc.)
under control of Volocity software (Perkin-Elmer, Waltham, MA).

CYCLOHEXIMIDE PROTEIN DEGRADATION ASSAY
BM-derived osteoclasts were cultured as described above. On day 6
of culture, medium was replaced with one containing 12.5ng/ml

M-CSF, 50 ng/ml RANKL, and 10 pg/ml cycloheximide (CHX) or
DMSO (vehicle control). The cells were incubated for 0, 1, 2, and 4 h.
At the end of the incubation period, total protein was collected as
described in “Immunoblotting” Section. Protein concentration was
measured using Pierce 660 nm protein assay kit, and 20 p.g of protein
per lane was loaded on 4-15% gradient gel (BioRad). Blots were
probed with mTOR and actin antibodies as described in “Immuno-
blotting” Section. The experiments were repeated four times.

STATISTICAL ANALYSIS

To analyze combined data of all immunoblotting experiments
(except CHX), the SAS general linear model (GLM) procedure was
used to carry out an analysis of variance to estimate the effect of
genotype and factors such as protein type and time and their
interactions. An analysis of residuals led to the adoption of the
natural logarithm of the response which reduced their skewness and
improved the model R squares. When several comparisons were
made to a control the P-values were adjusted using the Dunnett
method. Sample size is as indicated in the methods and figures;
P-values were considered significant at P < 0.05.

AUTOPHAGY IS BLOCKED, WHILE mTORC1 IS MORE ACTIVE IN
+/R740S OSTEOCLASTS

We previously demonstrated that +/R740S osteoclasts have higher
lysosomal pH compared to +/+ cells (pH 5.71 4 0.44 vs. 4.85+0.18
in +/R740S and +/+, respectively) [Voronov et al., 2013]; however,
the mTOR signaling and autophagy were not assessed in these cells.
As lysosomal pH is increased in +/R740S cells, it is very likely that
autophagy, a protein degradation process dependent on proper
lysosomal function, is impaired in +/R740S cells. Autophagy is a
dynamic process, therefore, to assess the state of autophagy in
+/R740S cells, we looked at protein expression levels of the
autophagy markers LC3 and sequestosome 1 (SQSTM1 or p62) at
several time points using immunoblotting. LC3-I is commonly used
as a marker of autophagosome formation; it is a cytosolic protein
which becomes lipidated (LC3-II) upon induction of autophagy, and
incorporated into autophagosomal membranes [Klionsky et al.,
2012]. As autophagy proceeds, LC3-II is degraded and its levels
decrease with time. p62 is a chaperone and an autophagy substrate,
and it also gets degraded during autophagy; thus, it is commonly
used as a marker of autophagic degradation. Since autophagy is
activated by starvation (amino acid and growth factor depletion), in
order to assess the autophagic flux in osteoclasts, we incubated the
cells with HBSS for 30, 60, and 120 min. At all time points tested,
+/R740S osteoclasts had significantly higher levels of LC3-II
compared to +/+ controls (Fig. 1A and B); the levels of p62 were
also significantly increased in 4+/R740S cells. Inmunofluorescence
experiments confirmed that +/R740S cells had higher basal levels of
LC3 puncta compared to +/+ cells (Fig. 1C). Accumulation of LC3-1I
and p62 could be due to either increased autophagy initiation or
block in autophagy degradation [Klionsky et al., 2012]. Since our
cells have high lysosomal pH, this LC3- Il and p62 accumulation was
likely due to blocked autophagic degradation. At the same time,
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Fig. 1. Autophagy isimpaired in +/R740S osteoclasts. Bone marrow-derived osteoclasts were differentiated in the presence of 25 ng/ml M-CSF and 100 ng/m| RANKL. On day 5
of culture, the cells were incubated with HBSS (starvation) for 30, 60, or 120 min. Whole cell lysates were separated on 4-20% gradient gels, transferred to a nitrocellulose
membrane, and probed for LC3, p62, mTOR, p-mTOR, and actin. (A) Representative blots. (B) Quantification of immunoblots; combined data of four independent experiments,
geometric mean + SEM; * indicates statistical significance compared to +/+ control, P< 0.05. (C) LC3 immunostaining. BM-derived osteoclasts were incubated with HBSS for
the indicated time periods, fixed, stained, and analyzed by confocal microscopy as described in "Methods.” Representative images. Bars, 15 pum.

since the levels of both LC3-II and p62 did decrease with time in
+/R740S cells, it appeared that the autophagy was not completely
blocked, but rather may have had a decreased rate of cargo/target
protein degradation.

Next, we evaluated the effect of higher lysosomal pH on
mTORC1 activity. To assess whether mTORC1 function was
affected in +/R740S osteoclasts, we looked at the protein levels
of mTOR, p-mTOR, as well as mTORC1 substrate eukaryotic

translation initiation factor 4E binding protein 1 (p-4E-BP1) by
immunoblotting (Fig. 1A and B). The baseline levels of mTOR, p-
mTOR, and p-4E-BP1 were significantly higher in +/R740S
compared to +/+ cells. This was unexpected, since increased
mTOR activity is usually associated with decreased autophagy. At
the same time, amino acid withdrawal did inhibit mTORC1 activity
both in +/+ and +/R740S cells, as seen by decrease in the levels of
p-4E-BP1; however, we noticed that while p-mTOR levels
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decreased in +/R740S with time, its levels in 4/+ osteoclasts did
not appear to be significantly affected.

To investigate whether increased mTORC1 activity was due to
higher mTOR gene expression, samples were analyzed by q-RT-PCR.
mTOR expression was in fact decreased in +/R740S cells compared
to +/+ control (Fig. 2A). To check whether mTOR activity was
specific to the osteoclasts, the cells were treated with mTORC1
inhibitor rapamycin for the last 24 h of culture and the number of
osteoclasts was assessed by TRAP staining (Fig. 2B). As previously
reported [Voronov et al., 2013], osteoclastogenesis in +/R740S
cultures was decreased. Rapamycin treatment did not appear to
affect the formation of osteoclasts in +/+ groups; however,
osteoclast number was significantly decreased in +/R740S cells,
suggesting that these cells were more sensitive to rapamycin.
Therefore, our results indicate that increased baseline mTORC1
activity in +/R740S cells is not caused by higher gene expression but
could only be due to changes in lysosomal pH.

mTORC1 ACTIVATION PER SE IS NOT AFFECTED IN +/R740S CELLS
To elucidate the cause of increased mTOR protein levels and mTORC1
activation in +/R740S osteoclasts, we investigated whether mTORC1
activation per se was affected in +/R740S osteoclasts. Since
mTORC1 is activated by amino acids and growth factors, the cells
were deprived of amino acids and serum for 1h (HBSS, starvation)
and then incubated with fully supplemented media containing M-
CSF (12.5ng/ml) and RANKL (50ng/ml) for additional 30min
(recovery). As previously observed, +/R740S cells had higher
baseline protein levels of mTOR, p-mTOR and p-4E-BP1 compared to
+/+ cells (Fig. 3A and B); however, in response to starvation and
upon recovery, there was no difference in p-mTOR and p-4E-BP1
protein levels between +/+ and +/R740S cells (Fig. 3A and B),
suggesting that mTORC1 activity per se in response to starvation and
stimulation (amino acids, serum, and M-CSF) was not affected in
+/R740S cells; however, these results did not explain why at
baseline conditions +/R740S osteoclasts have higher mTORC1
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04 -
0.2 -

0.0

Fig. 2.

vr)
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activity compared to +/+ cells, as measured by p-4E-BP1 and p-
mTOR protein levels.

mTOR PROTEIN LEVELS INCREASE IN THE PRESENCE OF LYSOSOMAL
INHIBITORS

To investigate the mechanism of increased mTOR and p-mTOR levels
in +/R740S cells and to mimic the conditions observed in 4+/R740S
cells, osteoclasts were treated with lysosomal inhibitors chloroquine
(CHQ) and ammonium chloride (NH,Cl), both compounds known to
increase lysosomal pH, for 18 h. As expected, this treatment inhibited
autophagy in +/+ osteoclasts, as seen by increased LC3-II protein
levels, but had no effect on LC3-II levels in +/R740S cells as
measured by immunoblotting (Fig. 4A and B). Treatment of +/+
osteoclasts, but not +/R740S cells, with CHQ and NH,Cl significantly
increased mTOR protein levels. The levels of p-mTOR, even though
showing a similar trend, failed to reach statistical significance. The
levels of p-4E-BP1 were also not affected by the treatment. It is
unclear why p-mTOR and p-4E-BP1 levels were not significantly
increased, even though mTOR protein levels were higher; these
results may reflect the activity of other regulatory mechanisms
affecting mTOR, such as dephosphorylation of mTOR by phospha-
tases [Yu et al., 2008] or modulation of Rag GTPases [Betz and Hall,
2013]. To determine short-term effect of these lysosomal inhibitors,
the cells were treated with NH,Cl and CHQ for 1 h and stained for
either LC3 or mTOR. LC3 staining of the cells confirmed that 1h
incubation of the cells with CHQ was sufficient to trigger block of
basal autophagy as seen with LC3 puncta accumulation (Fig. 5A).
Interestingly, while basal mTOR fluorescence intensity was increased
in +/R740S compared to +/+ cells, treatment with lysosomal
inhibitors increased it even further (Fig. 5B). Quantification of mTOR
fluorescence intensity confirmed a significant increase of mTOR
levels both in +/+ and +/R740S cells in response to CHQ, while the
effect of NH,Cl was not as pronounced (Fig. 5C). This slight
discrepancy between immunofluorescence and Western blotting
results could be explained by the fact that we are comparing image
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mTOR gene expression is decreased in +/R740S osteoclasts. Bone marrow-derived osteoclasts were differentiated in the presence of 25 ng/ml M-CSF and 100 ng/ml

RANKL. (A) On day 6 of culture, total RNA was collected and mTOR and 18S gene expression was assessed. Combined results of four independent experiments, results are
normalized by 18S and are presented as fold change compared to -+/+ control, mean = SD; * indicates statistical significance, P< 0.05. (B) On day 5 of culture, the cells were
incubated with fully supplemented media containing 12.5 ng/ml M-CSF and 50 ng/ml RANKL and either DMSO (vehicle control) or rapamycin for 24 h. Quantification of TRAP-
positive osteoclasts (five or more nuclei). Representative experiment of four independent experiments, mean + SD; * indicates statistical significance, P< 0.05.
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mTORC1 activation per se is not affected in +/R740S cells. Bone marrow-derived osteoclasts were differentiated in the presence of 25 ng/ml M-CSF and 100 ng/ml
RANKL. On day 5 of culture, the cells were incubated with HBSS (starvation) for 60 min and then with fully supplemented media containing 12.5 ng/ml M-CSF and 50 ng/ml
RANKL for 30 min. Whole cell lysates were separated on 4-20% gradient gels, transferred to a nitrocellulose membrane and probed for LC3, mTOR, p-mTOR, p-4E-BP1, and actin.
(A) Representative blots. (B) Quantification of immunoblots; combined data of four independent experiments expressed as % of +/+ control, mean & SD; * indicates statistical

significance compared to +/+ control, P< 0.05.
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Fig. 4. mTOR protein levels increase in the presence of lysosomal inhibitors. Bone marrow-derived osteoclasts were differentiated in the presence of 25 ng/ml M-CSF and
100 ng/ml RANKL. On day 5 of culture, the cells were treated with NH,Cl (5 mM) or chloroquine (CHQ, 10 uM) for 24 h in the presence of 12.5 ng/ml M-CSF and 50 ng/ml RANKL.
Whole cell lysates were separated on 4-20% gradient gels, transferred to a nitrocellulose membrane, and probed for LC3, mTOR, p-mTOR, p-4E-BP1, and actin. (A)
Representative blots. (B) Quantification of immunoblots; combined data of three independent experiments, LC3-II results expressed as geometric mean + SEM; mTOR, p-mTOR,
and p-4E-BP1 results expressed as % of +/+ control, mean 4 SD; * indicates statistical significance between +/R740S compared to +/-+ control, P< 0.05. # indicates statistical
significance between -+/+ control and +/+ treatment groups, P< 0.05.
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Fig. 5. Fluorescence intensity of mTOR is increased in response to lysosomal inhibitors. Bone marrow-derived osteoclasts were differentiated in the presence of 25 ng/ml M-CSF
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Quantification of mTOR immunofluorescence intensity; combined data of two independent experiments, mean 4+ SD; # indicates statistical significance between +/R740S
compared to +/+ control, P< 0.05; * indicates statistical significance between +/+ control and +/+ treatment groups, P< 0.05.

analysis of single osteoclasts versus analysis of total protein lysate of
all the cells present in the cultures. Still, these results suggest that
there is an accumulation of mTOR protein during the treatment with
lysosomal inhibitors, and this accumulation could be observed after
only 1h of incubation with the inhibitors.

mTOR/LAMP2 CO-LOCALIZATION IS NOT AFFECTED IN +/R740S
OSTEOCLASTS

The connection between mTORC1 and the lysosome is well
established [Sancak et al., 2010; Zoncu et al., 2011; Efeyan et al.,
2012]. It has been shown that active mTORC1 resides on the
lysosome, connected to V-ATPases via the Ragulator complex. To
verify whether mTOR co-localization with the lysosome is affected in

+/R740S cells, we analyzed the cells using confocal microscopy
(Fig. 6). Our results showed that in 4/+ cells mTOR co-localizes with
the endogenous lysosome-associated membrane protein 2 (LAMP2);
-+/R740S cells display the same levels of co-localization (Pearson’s
coefficient=0.72+0.14, n=13 vs. 0.76 0.078, n = 14, respec-
tively). Furthermore, both NH,Cl and CHQ treatment (1h) did not
have any effect on mTOR/LAMP2 co-localization (for +/+ cells
Pearson’s coefficient = 0.67 & 0.065,n =7 and 0.71 = 0.061, n = 10,
respectively; for +-/R740S cells Pearson’s coefficient = 0.72 4+ 0.075,
n=10and 0.72 £ 0.092, n = 12, respectively). These results indicate
that changes in lysosomal pH do not affect mTOR-LAMP2 co-
localization in osteoclasts and suggest that increased mTORCI
activity in +/R740S cells is not due to improper localization.
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Fig. 6. mTOR/LAMP2 co-localization is not affected in +/R740S osteoclasts. Bone marrow-derived osteoclasts were differentiated in the presence of 25ng/ml M-CSF and
100 ng/ml RANKL. On day 6 of culture, the cells were treated with NH,Cl (10 mM) or CHQ (20 p.M) for 1 h. Cells were fixed, stained, and analyzed by confocal microscopy. Bars,
15 pm. Representative images of osteoclasts stained with anti-mTOR and anti-LAMP2 antibody.

mTOR IS DEGRADED BOTH IN THE LYSOSOME AND PROTEASOME protein levels. Our results so far suggest that inhibition of lysosomal
Little is known about mTOR degradation. It has been shown that function leads to mTOR accumulation. To test our hypothesis that
mTOR is ubiquitinated [Linares et al., 2013] suggesting it could be mTOR is degraded in the lysosome, we incubated the cells with CHQ,
degraded in the proteasome; however, it is not known whether proteasomal inhibitor MG132, and a combination of CHQ and
autophagy/lysosomal degradation is involved in regulation of mTOR MG132 for 2 h. Results demonstrated that treatment of +/+ cellswith
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CHQ or MG132 significantly increased both mTOR and p-mTOR
levels; however, there was no cumulative effect on mTOR
degradation when both inhibitors were used together
(Fig. 7A and B). Furthermore, CHQ had no significant effect on
mTOR/p-mTOR levels in +/R740S cells, possibly due to the fact
that the lysosomal pH in these cells was already elevated and had
no further effect on protein degradation. Interestingly, in
+/R740S cells, MG132 decreased mTOR/p-mTOR levels, even
though this concentration did not have any effect on cell viability
(data not shown). Next, to look at mTOR protein stability, we used
cycloheximide. Cycloheximide blocks new protein synthesis;
therefore, if mTOR is constitutively degraded, in the absence of
new protein synthesis, we expected to observe decreasing
amounts of mTOR in the treated samples. We incubated the cells
with 10 pg/ml cycloheximide for 1, 2, and 4 h. In +/+, but not in
+/R740S cells, mTOR protein levels decreased significantly by 4 h,
demonstrating that mTOR is being constitutively degraded in
osteoclasts (Fig. 8). This finding is consistent with our hypothesis
that mTOR is being degraded via the lysosomal/autophagy
pathway, since mTOR protein levels in the +/R740S cells with
defective autophagy did not show similar decrease. In summary,
our results suggest that lysosomal degradation is one of
mechanisms responsible for regulation of mTOR activity and
protein levels and, therefore, explain higher baseline levels of
mTOR and p-mTOR in +/R740S cells. These results also
demonstrate the importance of the lysosome not only in
activation of mTORC1 but also in termination of the signal.

A
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MG132,1pyM - - + o+ - -+ ¥
CHQ,20puM - + -+ -+ -+

ACHN - ———— g —
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p-mTOR = = s —— — — — —

actin

Fig. 7.

Autophagy is a lysosomal degradation process necessary for cellular
homeostasis, response to stresses (e.g., amino acid starvation), and
degradation of long-lived proteins and organelles [Klionsky et al.,
2012]. Recent studies have demonstrated that autophagy is also
involved in degradation of signaling molecules [Petherick et al.,
2013; Jia et al., 2014]. Here, we show for the first time that in
osteoclasts, mTOR protein levels and activity are regulated, in part,
by lysosomal degradation.

The connection between mTORC1 activity and the lysosome is
well established. It has been shown that in the presence of amino
acids, active mTORC1 interacts with the V-ATPases located on the
lysosomal membrane via the Ragulator complex [Efeyan et al.,
2012]. mTOR, as part of mTORC1 complex, is only active when it is
associated with the lysosome [Zoncu et al., 2011]. Current hypothesis
stipulates that mTOR activation undergoes association and dis-
association cycles with the lysosome, depending on free amino acids
presence or absence, respectively. There is growing evidence that the
lysosome is not only an “activating” component of mTOR pathway
but also is involved in its deactivation [Averous et al., 2014;
Demetriades et al., 2014]; however, mTOR inactivation as a result of
amino acid withdrawal is the only aspect being studied. Here, we
considered a possibility that in the presence of amino acids, mTOR is
not constitutively active and does not permanently reside on the
lysosome but, instead, undergoes constant activation-degradation
“cycles” similar to other signaling molecules (e.g., Dishevelled
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Both lysosome and proteasome are involved in mTOR degradation. Bone marrow-derived osteoclasts were differentiated in the presence of 25 ng/ml M-CSF and 100 ng/

ml RANKL. On day 6 of culture, the cells were treated with 20 uM CHQ, 1 uM MG132, or combination of CHQ and MG 132 for 2 h; control group contained corresponding amount
of DMSO (vehicle). Whole cell lysates were separated on 4-20% gradient gels, transferred to a nitrocellulose membrane and probed for mTOR, p-mTOR, and actin. (A)
Representative blots. (B) Quantification of immunoblots; combined data of five independent experiments, geometric mean 4 SEM; * indicates statistical significance between
+/R740S compared to +/+ control, P< 0.05. # indicates statistical significance between +/+ control and +/+ treatment groups.
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Fig. 8. mTOR is constitutively expressed in osteoclasts. Bone marrow-derived osteoclasts were differentiated in the presence of 25 ng/ml M-CSF and 100 ng/m| RANKL. On day

6 of culture, the cells were treated with 10 pg/ml CHX for 1, 2, or 4 h in fully supplemented media; control groups were treated with media containing corresponding amount of
DMSO (vehicle). Whole cell lysates were separated on 4-15% gradient gels, transferred to a nitrocellulose membrane and probed for mTOR. Representative blots (A) +/+ and (B)

-+/R740S cells. (C) Quantification of immunoblots; combined data of four independent experiments expressed as % mTOR at 0 h CHX treatment, mean =+ st dev; *

indicates

statistical significance between +/+ 4 h CHX compared to +/+ 0 h CHX control, P< 0.01. # indicates statistical significance between +/+ 4 h CHX and +/+ 1 h CHX groups,

P<0.01 (Student’s t-test).

degradation in Wnt signaling pathway [Gao et al., 2010] or IkBa
degradation in NF-«kB canonical pathway [Hayden and Ghosh, 2004;
Hayden and Ghosh, 2014]). We hypothesized that mTOR, as part of
mTORC1, associates with the lysosome and phosphorylates its target
substrates; however, at the end of the “signaling cycle,” instead of
simply dissociating from the lysosome, it is being degraded in the
lysosome in the presence of amino acids to terminate this “cycle.” To
test our hypothesis, we treated the cells with NH,Cl and CHQ, both
known to increase lysosomal pH and block lysosomal degradation,
and showed that both inhibitors increased mTOR protein in +/+
cells. Treatment of +/+ cells with CHQ and proteasomal inhibitor
MG132 for 2 h lead to an accumulation of mTOR and p-mTOR, while
protein stability experiments using cycloheximide showed a
significant decrease in mTOR protein levels in +/4 but not in
+/R740S cells. These results support our hypothesis and show that
mTOR is constitutively expressed and degraded in the cells in the
presence of amino acids, and that both major degradation systems
(proteasome and lysosome) are involved in this process.

Little is currently known about mTOR degradation. It has been
reported that mTOR is ubiquitinated. In HEK-293T cells, amino acid
stimulation promotes the polyubiquitination of mTOR [Linares et al.,
2013]. Tt has also been shown that mTOR undergoes proteasomal
degradation, since E3 ubiquitin ligase FBXW?7 deletion leads to
mTOR accumulation in mouse embryonic fibroblasts from Foxw7-/-
cells [Mao et al., 2008; Fu et al., 2009]. E3 ubiquitin ligases, such
as TRAF6 [Linares et al., 2013], Parkin [Park et al., 2014], and

CUL-4B-DDB1 [Ghosh et al., 2008] had been demonstrated to
associate with mTORC1 complex.

Our experiments with MG132 also confirm that in osteoclasts,
mTOR is degraded via the proteasome. The question still remains - is
mTOR also degraded in the lysosome? The experiments with CHQ
and NH,CI seem to suggest that the lysosome is also involved;
however, existence of the autophagy-proteasome cross-talk could
add more complexity to our results. Inhibition of the proteasomal
system activates autophagy [Korolchuk et al., 2010]. At the same
time, depending on a cell type, inhibition of autophagy can activate
[Wang et al., 2013] or inhibit [Korolchuk et al., 2009] proteasomal
activity. In our cells, basal autophagy is inhibited/blocked, leading to
accumulation of LC3-II and p62 proteins. Korolchuk et al.
[Korolchuk et al., 2009] have shown that in HeLa cells, inhibition
of autophagy leads to p62 accumulation, which, in turn, interferes
with the clearance of ubiquitinated proteins by the proteasome. At
the same time, the activity of the proteasome per se is not affected. It
is plausible that in osteoclasts, inhibition of lysosomal function, and
consequently of autophagy, either by R740S mutation or by
chemical inhibitors (CHQ, NH,Cl), leads to decreased proteasomal
protein degradation, and, therefore, mTOR accumulation. The
existence of this cross-talk would also explain why there was no
cumulative effect on mTOR protein levels when the cells were treated
with both CHQ and MG132.

But how mTOR and lysosomal pH are connected to decreased in
vitro osteoclastogenesis in +/R740S cells? Our results show that
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+/R740S osteoclasts have higher basal levels of mTOR protein and
of mTORC1 activity. mTOR is known to play a role in osteoclasto-
genesis [Glantschnig et al., 2003] and is more important at the
earlier stages of osteoclast differentiation [Indo et al., 2013]. We
observed that 4+/R740S cells not only had higher protein levels of
mTOR but also were more sensitive to rapamycin treatment
compared to +/+ cells. We believe that this increased sensitivity is
due to a delay in osteoclast differentiation in +/R740S cells and
the cells remaining at an earlier stage of osteoclastogenesis. This is
based on the initial characterization of +/R740S osteoclasts
[Voronov et al., 2013], when we observed no difference in gene
expression of TRAP, V-ATPase d2 subunit, OSCAR, DC-STAMP,
and NFATcl up to day 4 of osteoclastogenesis; however,
expression of all these genes was decreased in +/R740S osteoclasts
by days 5 or 6 of culture, possibly indicating a delay in osteoclast
differentiation. This delay at the later stages of osteoclastogenesis
coincides with a3 expression; it exponentially increases after day 3
of culture [Toyomura et al., 2000]. Therefore, at earlier stages of
osteoclast differentiation, with a3 being expressed at low levels,
there is no differences between +/+ and +/R740S cells; however,
at the later stages, when a3 is expressed at high levels, but is not
functional, osteoclastogenesis is impaired. Since a3 is localized to
lysosomes in non-resorbing cells, this delay in differentiation is
most likely due to defective degradation of signaling molecules,
with mTOR/mTORC1 being one of the signaling pathways affected.
Accumulation of active mTORC1 appears to keep the cells in
proliferative stage, rather than to allow progression toward
differentiation.

In summary, our results indicate that mTOR is degraded in
osteoclasts in the presence of amino acids, and both lysosomal and
proteasomal degradation systems appear to play a role in this
process. We still do not know the precise mechanism of mTOR
lysosomal degradation; it is possible that chaperone-mediated
autophagy is one of the pathways involved. Nevertheless, here we
demonstrate that in osteoclasts, the lysosome plays an important role
not only in activation of mTORC1 but also in termination of its
activity via lysosomal and proteasomal degradation.
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