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Mechanistic target of rapamycin (serine/threonine kinase) complex 1 (MTORC1) is a protein-signaling complex at the
fulcrum of anabolic and catabolic processes, which acts depending on wide-ranging environmental cues. It is generally
accepted that lysosomes facilitate MTORC1 activation by generating an internal pool of amino acids. Amino acids
activate MTORC1 by stimulating its translocation to the lysosomal membrane where it forms a super-complex involving
the lysosomal-membrane-bound vacuolar-type HC-ATPase (v-ATPase) proton pump. This translocation and MTORC1
activation require functional lysosomes. Here we found that, in contrast to this well-accepted concept, in epiphyseal
chondrocytes inhibition of lysosomal activity by v-ATPase inhibitors bafilomycin A1 or concanamycin A potently
activated MTORC1 signaling. The activity of MTORC1 was visualized by phosphorylated forms of RPS6 (ribosomal
protein S6) and EIF4EBP1, 2 well-known downstream targets of MTORC1. Maximal RPS6 phosphorylation was observed
at 48-h treatment and reached as high as a 12-fold increase (p < 0.018). This activation of MTORC1 was further
confirmed in bone organ culture and promoted potent stimulation of longitudinal growth (p < 0.001). Importantly, the
same effect was observed in ATG5 (autophagy-related 5)-deficient bones suggesting a macroautophagy-independent
mechanism of MTORC1 inhibition by lysosomes. Thus, our data show that in epiphyseal chondrocytes lysosomes inhibit
MTORC1 in a macroautophagy-independent manner and this inhibition likely depends on v-ATPase activity.

Introduction

MTOR (mechanistic target of rapamycin [serine/threonine
kinase]) becomes active when the protein is in a complex.
MTOR complex 1 (MTORC1) contains RPTOR (regulatory
associated protein of MTOR, complex 1) whereas MTORC2

contains a protein called RICTOR (RPTOR independent com-
panion of MTOR, complex 2). RPTOR and RICTOR are scaf-
fold proteins, regulating the assembly of the MTORCs and their
substrate binding.1 MTORC1 integrates many intracellular sig-
naling cascades, which modulate cellular growth and metabo-
lism.1 MTORC1 is at the fulcrum of anabolic and catabolic
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processes controlling protein synthesis pathways and macroau-
tophagy (hereafter referred to as autophagy). MTORC1 stimu-
lates protein synthesis by phosphorylating RPS6KB1 (ribosomal
protein S6 kinase, 70kDa, polypeptide 1) and EIF4EBP1
(eukaryotic translation initiation factor 4E binding protein 1).
Phosphorylated RPS6KB1 acts on RPS6 (ribosomal protein S6)
to stimulate increased protein synthesis. Likewise, the phosphory-
lation of EIF4EBP1 prevents its binding to the cap-binding pro-
tein EIF4E (eukaryotic translation initiation factor 4E), which
enables cap-dependent mRNA translation.1 At the same time,
MTORC1 inhibits autophagy by directly phosphorylating com-
ponents of the autophagy machinery including ATG13 (autoph-
agy related 13) and ULK1 (unc-51 like autophagy activating
kinase 1), which disrupts autophagosome formation.2,3 Hence,
MTORC1 controls cellular protein levels by stimulating protein
synthesis and by attenuating ULK1/2-mediated autophagy.

The regulation of MTORC1 activity is critical to a cell’s abil-
ity to respond to the environment; hence, MTORC1 activity is
tightly controlled. Many factors which can affect MTORC1
activity, such as growth factor stimulation, hypoxia, energy levels,
and inflammation, are internally directed to MTORC1 via the
tuberous sclerosis complex (TSC), which consists of TSC1/
hamartin (tuberous sclerosis 1) and TSC2/tuberin. TSC inhibits
the activity of a small GTPase, RHEB (Ras homolog enriched in
brain), which is required for MTORC1 activation.1

Amino acids are essential for MTORC1 activity, but do not
direct MTORC1 activity via TSC. The mechanism by which
amino acids induce MTORC1 activation has been a hot topic in
recent research.1,4 Under amino acid-deprived conditions,
MTOR is diffusely distributed within the cell in an as-yet unde-
fined location; however, in the presence of amino acids MTOR
forms puncta at sites which have been identified as lysosomes.1

The translocation of MTOR to the lysosome requires a family of
proteins called the Rag GTPases (RRAGs). In mammals RRAGA
or RRAGB bind to RRAGC or RRAGD. In the presence of
amino acids the Rag GTPases are in an active state in which
RRAGA or RRAGB are bound to GTP and RRAGC or RRAGD
are bound to GDP.1 The activated Rag GTPases directly interact
with MTORC1 by binding to RPTOR.1 These activated Rag
GTPases direct MTORC1 to the lysosome membrane where it
forms a super-complex consisting of the Ragulator and the vacuo-
lar-type HC-ATPase (v-ATPase) complexes.1 Amino acids also
regulate the strength of the interaction between Ragulator and
the v-ATPase complexes.1 Amino acid accumulation within the
lysosome is required for MTORC1 activation, and as such the
current theory of MTORC1 activation by amino acids has been
coined the “inside-out” model.1

A key function of the lysosome is to degrade unwanted cellular
material. Digestive enzymes within the lysosomes are specifically
adapted to operate in an acidic environment. To maintain an
acidic pH (pH 4.5 to 5) in lysosomes, protons are pumped into
the lysosome by the lysosomal membrane-bound v-ATPase.5

Lysosomal activity can be blocked by pharmacological inhibitors
such as bafilomycin A1 (Baf) which binds at the interface between
transmembrane helices 1, 2, and 4 of ATP6V0C/subunit c of the
V0 domain of the v-ATPase, and prevents helical swiveling and,

accordingly proton accumulation in the lysosome), chloroquine
(CQ, which neutralizes the lysosomal pH by an unknown mecha-
nism), and leupeptin (which inhibits enzymatic activity within
lysosomes).6-8 MTORC1 activity is reduced when lysosomal activ-
ity is disrupted, presumably by reducing the pool of intra-lyso-
somal amino acids, and hence disrupting the “inside-out” model.9

MTORC1 is emerging as a key player in longitudinal bone
growth. Children’s long bones grow from epiphyseal growth
plates, narrow cartilage organs located at the ends of the long
bones. Growth plates consist of chondrocytes at various differenti-
ation stages within an avascular cartilage matrix.10 Rapamycin, an
MTOR inhibitor which mainly disrupts MTORC1 activity,1

inhibits bone growth both in vitro and in vivo.11,12 Conditional
ablation of RPTOR in the limb (using periaxin [Prx]-driven Cre)
reduces limb size and hypertrophic chondrocyte cell size.13 Fur-
thermore, MTORC1 was proposed to regulate the transition of
chondrocytes from the proliferative to the post-mitotic stage of
maturation.14 These observations suggest that MTORC1 is
important in regulating chondrocyte physiology and bone growth.
MTORC1 can act via multiple downstream pathways including
stimulation of cell hypertrophy and blocking of autophagy.1 The
role of autophagy in chondrocyte hypertrophy has been widely
proposed.15 We decided to explore the role of autophagy in longi-
tudinal bone growth using the well-known autophagy inhibitors
Baf and CQ. To our surprise we found that these inhibitors acti-
vate the MTORC1 pathway in chondrocytes and stimulate bone
growth in an autophagy-independent manner.

Results

Pharmacological inhibitors of lysosomal activity stimulated
longitudinal bone growth

To explore the role of autophagy in longitudinal bone growth
we cultured metatarsal bones ex vivo in the presence of bafilomy-
cin A1 and chloroquine. Baf and CQ stimulated growth to the
same extent as the well-established promoter of bone growth
IGF1 (insulin-like growth factor 1 [somatomedin C])16 (Fig. 1A,
1B) with the effect of Baf being more potent than CQ (710 §
18 mm versus 880 § 28 mm growth in 5 d, p < 0.001, n D 13
animals [39 metatarsal bones] for CQ and 7 animals [21 bones]
for Baf). This growth stimulation was associated with an increased
chondrocyte hypertrophy as determined by cell size (Figs. 1C and
2A, lower panel), extension of the hypertrophic zone positive for
chondrocyte hypertrophy marker COL10A1 (collagen, type X, a
1; 265 § 23 mm versus 194 § 13 mm at 3 d of culture, n D 5, p
D 0.028; see also Fig. 2G and H) and the level of COL10A1
mRNA expression (Fig. 3D). The treatment was associated with
an increase in SQSTM1 accumulation in the chondrocytes
(Figs. 1D, E and 2C), indicating an inhibition in autophagic
flux.17 Baf treatment at this dose also led to a slight increase in the
number of apoptotic chondrocytes (0 § 0% versus 1.04 § 0.5%
of TUNEL-positive cells in the proliferative zone of vehicle- and
Baf-treated bones, respectively, pD 0.046, nD 5 and 2.8§ 0.8%
versus 3.8 § 0.6% of TUNEL-positive cells in the hypertrophic
zone of vehicle- and Baf-treated bones, respectively, p D 0.4, n D
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5: see also Fig. 2E) and a decrease in cell proliferation (10.6§
1.3% of bromodeoxyuridine [BrdU]-positive cells in control [nD
7] versus 6.0 § 0.3% in Baf-treated bones [n D 4], p D 0.024,

Fig. 2F). No changes in
the organization of differ-
ent zones of the growth
plate (Fig. 2A), proteo-
glycan turnover (as visu-
alized by Safranin O
staining, Fig. 2D) and
glycosaminoglycan
(GAG) release (1.86§
0.14 mg/ml in Baf [n D
6] versus 1.74 § 0.10 in
control [n D 10], p D
0.53), underlying miner-
alization (Von Kossa
staining, Fig. 2I) and
osteoclast number
(ACP5/TRAP [acid
phosphatase 5, tartrate
resistant]) staining,
Fig. 2J; 5.7 § 1.2 versus
4.1 § 0.7 of ACP5-posi-
tive cells per bone section
in vehicle and Baf-treated
bones, respectively;
nD12 and 11, pD0.24)
were observed upon Baf
exposure.

Growth is stimulated
via activation of the
MTORC1 signaling
pathway

Thus, the observed
growth stimulation was
entirely attributed to the
promoted chondrocyte
hypertrophy without any
contribution from cell
proliferation or survival.
One of the principal fac-
tors regulating cell size
control is MTORC1. To
determine if cell size was
influenced by MTORC1
signaling in Baf-treated
metatarsals, we deter-
mined the phosphoryla-
tion state of a key
MTORC1 readout,
phosphorylated (p)-
RPS6. Much to our sur-
prise we noted that RPS6
phosphorylation was

markedly increased in the chondrocytes following Baf or CQ
treatment (10.1 § 2.0 fold [n D 3, p D 0.011] and 2.2 § 0.16
fold [n D 3, p D 0.016] above control by Baf and CQ,

Figure 1. Bafilomycin A1 treatment increases longitudinal bone growth, chondrocyte hypertrophy and RPS6 phosphor-
ylation. (A, B) Metatarsals isolated from post-natal mice were cultured ex vivo in the presence of 8 nM Baf, 30 mM CQ
or 100 ng/ml IGF1. Bone length was measured at the indicated time points as described in Materials and Methods. ***,
p < 0.001; n D 6 animals (18 bones) for control, Baf and IGF1 groups, and n D 4 animals (12 bones) for the CQ group.
(C) Size of terminal hypertrophic chondrocytes was analyzed after 6 days in culture (**, p < 0.01; n D 5). Baf (D) and CQ
(E) elevated phosphorylation levels of members of the MTORC1-signaling pathway as detected by western blotting.
Phosphorylation was analyzed after 3 d exposure. Statistical values are incorporated in the text. The MTORC1 inhibitor
Torin1 attenuated the growth-promoting effect of Baf or CQ (F and G, respectively). (nD 5–11 animals).
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respectively; see also Figs. 1D, E and 2B). This finding is at odds
with the general concept of MTORC1 activation by lysosomes,
and hence we sought to study this finding in more detail. We

explored other components of the MTORC1 pathway and found
a significant increase in phosphorylation of RPS6KB1/S6 kinase
(ribosomal protein S6 kinase, 70kDa, polypeptide 1) by Baf (p-

RPS6KB1; 3.0 § 0.3 fold
above control [n D 3
repeats (with 18 bones in
each), p D 0.027, Fig. 1D]
and a nonsignificant
increase by CQ [2.0 § 0.4
fold above control, p D
0.23, n D 2 repeats with 6
bones in each; see also
Fig. 1E]). Levels of phos-
phorylated and total
MTOR were slightly, but
not significantly, elevated
by Baf treatment (2.0 §
1.2-fold increase for p-
MTOR, pD0.49 and 1.3
§ 0.3-fold increase for
total MTOR, p D 0.49,
see also Fig. 1D). Finally,
we employed the
MTORC1 inhibitor
Torin1 and found that it
significantly diminished
the growth-promoting
effect of both Baf and CQ
(Fig. 1F and G). No
changes in the phosphory-
lation of the MTORC2
target SGK1 (serum/glu-
cocorticoid regulated
kinase 1) were observed
upon Baf-treatment (21§
35% increase above con-
trol, p D 0.63, n D 3
repeats with 18 bones in
each repeat)

Thus, the data suggest
that inhibition of lyso-
somes in chondrocytes
activates the MTORC1-
signaling pathway, which
in turn leads to increased
bone growth.

Bafilomycin A1
stimulates longitudinal
bone growth independently
of autophagy

Our initial findings
with the lysosomal inhibi-
tors Baf and CQ led us to
hypothesize that inhibited
autophagic flux wasFigure 2. For figure legend, see page 1598.
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stimulating longitudinal bone growth. To test this hypothesis we
obtained metatarsal bones from conditional knockout mice in
which the Atg5 gene, which is essential for autophagy, was

specifically deleted in
chondrocytes (ATG5cKO)
using the Cre-lox
approach. However, Baf
stimulated the growth of
ATG5cKO mice and con-
trol metatarsals similarly,
indicating that Baf-stimu-
lated growth was indepen-
dent of autophagy
(Fig. 3A). Western blot
analysis of total protein
isolated from the cartilage
of these metatarsals con-
firmed that there was dele-
tion of Atg5, an inhibition
of autophagy in
ATG5cKO metatarsals
(based on MAP1LC3A
[microtubule-associated
protein 1 light chain 3 a]
accumulation), and that
Baf stimulated RPS6 phos-
phorylation similarly in
both ATG5-deficient and
control chondrocytes
(Fig. 3B). Furthermore,
Baf elevated expression of
both Col2a1 (collagen,
type II, a 1) and Col10a1
(collagen, type X, a 1)
genes similarly in control
and ATG5-deficient bones
(Fig. 3C and D) whereas
expression of Acan (aggre-
can), Alpl (alkaline phos-
phatase, liver/bone/kindey)
and Col1a1 (collagen, type
I, a 1) was not affected in
any genotype (Fig. 3E–G).

Bafilomycin A1
activates the MTORC1
signaling pathway in
chondrocytes

To further study the role of Baf in chondrocytes, we devel-
oped a cell culture model using RCJ 3.1C5.18 rat mesenchymal
cell line (C5.18 cells). Baf downregulated RPS6 phosphorylation

Figure 3. Bafilomycin A1 stimulates bone growth in an autophagy-independent manner. (A) Metatarsal bones isolated
from post-natal mice with and without conditional Atg5 deletion were cultured ex vivo in the presence of 8 nM Baf;
bone length was measured over a time course of 6 d (n D 7 animals [21 bones] for control and 6 animals [18 bones]
for Atg5cKO). (B) Cartilage was isolated from the bones described above, following 2 d of culture, by micro-dissection
and levels of ATG5, SQSTM1, MAP1LC3A and p-RPS6 were analyzed by western blot. RNA was extracted from bones
cultured for 2 d and levels of Col2a1 (C), Col10a1 (D), Acan (E), Alpl (F) and Col1a1 (G) were analyzed by qRT-PCR.
(*p < 0.05, ***p < 0.001, n D 5 repeats from 6 bones each).

Figure 2 (See previous page). Bafilomycin A1 promotes differentiation, elevates cell death and decreases chondrocyte proliferation in cultured metatar-
sal bones. Histological appearance of different zones of the growth plate of cultured bones showed increased hypertrophy upon Baf exposure (A). Baf
caused an increase in phosphorylated RPS6 (B) and SQSTM1 accumulation (C) in chondrocytes when assessed by immunohistochemistry. Visualization
of proteoglycan levels by Safranin O staining did not reveal any changes (D). Treatment with Baf elevated cell death as assessed by TUNEL labeling (E)
and decreased cell proliferation as assessed by BrdU incorporation (F). Baf stimulated an increase in Col10a1 levels as assessed by in situ hybridization
(G) and immunohistochemistry (H). Levels of mineralization were assessed by Von Kossa staining and showed no obvious differences (I). Osteoclasts
were visualized by ACP5 staining and no changes were observed (J). All bones were exposed to Baf for 3 d. Scale bar: 100 mm. Statistical analysis is incor-
porated in the text.
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in undifferentiated C5.18 cells (Fig. 4A). However, following
differentiation into chondrocytes (referred to as C5.18 chondro-
cytes), Baf stimulated RPS6 phosphorylation in these cells
(Fig. 4A–D). We then differentiated C5.18 cells for an extended
time course toward terminally differentiated hypertrophic-like
chondrocytes.18 Differentiation of these cells was confirmed by
increased gene expression of chondrocyte markers Acan, Col2a1,
Col10a1, and Alpl as well as nodule formation and glycosamino-
glycan production (Fig. S1A–H). Regardless as to whether the
cells were differentiated for a total of 4, 9 or 11 d, Baf treatment
similarly increased RPS6 phosphorylation (Fig. 4B), suggesting
that this effect can be attributed to chondrocytes generally. Sup-
porting this, RPS6 phosphorylation was also observed in all zones
of Baf-treated metatarsal bones (Fig. 2B), albeit most vividly in
the hypertrophic zone. We also conducted a dose response, and
40 nM of Baf was found to be the lowest dose required for RPS6
activation in the C5.18 cell line (8 nM in metatarsals), whereas
phosphorylation of EIF4EBP1, another well-known target of
MTORC1 was observed at as low as 8 nM of Baf (Fig. 4C).
However, no significant changes were observed in the levels
of p-MTOR (55 § 30% increase above control when nor-
malized to total MTOR, p D 0.38, nD3) or p-RPS6KB1 (14
§ 44% decrease below control when normalized to total
RPS6KB1, p D 0.78, n D 3). To further prove activation of
MTOR we cultured differentiated C5.18 cells in the presence
of Baf and the MTOR inhibitor Torin1. Torin1 dose-

dependently decreased both RPS6
and EIF4EBP1 phosphorylation, sup-
porting MTORC1 activation by Baf
(Fig. 4C). Next, we did time-
response experiments, which revealed
that RPS6 activity occurred as early
as 16 h and was sustained over at
least 48 h (Fig. 4D). Here we also
observed a downregulation in phos-
phorylated AKT at serine residue
473, a well-known readout for
MTORC2 (Fig. 4D).19 However,
other targets of MTORC2, phos-
phorylated PRKCA (protein kinase
C, a) and phosphorylated SGK1
were not affected (Fig. S2A–D).
Thus, we concluded that MTORC2
was not affected by Baf treatment.

We then performed a series of
control experiments to confirm the
biological nature of the observation.
First, we isolated cells from various
sources and exposed them to Baf. As
expected, and opposite to chondro-
cytes, Baf blocked RPS6 phosphory-
lation in mouse embryonic
fibroblasts (MEFs), cells isolated
from whole liver, and even a cell
type closely related to growth plate
chondrocytes: murine calvarial osteo-

blasts (Fig. 5A). Time-response and dose-response experi-
ments with osteoblasts confirmed downregulation of RPS6
phosphorylation upon Baf exposure in this cell type (Fig.
S2E–H). These results indicate a very special response by
chondrocytes to Baf. Culture conditions require chondrocytes
to be confluent. To determine if the response to Baf could
be attributed to this specific culture condition, we treated
both nonconfluent and confluent MEFs with Baf. Confluence
led to a significant decrease in CCND1 (cyclin D1) levels
(37 § 12% of control, p < 0.001, n D 4), albeit prolifer-
ative activity remained (not shown). We found a similar
decrease in the levels of phosphorylated RPS6 between non-
confluent and confluent MEFs upon Baf treatment (Fig. 5B).
We, also employed a MEF cell line with Atg5 gene expression
under the transcriptional control of the tet-off system.20 The
addition of a tetracycline analog, doxycycline (dox), downre-
gulated the expression of the essential autophagy protein
ATG5; however, it inhibited RPS6 phosphorylation in MEFs
regardless of the presence of ATG5 (Fig. 5B). Next we
assessed the activity of lysosomal enzymes in Baf-treated
C5.18 chondrocytes and MEFs. The lysosomal enzyme
CTSB/cathepsin B is more efficient in an acidic environ-
ment.21 Hence inhibiting the lysosomal acidification with Baf
should reduce CTSB activity, which was indeed the case for
both C5.18 chondrocytes and MEFs (Fig. 5C). Finally, we
controlled for differentiation medium, which is needed for

Figure 4. Bafilomycin A1 stimulates RPS6 phosphorylation in a cultured chondrocgenic cell-line and is
MTOR dependent. (A) Mesenchymal C5.18 cells were either differentiated into chondrocytes or cul-
tured undifferentiated. Both nondifferentiated and chondrocyte-differentiated cells were treated with
a range of Baf doses and levels of SQSTM1 and phospho-RPS6 assessed by western blot. (B) C5.18 cells
were further differentiated into chondrocytes of different levels of maturity (for 2, 7 or 9 d) and thereaf-
ter treated with Baf for an additional 48 h. Levels of SQSTM1 and p-RPS6 were analyzed by western
blot. (C) C5.18 chondrocytes were cultured in the presence of Baf and the MTOR inhibitor Torin1 at the
indicated concentrations and the levels of SQSTM1, phospho-RPS6 and phospho-EIF4EBP1 analyzed by
western blot. (D) C5.18 chondrocytes were treated with 40 nM Baf for the indicated incubation times
and the levels of SQSTM1, phospho-RPS6, and phospho-AKT (Ser 473) analyzed by western blot.
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the differentiation of C5.18 cells into chondrocytes. We
reciprocally inverted the mediums during Baf treatment
allowing chondrocytes to be treated in the medium used for
MEF cultures as well as treating MEFs in the differentiation
medium normally utilized for chondrocyte differentiation.
Regardless of which medium was used Baf still reduced RPS6
phosphorylation in MEFs (Fig. 5D) and increased it in chon-
drocytes (Fig. 5E). Altogether these observations confirm that
the unique response we observe is specific to the cell type
and not the culture conditions.

Baf activated MTORC1
independent of nutrition

Nutrition is the most
potent regulator of
MTORC1 activity.1 To
explore the interaction
between the observed Baf-
mediated MTORC1 activa-
tion and nutrition status, we
first modulated levels of
serum in our culture condi-
tions. Baf stimulated RPS6
phosphorylation at all serum
levels tested and even without
serum (Fig. 6A–C). The
stimulation was observed
both after 24 (Fig. 6A, B)
and 48 (Fig. 6C, D) h of
treatment. It is interesting to
note that there was a down-
ward trend in levels of RPS6
phosphorylation as the serum
concentrations were reduced.

Next, we employed cus-
tom DMEM medium with-
out amino acids, supple-
mented it with nonessential
amino acids and varied the
levels of essential amino
acids. Baf treatment elevated
levels of both p-RPS6 and p-
EI4EBP1 independently of
amino acid concentrations
(Fig. 6C).

Finally, we utilized FLCN
(folliculin) localization to lyso-
somes as a measure of intracel-
lular nutrition status.22 No
changes in the colocalization
between FLCN and lysosomes
were observed upon Baf expo-
sure (Fig. 7A and B).We con-
cluded that the observed effect
is nutrition-independent.

Inhibition of v-ATPase
in chondrocytes is the most potent activator of MTOR
signaling

To further explore the role of the lysosome and v-ATPase in
RPS6 phosphorylation we decided to culture C5.18 chondro-
cytes with other inhibitors of autophagic flux. First, concanamy-
cin A (concanamycin), another v-ATPase inhibitor, stimulated
RPS6 phosphorylation in C5.18 cells and inhibited it in MEFs
(Fig. 8A), suggesting that off-target effects of Baf may not be
causing RPS6 phosphorylation. Whereas Baf greatly stimulated
RPS6 phosphorylation (12-fold increase, p < 0.018, n D 10),

Figure 5. The stimulation of RPS6 phosphorylation by bafilomycin A1 is specific to chondrocytes. (A) Differentiated
C5.18 chondrocytes, MEFs, cells extracted from whole liver or calvarial osteoblasts were cultured in the presence of
Baf for 48 h and levels of phospho-RPS6 and SQSTM1 were analyzed by western blot. (B) Confluent or nonconfluent
MEFs with regulated levels of ATG5 (tet-off system, which downregulates Atg5 transcription in the presence of dox)
were treated with 8 nM Baf in combination with dox, and levels of ATG5 and p-RPS6 were analyzed by western
blot. (C) C5.18 chondrocytes and MEFs were grown on cover slips, treated with Baf and analyzed for lysosomal
activity (red fluorescent signal) utilizing the Cathepsin B kit. (D) MEF cells were treated at confluence with Baf pres-
ent in either their regular culture medium (MEF culture medium) or medium used for differentiation of C5.18 cells
(C5.18 culture medium); levels of RPS6 phosphorylation and SQSTM1 were analyzed by western blot. (E) C5.18 cells
were differentiated into chondrocytes and then treated with Baf either as usual (C5.18 culture medium) or with cul-
ture medium utilized for MEFs (MEF culture medium); phosphorylation of RPS6 and levels of SQSTM1 were analyzed
by western blot.
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CQ (v-ATPase-independent inhibitor of lysosomal acidification)
stimulated RPS6 phosphorylation in chondrocytes quite mod-
estly (2.7-fold increase, p D 0.379, n D 3). Neither 3-methylade-
nine (3-MA, inhibitor of autophagy11) nor leupeptin (inhibitor
of lysosomal enzymes28) were capable of activating MTORC1
(Fig. 8B). Thus, these pharmacological experiments suggest a
particular importance of the v-ATPase in such a specific MTOR
regulation in chondrocytes.

Discussion

Here we made 2 major
interconnected observa-
tions. First, we found that
inhibition of lysosomes
with v-ATPase inhibitors
and, to a lesser extent, chlo-
roquine, promotes longitu-
dinal bone growth and,
second, that it activates the
MTORC1 signaling path-
way in chondrocytes.

Inhibition of lysosomes
and bone growth

Both bafilomycin A1 and
chloroquine potently pro-
mote longitudinal growth of
metatarsal bones, with Baf
being slightly more potent.
Since both Baf and CQ are
widely used for inhibition of
autophagy we first tested the
hypothesis that blocking of
autophagic flux causes the
observed phenotype.8 To
address this hypothesis we
have created chondrocyte-
specific Atg5cKO mice and
found that genetic ablation
of autophagy leads to a slight
growth retardation associ-
ated with elevated levels of
apoptosis and inhibited pro-
liferation.23 However, no
changes in chondrocyte dif-
ferentiation or hypertrophy
could be detected in these
mice.23 Similar to Atg5cKO
mice, Baf and CQ elevated
cell apoptosis and inhibited
proliferation, but in contrast
promoted chondrocyte dif-
ferentiation and hypertro-
phy. The latest effect is
observed even in metatarsal
bones deficient in ATG5.

Thus, we think it is plausible to conclude that the growth-promot-
ing effect of both Baf and CQ is autophagy independent. In a
search of underlying mechanisms for the observed growth-promot-
ing effect we found potent activation of an MTORC1 signaling
pathway. This is a very surprising observation, which is opposite to
the current understanding of MTORC1 regulation and we discuss
it in the next paragraph below.4,9,24MTORC1 is a well-known reg-
ulator of cell size;1 however, it is not clear if MTORC1 is regulating

Figure 6. The stimulation of RPS6 phosphorylation by Baf is nutrition independent. C5.18 cells were differentiated
into chondrocytes and then treated with Baf in the presence of different serum concentrations for 48 (A, B) and 24
(C, D) h. Elevation of RPS6 phosphorylation was observed independently of serum levels. (E, F) Amino acid- and glu-
cose-free custom-made DMEM medium was supplemented with glucose (100% of standard DMEM) and nonessen-
tial amino acids (100% of standard DMEM), whereas the levels of essential amino acids (EAA) varied from 100% to
0% (of standard DMEM). Differentiated C5.18 chondrocytes were treated with Baf in serum-free conditions with vary-
ing levels of essential amino acids. Levels of SQSTM1, phospho-RPS6, total RPS6, phospho-EIF4EBP1 and total
EIF4EBP1 were analyzed by western blot (*p < 0.05, n D 2–4).
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the size of hypertrophic chondrocytes. Rapamycin, an MTOR
inhibitor, decreases longitudinal bone growth and chondrocyte
hypertrophy.11,12 Thus, it is plausible to assume that activation of
MTORC1 leads to increased chondrocyte hypertrophy and bone
growth. Supporting this we found that the MTOR inhibitor
Torin1 attenuates Baf- and CQ-induced bone growth. How-
ever, we think that genetic studies are required to confirm
this assumption and to extend it into a physiological setting.
In addition, activation of RPS6 by Baf is 5 times stronger
than by CQ whereas the growth-promoting effect is just 24
percent stronger, suggesting that different mechanisms of
growth may be involved. For example, the levels of RPS6
activation by CQ are sufficient for the maximal growth
stimulation via the MTORC1 pathway and the additional
growth achieved by Baf involves other mechanisms. Thus,
we conclude that altogether our observations are pointing

toward MTORC1 having
a role in bone growth
stimulation, but alterna-
tive mechanisms cannot
be excluded and genetic
studies are needed to
properly address this
question.

v-ATPase inhibitors
and MTORC1 signaling
pathway activation

Bafilomycin A1 and CQ
activate the MTORC1-
signaling pathway in chon-
drocytes. This observation
is in contrast to the gener-
ally accepted mechanism
implying activation of
MTORC1 by active lyso-
somes at the surface of the
lysosomal membrane.4,9,24

We have no clear answer as
to why chondrocytes
behave differently in this
respect. Recent observa-
tions by another research
group show that another
terminally differentiated
cell type, osteoclasts, also
activate MTORC1 upon
lysosome inhibition.25

Both chondrocytes and
osteoclasts are terminally
differentiated cells with
high lysosomal activity,
albeit of different develop-
mental origin—chondro-
cytes are of mesenchymal
origin and osteoclasts of

haematopoietic.15 In contrast, the majority of our current knowl-
edge related to MTORC1-lysosome interaction comes from cell
lines and overexpression studies.9,26-28 Thus, our data suggest
that in some terminally differentiated cell types the mechanism
of lysosome-dependent MTORC1 activation might be different.

One possible explanation might include degradation of
MTORC1 via lysosomes, at least in some cell types. It was
reported that accumulation of total MTOR is observed upon
lysosome inhibition in osteoclasts.25 However, we did not see a
significant increase in total levels of MTOR, in chondrocytes
upon Baf exposure. Supporting this, studies by Zoncu et al.9 pro-
pose that MTORC1 is rather activated by v-ATPase and intraly-
sosomal amino acids, but not by lysosomal activity per se.

Thus, the alternative possibility is that the interaction of
v-ATPase with the MTOR-activating super-complex is particu-
larly different in chondrocytes and osteoclasts as compared with

Figure 7. Baf does not affect localization of FLCN on lysosomes. C5.18 cells were differentiated into chondrocytes and
treated with Baf for 48 h. Colocalization between lysosomes (visualized by LAMP2 antibody) and FLCN was explored
by confocal microscopy (A). Quantification revealed no differences in lysosomal localization of FCLN upon Baf expo-
sure (B). p D 0.7489, n D 3 independent experiments with approximately 400 cells analyzed in each experiment.
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generally used cell lines (Drosophila S2, HEK 293, HeLa, MEF,
NIH3T3, etc.).9,26-32 The role of the v-ATPase in MTORC1
activation is unequivocal and well described for multiple cell
lines.4 However, mutations in genes encoding GATOR1 pro-
teins, makes MTORC1 signaling resistant to a v-ATPase inhibi-
tor, thereby providing a possibility that v-ATPase-dependent
MTORC1 regulation might differ in different cellular settings.28

Interestingly, activation of MTORC1 by CQ in osteoclasts is
quite weak (about 2-fold) whereas activation of MTORC1 by
v-ATPase mutation (mutation R740S in ATP6V1A/a subunit)
is very strong.25 Similarly, we see very strong activation of
MTORC1 in chondrocytes by Baf and concanamycin, 2 well-
known inhibitors of the v-ATPase, whereas the effect of CQ is
much more modest. CQ neutralizes lysosomal pH in a poorly
defined, but apparently v-ATPase independent, manner.7 Fur-
thermore, 3-MA (which inhibits both class I phosphoinositide
3-kinases and class III phosphatidylinositol 3-kinases, thereby
inhibiting autophagy) and leupeptin (which inhibits enzymatic
activity within lysosomes but does not affect the v-ATPase) had
no capacity to activate MTORC1 in chondrocytes. It is interest-
ing to point out that the observed activation of MTORC1 by Baf
is nutrition independent. V-ATPase acts downstream of amino
acids, but upstream of the Rag GTPases and mediates amino
acid sensing by interacting with the Ragulator complex.4,9,24 In
HEK 293 cells amino acid starvation strengthens, and re-stimula-
tion weakens, the interaction between the v-ATPase and the

Ragulator, whereas v-ATPase inhibition locks in the interaction
in the amino acid-free state.9,24 Since the v-ATPase is down-
stream of amino acids, a nutrition-independent effect of
MTORC1 activation by Baf in chondrocytes is again pointing
toward a v-ATPase-dependent mechanism. We can speculate
that the interaction between the v-ATPase and the Ragulator is
different in chondrocytes as compared to other cell types. Thus,
together the data are pointing toward a different role of the
v-ATPase in MTORC1 regulation in some cell types. The mech-
anism of this interaction remains to be elucidated.

In summary, we have identified a novel mechanism of
MTORC1 activation, which is contrary to previous reports
and involves the inhibition of lysosomes in chondrocytes. Fur-
thermore, this MTORC1 activation occurs in both an autoph-
agy- and a nutritionally independent manner. These findings
suggest the exciting possibility that the mechanisms governing
MTORC1 activation may be cell-type specific and allow
the cell an even tighter regulation of this crucial signaling
pathway.

Materials and Methods

The following chemicals and reagents were used in the prepa-
ration of this manuscript: Phosphate buffered saline (PBS; Invi-
trogen, 1160381), Dulbecco’s modified Eagle’s medium/F-12
mixture (DMEM/F12; Invitrogen, 11330057), DMEM custom
medium (made by Life Technologies and is a standard DMEM
medium depleted of all amino acids, glucose and pyruvate), min-
imal essential medium (Invitrogen, 22571020), fetal bovine
serum (FBS; Life Technologies, 16000-044), gentamycin (Invi-
trogen, 15750), ascorbic acid (Sigma-Aldrich, A5960), b-glycer-
ophosphate (bGP; Sigma-Aldrich, G9422), doxycycline (dox;
Sigma-Aldrich, D3447), bafilomycin A1 (LC laboratories, B-
1080), concanamycin A (Sigma-Aldrich, 27689), chloroquine
(Sigma-Aldrich, C6628), dexamethasone (Sigma-Aldrich,
D1756), Torin1 (Tocris Biosciences, 4247), hyaluronidase
(Sigma-Aldrich, H3506), leupeptin (VWR, a2183.0025),33 ECL
western blotting substrate (Perkin Elmer, NEL104001EA), 2x
Laemmli buffer (Sigma-Aldrich, S3401), alcian blue (Sigma-
Aldrich, A5268), digoxigenin (Roche Inc., 11277073910),
bovine serum albumin (Sigma-Aldrich, A8806), IGF1 (Sigma-
Aldrich, I3769), Magic Cathepsin B kit (ImmunoChemistry
Technologies, 937), rat-tail collagen (Invitrogen, A1048301),
microscope cover glasses (VWR International, ECN 631-1578),
3-methyladenine (Sigma-Aldrich, M9281),7 Vectastatin avidin-
biotin complex (ABC) kit (Vector laboratories, PK-6100), 3, 30-
diaminobenzidine kit (DAKO, K3468), and normal horse serum
(DAKO, S-2000). The following antibodies were used: anti-p-
RPS6 (Cell Signaling Technology, 4858), anti-AKT (Cell Signal-
ing Technology, 9272), anti-p-AKT (Ser473; Cell Signaling
Technology, 4060), anti-RPS6 (5G10; Cell Signaling Technol-
ogy, 2217), anti-GAPDH (Cell Signaling Technology, 2118),
anti-EIF4EBP1 (53H11; Cell Signaling Technology, 9644),
anti-phospho-EIF4EBP1 (Thr37/46; Cell Signaling Technology,
2855), anti-MAP1LC3A (MBL, PM036), LAMP2 (Santa Cruz

Figure 8. Inhibitors of v-ATPase are the most potent activators of
MTORC1 in chondrocytes. (A) MEFs and C5.18 chondrocytes were treated
with varying doses of concanamycin for 48 h. (B) C5.18 chondrocytes
were treated with varying doses of Baf, 3-MA, CQ and leupeptin for 48 h.
In all panels the levels of p-RPS6 and SQSTM1 were analyzed by western
blot.
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Biotechnology, sc-8100), FLCN (Cell Signaling Technology,
3697), anti-ATG5 (Cell Signaling Technology, 8540), anti-
SQSTM1 (Progen Bioteknik, GP62-C), anti-COL10A1 (Quar-
tett; GMBH, 1-CO097-05), biotin-conjugated anti-guinea pig,
anti-rabbit and anti-mouse secondary antibodies (Jackson Immu-
noResearch,106-065-003, 111-066-003 and 115-066-003,
respectively), mouse anti-BrdU antibody (Sigma, B8434), bioti-
nylated anti-mouse antibody (Jackson, 115-066-003), streptavi-
din-conjugated Alexa Fluor 546 (Life Technologies, S11225),
fluorescently labeled anti-goat antibody (Jackson, 705165147)
and fluorescently labeled anti-rabbit antibody (Jackson,
711545152). Additional reagents include the following: Weigerts
hematoxylin (Sigma, H3136-25G), Fast Green (Sigma, F7258-
25G), Safranin O solution (Sigma Aldrich, S8884-25G), sodium
acetate anhydrous (Sigma S-2889), L-(C) tartaric acid (Sigma,
T-6521), naphthol AS-BI phosphate (Sigma N-2125), pararos-
aniline chloride (Sigma, P-3750), sodium nitrite (Sigma, S-
2252), 96-well micro-plates (Ibidi inc., 89626), TRIZOL (Life
Technologies, 15596-026), High-Capacity RNA to cDNA kit
(Life technologies, 4387406), Taqman� Fast Universal Master
Mix (Life technologies, 4352042), and the StepOnePlusTM Real-
Time PCR System (Life technologies, 4376600).

Cell culture
The RCJ3.1C5.18 nontransformed mesenchymal rat chon-

drogenic cell-line (C5.18) was obtained from Dr. Anna Spagnoli
(Rush University Medical Center, Illinois, USA).18 C5.18 cells
were maintained in minimal essential medium containing 15%
FBS with 10¡7 M dexamethasone (maintenance medium).34

Cells were seeded in maintenance medium, and once confluent
were subsequently supplemented with ascorbic acid (50 mg/ml)
and bGP (1 mM) to stimulate chondrogenic differentiation
(C5.18 culture medium). C5.18 cells were differentiated for a
minimum of 2 d (and were then referred to as C5.18 chondro-
cytes) prior to pharmacological treatment. For immunocytofluor-
escence C5.18 cells were grown on Ibidi 96-well micro-plates.
Atg5-tet-off murine embryonic fibroblasts (MEFs) were provided
by Prof. Boris Zhivotovsky (Karolinska Institutet) and were cul-
tured in DMEM/F12 containing 10% FBS (MEF culture
medium), and used with 10 ng/ml dox to inhibit Atg5 expres-
sion.20 Cells were treated with Baf, CQ, concanamycin, 3-MA or
leupeptin (for 48 h unless otherwise stated). Single-cell suspen-
sions from whole livers of 6-d-old mice were obtained as
described.35 Cells were seeded at high density in DMEM/10%
FBS and were confluent the following day when cells were treated
with Baf. Cultures were maintained in 20 mg/ml or 50 mg/ml
(typically for primary cells) gentamicin and were cultured at
37�C with 5% CO2, in a humidified atmosphere. Medium was
changed every second or third d.

Osteoblast isolation and culture
Calvarial osteoblasts were extracted from 3-d-old mice and

seeded as described.36 Briefly, calvaria were dissected from 3-d-
old mice and whole calvaria cleaned of surface cells by incubating
with pre-warmed 1 mg/ml collagenase type-II (Worthington
Biochemical Corporation, 4174)/PBS (sterile filtered) for

10 min at 37�C (this digest was discarded). Calvaria were trans-
ferred to 1 mg/ml collagenase type-II/PBS (30 min), 4 mM
EDTA (10 min) and 1 mg/ml collagenase type-II/PBS
(30 min). After each digestion, cells were added to osteoblast cul-
ture medium (minimal essential medium containing 10% FBS)
and stored at 37�C until all digestion steps were completed. Cells
were then pelleted and plated at a density of 1.5 £ 104 cells/cm2

in osteoblast culture medium. Cultures were maintained in
50 mg/ml gentamicin and were cultured at 37�C with 5% CO2,
in a humidified atmosphere. Medium was changed every 2–3 d.
At confluence cells were treated with 2.5 mM bGP, 50 mg/ml
ascorbic acid and Baf. All treatments with Baf were for 48 h,
unless otherwise stated.

CTSB assay
Cells were grown on microscope cover glasses, which had been

coated with rat-tail collagen. CTSB activity was assessed accord-
ing to the manufacturer’s instructions using the Magic Cathepsin
B kit, and imaged using a 710 laser-scanning microscope (Zeiss,
Jena, Germany).

Metatarsal culture
The 3 central metatarsal bones were micro-dissected from

both hind-paws of 3.5 § 0.5-d-old mice. For each comparison
one paw (3 bones) was used for control and the contralateral paw
(3 bones) was used for treatments; hence an average of bones
from one paw was considered as one observation (one animal,
one observation). Dissection was conducted aseptically in
DMEM/F12 medium with 50 mg/ml gentamycin and bones
were cultured for 6 d in DMEM/F12 medium supplemented
with 0.2% bovine serum albumin, 1 mM bGP, 50 mg/ml ascor-
bic acid and 20 mg/ml gentamycin as previously described.16

Images of the cultured bones were captured using a stereo-micro-
scope (Nikon SMZ-U) connected to a camera on d 0, 2, 4,
and 6. Bone measurement was conducted using ImageJ software
(NIH). IGF1 was used at a concentration of 100 ng/ml. Mice
harboring a floxed Atg5 allele were obtained from Riken.37

Col2a1-driven Cre mice (Col2-Cre mice) were provided by Prof.
H.M. Kronenberg (Massachusetts General Hospital).38 ATG5-
deficient mice were obtained by crossing the 2 described strains,
and metatarsal bones were obtained from those mice; control
bones were obtained from Cre-negative littermates. For protein
extracts, the middle dark zone was micro-dissected from cultured
bones and discarded whereas the cartilaginous parts were lysed as
described below.

In situ hybridization
Cultured metatarsal bones were fixed in 4% paraformalde-

hyde (PFA) overnight at 4�C, processed for dehydration, embed-
ded in paraffin wax (Dalab, 40-0021-00) and cut into sections.
In situ hybridization was performed as previously described39

using an in situ probe to Col10a1 (a generous gift from Prof.
Bjorn Olsen, Harvard Medical School), labeled with digoxigenin
according to the manufacturer’s instructions (Roche).
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Immunohistochemistry
Tissues were fixed in 4% PFA overnight at 4�C, processed for

dehydration, embedded in paraffin wax and cut into sections.
Dewaxed sections were rehydrated and antigen retrieval was per-
formed by digestion with 5 mg/ml hyaluronidase in PBS for
30 min at 37�C (for COL10A1) or near-boiling citrate buffer
(for SQSTM1 and p-RPS6). Endogenous peroxidase was blocked
with 3% H2O2/methanol and then a blocking buffer (3% normal
horse serum) was applied for one h. Slides were incubated over-
night with antibodies to COL10A1 (1:100), SQSTM1 (1:1000)
or p-RPS6 (1:500) applied at 4�C overnight. Visualization was
made with corresponding biotinylated secondary antibodies fol-
lowed by incubation with the ABC kit and 3, 30-diaminobenzi-
dine staining kit according to the manufacturer’s instructions.
Slides for direct comparison were developed side by side for the
same amount of time to eliminate variation, and counterstained
using a 1% alcian blue solution (in 3% acetic acid) before
mounting.

Western blot
Cell monolayers were rinsed once with PBS, and lysed directly

in 2x Laemmli buffer. Cartilage micro-dissected from metatarsal
bones was homogenized prior to adding 2xLaemmli buffer. All
samples were then sonicated, diluted with PBS, boiled, and SDS-
polyacrylamide gel electrophoresis was performed. Proteins were
transferred to PVDF membranes and blocked for 1 h with 5%
nonfat milk. The membrane was incubated with primary anti-
bodies for a minimum of 1 h and maximally overnight. Visuali-
zation was made by incubation with corresponding horseradish
peroxidase-labeled secondary antibodies followed by chemilumi-
nescence detection with ECL. Primary antibodies were detected
by first incubating with a biotinylated secondary antibody follow-
ing by the ABC kit with horseradish peroxidase-avidin or fluoro-
chrome-avidin. Quantification was performed by densitometry
using ImageJ.

Quantitative real-time, reverse-transcription PCR
RNA was extracted using the TRIZOL method according to

the manufacturer’s instructions. RNA was reverse transcribed
using the High-Capacity RNA to cDNA kit. Quantitative PCR
was performed with the Taqman� Fast Universal Master Mix
and monitored with the StepOnePlusTM Real-Time PCR Sys-
tem. Taqman primers were obtained from Life Technologies.
Expression of Acan (mouse, Mm00545794_m1; rat,
Rn00573424_m1), Alpl (mouse, Mm00475834_m1; rat,
Rn01516028_m1), Col1a1 (mouse, Mm00801666_g1; rat,
Rn01463848), Col2a1 (mouse, Mm01309565_m1; rat,
Rn01637087_m1) and Col10a1 (mouse, Mm00487041_m1;
rat, Rn01408030_m1) were analyzed. Gapdh (mouse,
4352339E; rat, Rn01775763_g1) was used as a housekeeping
gene. Results were normalized to Gapdh and to the control con-
dition (DDCtD((Ctgene of interest -CtGAPDH)sample- (Ctgene of interest
-CtGAPDH)control). Values are reported as relative gene expression
(2¡DDCT) or 2¡DDCT normalized to the control group.

Quantitative histology
Histomorphometric analysis was conducted following hema-

toxylin and eosin staining of sections. The size of the hypertro-
phic chondrocytes was calculated by taking an average of
25 measurements in the middle of the hypertrophic zone of the
distal growth plate using ImageJ.16

Alcian blue staining of cultured cells
Alcian blue staining and quantification was performed as

described previously.40 Quantification of colonies was performed
using ImageJ by setting color and size thresholds.

Safranin O/Fast Green staining
Slides containing 5-mm paraffin-embedded sections were

rehydrated and stained with Weigerts hematoxylin, dipped in a
1% HCl-70% ethanol solution and washed in distilled water.
Slides were then stained with 0.02% Fast Green solution fol-
lowed by a 1% acetic acid solution then, without rinsing, a 1%
Safranin O solution. Slides were rinsed in 95% ethanol and dehy-
drated before mounting.

Immunocytofluorescence
Cultured cells were fixed in 4% PFA-PBS for 20 min at room

temperature. Plates were rinsed in PBS and stored for no longer
than 48 h at 4�C. All rinses and buffers were prepared in 5 mM
MgCl2-PBS and incubations were for 5 min at room tempera-
ture unless otherwise stated. Wells were rinsed twice and permea-
bilized in 0.05% Triton X-100-PBS for 5 min. After rinsing,
primary antibodies were diluted (FLCN (1/400) and LAMP2
[1/10]) in 5% normal horse serum and incubated for h. Follow-
ing 4 rinses, wells incubated with the appropriate fluorescently
labeled secondary antibody (1/400) in 5% normal horse serum
for 40 min. Wells were rinsed and incubated with 0.5 mg/ml
DAPI (40,6-diamidino-2-phenylindole, dihydrochloride) for
12 min and finally rinsed 4 times. Cells were imaged using a
Zeiss LSM710 confocal microscope within 48 h. Results were
obtained from 3-4 images collected from the analysis of 3 sepa-
rate experiments and images quantified using ImageJ software.
Quantification of colonies was performed using ImageJ software
by setting color thresholds. FLCN puncta were considered colo-
calized with LAMP2 if more than 1% of the identified region
was positive for LAMP2.

ACP5/TRAP staining
Slides containing 5-mm paraffin-embedded sections were

rehydrated and incubated at 37�C in prewarmed wash-buffer
(0.92% sodium acetate solution, 1.14 % L-tartaric acid, 0.28%
acetic acid, pH 5.0) containing 0.02% naphthol AS-BI phos-
phate, for 45 min. Slides were then placed in prewarmed (37�C)
wash buffer containing 0.01% sodium nitrite and 0.01% pararo-
sanaline chloride, and incubated at room temperature for 5 min.
After rinsing twice with dH2O, sections were counterstained
with 1% alcian blue in 0.1 M HCl solution. After further dH2O
rinses, the slides were dehydrated and mounted. ACP5-positive
cells were counted by eye per bone section.
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Terminal deoxynucleotidyl transferase (TDT)-mediated
deoxy-UTP nick end labeling (TUNEL) assay

A TUNEL assay was used to label apoptotic cells. Following
dewaxing and rehydration, sections were treated with 10 mg/ml
of proteinase K (Life technologies, AM2548) at 37�C for
30 min. Then slides were washed in PBS and the labeling reac-
tion was performed according to the manufacturer’s instructions
(Fluorescein In situ cell death detection kit; Roche,
11684795910). Thereafter, nuclei were counterstained with
DAPI. ImageJ was utilized to count fluorescein-labeled cells. The
percentage of apoptotic cells was calculated as the number of
fluorescein-labeled cells per DAPI-stained nucleus.

Bromodeoxyuridine (BrdU) labeling and detection
For BrdU labeling, culture media was supplemented with

BrdU (25 mg/ml) and metatarsals bones were cultured for 4 h
prior to fixation. Following dewaxing and rehydration, sections
were incubated with 1.5 N HCl for 1 h and later digested with
0.1 % trypsin (Sigma, T6567) for 45 min. Then sections were
blocked with normal horse serum followed by incubation with
mouse anti-BrdU antibody (1:500) overnight and biotinylated
anti-mouse antibody for 1 h and streptavidin-conjugated Alexa
Fluor 546 for 1 h. Thereafter, nuclei were counterstained with
DAPI. ImageJ was utilized to count fluorescein-labeled cells. The
percentage of proliferative cells was calculated as the number of
fluorescein-labeled cells per DAPI-stained nucleus.

GAG-secretion assay
A fraction of the medium was saved from undifferentiated

C5.18 cells following 4 d in culture, differentiated C5.18 chon-
drocytes following 8 d of culture or metatarsals after 3 d in cul-
ture, and stored at ¡20�C until analysis. GAGs were quantified
using the dimethy L-methylene blue (DMMB) technique as
described.41

Statistics
For metatarsal bones each observation (n) was considered as

an average of 3 bones from the same animal. At least 3 animals
were analyzed for every experiment. Data were presented as mean
values § SEM. Statistical analysis was done by unpaired Student
t test for 2 groups, one-way ANOVA for more than 2 groups,
and 2-way ANOVA when there were 2 variables using GraphPad
Prism V software (GraphPad Software Inc., *p < 0.05,
**p < 0.01, ***p < 0.001). A Bonferoni post-hoc test was used
to analyze individual differences following 2-way ANOVAs.
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