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mTORC1 hyperactivation arrests bone growth in
lysosomal storage disorders by suppressing autophagy
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The mammalian target of rapamycin complex 1 (mTORC1) kinase promotes cell growth by activating biosynthetic pathways

Introduction

Endochondral ossification is the coordinated process by which long
bones develop (1). In humans, it begins during embryogenesis and
is completed by puberty. Skeletal elements are composed of 2 dis-
tinct tissue types, cartilage and bone, and 3 distinct cell types: chon-
drocytes (in cartilage) and osteoblasts and osteoclasts (in bone) (1).
Chondrocytes reside within articular cartilages and growth plates.
Articular cartilage is found on the articular surfaces of bones and
provides a lubricated surface for articulation. The growth plate,
through the sequence of chondrocyte proliferation, hypertrophic
differentiation, and replacement of the cartilaginous extracellular
matrix (ECM) by an osseous one, is responsible for the longitudinal
growth of the skeleton. In bone, osteoblasts produce and mineral-
ize the matrix that forms the osseous tissue. Osteoclasts are mul-
tinucleated cells of myeloid origin deputed to the resorption of the
bone matrix produced by osteoblasts. The balance between bone
formation and bone resorption determines bone mass. The ECM,
produced by chondrocytes and osteoblasts, is particularly enriched
in collagens, type IT (COL II) in cartilage and type I (COLI) in bones.
Collagens are fundamental components of the ECM and confer bio-
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and suppressing catabolic pathways, particularly that of macroautophagy. A prerequisite for mTORC1 activation is its
translocation to the lysosomal surface. Deregulation of mTORC1 has been associated with the pathogenesis of several
diseases, but its role in skeletal disorders is largely unknown. Here, we show that enhanced mTORC1 signaling arrests bone
growth in lysosomal storage disorders (LSDs). We found that lysosomal dysfunction induces a constitutive lysosomal
association and consequent activation of mTORC1 in chondrocytes, the cells devoted to bone elongation. mTORC1
hyperphosphorylates the protein UV radiation resistance-associated gene (UVRAG), reducing the activity of the associated
Beclin 1-Vps34 complex and thereby inhibiting phosphoinositide production. Limiting phosphoinositide production leads to
a blockage of the autophagy flux in LSD chondrocytes. As a consequence, LSD chondrocytes fail to properly secrete collagens,
the main components of the cartilage extracellular matrix. In mouse models of LSD, normalization of mTORC1 signaling or
stimulation of the Beclin 1-Vps34-UVRAG complex rescued the autophagy flux, restored collagen levels in cartilage, and
ameliorated the bone phenotype. Taken together, these data unveil a role for mTORC1 and autophagy in the pathogenesis of
skeletal disorders and suggest potential therapeutic approaches for the treatment of LSDs.

mechanical proprieties to tissues and contribute to bone elongation
and maintenance. Consistently, defects in collagen synthesis and
secretion cause conditions such as osteogenesis imperfecta, chon-
drodysplasias, and Ehlers-Danlos syndrome (2).

The lysosome is a catabolic organelle devoted to the degra-
dation of biological substrates through the coordinated activity
of hydrolases that reside within its lumen (3). Defects in lysosom-
al function cause lysosomal storage diseases (LSDs), a group of
approximately 50 rare inherited metabolic disorders (4). Although
each disorder results from mutations in different genes, they all
share a common biochemical characteristic: abnormal accumula-
tion of substances in the lysosome resulting in lysosomal dysfunc-
tion. Bone growth retardation and skeletal dysostosis are present
in approximately 50% of the patients affected by LSDs, suggest-
ing a critical role for the lysosome during bone development and
maintenance (5). To date, the biological mechanisms at the basis
of the skeletal phenotype observed in LSDs have not been eluci-
dated, nor has an effective therapy been developed.

Recently, the lysosome has emerged as a key signaling hub
that regulates, and is in turn regulated by, the activity of signal-
ing molecules (6). The crosstalk between the lysosome and the
serine/threonine protein kinase mTORCI, a master regulator of
energy metabolism and cell growth, represents a notable example.
Amino acids, the most potent activators of mTORC1, mediate the
translocation of mTORCI1 from the cytoplasm to the lysosomal
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Figure 1. Enhanced mTORC1 signaling in LSD chondrocytes. (A) Western blot analysis of mTORC1 substrates in control (Ctr) and Gusb-KO RCS cells (A)
and in primary chondrocytes from Gusb** and Gusb~- mice (B). (C) Quantification of phosphorylation levels relative to control levels (dashed line). n = 3. (D)

Representative blot from a UVRAG IP assay in control and Gusb-KO RCS chondrocytes with or without Torin1 treatment (1 uM; 6 h). n = 3. (E) Western blot
analysis of mTORC1 signaling on a time course of amino acid stimulation in Gusb*/* and Gusb™- primary chondrocytes. Cells were starved (starv.) of amino
acids for 50 minutes and then stimulated (stim.) with amino acids for the indicated durations. (F) Bar graph displays phosphorylation levels of the indicated
mTORCT substrates (normalized to their total levels). Values are expressed as the fold increase compared with Gusb** (represented by a dashed line). n = 3.
(G and H) Gusb™- (G) and Arsb™- (H) primary chondrocytes were starved of amino acids for 50 minutes and then stimulated with amino acids for the indicat-
ed durations. Cells were then processed in an immunofluorescence assay to detect mTOR and Lamp-1, costained with DAPI for DNA content, and imaged.
Insets show zoom x3 and single-color channels of the boxed areas. Scale bars: 10 um. Quantification of Lamp-1-mTOR colocalization is shown in Supple-
mental Figure 3. Data represent the mean values derived from the indicated number of independent experiments. Error bars indicate the SEM. *P < 0.05 and
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**P < 0.005, by unpaired Student’s t test. Mr, marker.

surface, where the lysosome-anchored GTPase Rheb promotes
the kinase activity of mMTORCI1 and enables substrate phosphory-
lation (7). Activated mTORCI suppresses lysosome catabolism by
inhibiting the nuclear translocation of TFEB and TFE3, the mas-
ter transcriptional regulators of lysosome biogenesis and function
(8-10). In addition, mTORC1 limits the delivery of substrates to
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the lysosomes by suppressing (macro)autophagy, an evolution-
arily conserved trafficking pathway that relies on the biogenesis
of autophagic vacuoles (AVs) that sequester intracellular cargoes
and deliver them to the lysosome upon AV-lysosome fusion (11).
Briefly, mTORCI inhibits AV biogenesis by phosphorylating ULK1
and ATGI13, members of the ULK1 autophagy initiation kinase
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complex (12). In addition, mTORC1 suppresses AV-lysosome
fusion via the phosphorylation of UV radiation resistance-asso-
ciated gene (UVRAG) protein (13). Together with Beclin 1, Vps34,
and Vps15, UVRAG forms the endosomal class I1I-Vps34 complex
that catalyzes the production of phosphatidylinositol 3-phosphate
(PI3P) required for the fusion of vesicles and (auto)phagosomes
with lysosomes (14-17). UVRAG also regulates AV-lysosome
fusion by interacting with members of the homotypic fusion and
vacuole protein-sorting (HOPS) complex that tethers membranes
to promote fusion events (18). mMTORC1 phosphorylates UVRAG
at serine 497 and enhances its affinity for RUN domain Beclin
l-interacting and cysteine-rich-containing protein (RUBICON),
which antagonizes UVRAG activity (13).

In recent years, the lysosomal autophagy pathway has
emerged as a key pathway through which misfolded and aggre-
gated proteins from the ER are disposed of as an alternative to
ER-associated degradation (ERAD) (19). We recently demonstrat-
ed that autophagy in chondrocytes, the main cells deputed to bone
growth, removes defective and excessive collagen molecules from
the ER, thereby clearing folding and assembly machineries in the
secretory pathway (20). Mice that lack an active autophagy path-
way in chondrocytes (in which the Atg7 gene has been deleted)
display defective collagen secretion, characterized by intracellular
accumulation of type II procollagen (PC2) and lower COL II levels
in the ECM and resulting in impaired postnatal bone growth (20).

To date, however, whether an impairment in the autophagy
pathway may play a role in the pathogenesis of skeletal disorders
is still unknown. Therefore, we decided to investigate the role of
mTORCI and autophagy in the pathogenesis of the skeletal fea-
tures observed in LSDs.

Results

Enhanced mTORCI signaling in LSD chondrocytes. Mucopolysac-
charidoses (MPSs) are the most prevalent subfamily of LSDs
with skeletal abnormalities (21). They are caused by deficiency
of a specific lysosomal enzyme responsible for the breakdown
of glycosaminoglycans. We generated a chondrocyte cell line
model of mucopolysaccharidosis type VII (MPSVII), in which
the lysosomal B-glucuronidase gene (Gusb) was deleted through
CRISPR/Cas9-mediated genome editing (Gusb-KO) (Sup-
plemental Figure 1, A and B; supplemental material available
online with this article; https://doi.org/10.1172/JCI194130DS1).
We observed lysosomal vacuolization in Gusb-KO chondrocytes
(Supplemental Figure 1C), suggesting that they recapitulate
the characteristic feature found in primary cells isolated from
LSD models (Supplemental Figure 1D) (22). Interestingly, we
observed increased mTORCI activity in Gusb-KO cells com-
pared with that seen in control parental cells, as measured by
the phosphorylation levels of P70S6K and ULK1 (Figure 1A and
quantification in Figure 1C). Furthermore, the phosphorylation
level of the UVRAG protein at serine 497 was increased in an
mTORCI-dependent manner in Gusb-KO chondrocytes com-
pared with control chondrocytes (Figure 1D). Similar findings
were observed in primary chondrocytes isolated from the Gusb-
KO mouse (Gusb™") (Figure 1, B, C, E, and F), from the mouse
model of mucopolysaccharidosis type VI (MPSVI) (23) due to
mutations in the lysosomal sulfatase arylsulfatase B (Arsb”")
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(Supplemental Figure 2A), and in chondrocyte precursor cells
isolated from mucopolysaccharidosis type I (MPSI) human
patients (IDUA”) (Supplemental Figure 2B). Notably, despite
increased mTORCI1 activity, the nuclear localization of TFEB
and TFE3 transcription factors was increased in Gusb”~ chon-
drocytes compared with control chondrocytes (Supplemental
Figure 2, C and D), suggesting that in this cellular system TFEB
and TFE3 nuclear accumulation is mTORC1 independent. How-
ever, we did not observe increased mTORCI activity in fibro-
blasts isolated from MPSVII mice or in a HeLa cell line in which
the ARSB gene was deleted through CRISPR/Cas9-mediated
genome editing (Arsb-KO) (Supplemental Figure 2, E and F).

Because the lysosome is the site of mTORCI activation (24),
we tested whether the increase in activity correlates with altered
mTOR localization on lysosomes. We found that mTOR was per-
sistently associated with lysosomes, even in the absence of nutri-
ents, in both Gusb7- and Arsb”~ chondrocytes compared with their
respective controls (Figure 1, G and H and Supplemental Figure 3).

Enhanced mTORCI signaling inhibits AV-lysosome fusion in MPS
chondrocytes. Next, we asked whether altered mTORCI signaling
plays a role in the pathogenesis of LSD. Despite the increase in
ULK1 phosphorylation, AV biogenesis was largely unaffected
in Gusb-KO and Gusb”~ chondrocytes, as demonstrated by our
analysis of WIPI-2 puncta formation (Supplemental Figure 4, A
and B) (25) and time-course assessment of LC3-II lipidation in
the presence of vinblastine, which inhibits AV-lysosome fusion
by preventing microtubule polymerization, or in the presence of
the lysosomal inhibitor bafilomycin A (Baf.A) (Supplemental
Figure 4, C-F) (26). Conversely, autophagosome maturation (AV-
lysosome fusion) was severely impaired in Gusb-KO and Gusb”~
chondrocytes compared with that observed in control cells, as
demonstrated by reduced AV-lysosome colocalization and accu-
mulation of AVs and the SQSTM1/p62 autophagy substrate (Sup-
plemental Figure 4, G-M). We also confirmed the decreased rate
of AV-lysosome fusion in Gusb-KO compared with control cells by
expressing LC3 protein tandem tagged with red fluorescent pro-
tein-green fluorescent protein (RFP-GFP) (27). Autophagosomes
(GFP- and RFP-positive) are discriminated from autophagolyso-
somes (GFP-negative and RFP-positive) because of quenching
of the GFP signal (but not of RFP) inside the acidic lysosomal
compartment (Supplemental Figure 4, N-O). To test whether
the block in autophagy flux in LSD chondrocytes was caused by
mTORC1, we isolated primary chondrocytes from Gusb”~ mice
lacking 1 allele of the mTORC1 subunit Raptor (Gusb”~ Rpt™~
mice) (28). mTORC1 activity in primary chondrocytes isolated
from Gusb”~ Rpt*”~ mice was reduced compared with chondro-
cytes from Gusb”~ mice and comparable to those from WT mice
(Gusb**), demonstrating that Raptor haploinsufficiency in Gusb”
mice normalized mTORCI signaling in chondrocytes (Figure 2,
A and B). We observed a complete rescue of the autophagic flux
in Gusb”~ Rpt*/- compared with Gusb”~ primary chondrocytes, as
demonstrated by enhanced delivery of AVs to lysosomes (Figure
2, C-E) and reduced levels of LC3-1I and SQSTM1/p62 (Figure 2,
F and G). Notably, Gusb”" Rpt*/~ chondrocytes showed a rate of AV
biogenesis similar to that of Gusb”~ chondrocytes (Supplemental
Figure 4, P and Q), suggesting that reducing mTORC1 activity
rescued autophagy by promoting AV-lysosome fusion.
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Figure 2. Hyperactivation of mTORC1 in MPS chondrocytes suppresses autophagy via a Beclin 1-Vps34-UVRAG kinase complex. (A) Western blot
analysis of mTORC1 signaling upon amino acid stimulation in Gusb~- and Gusb~- Rpt*/- primary chondrocytes. (B) Quantification of S6K1 phosphory-
lation in primary chondrocytes isolated from mice of the indicated genotypes. n = 3. (C) Representative images of an RFP-GFP-LC3 assay in primary
chondrocytes from mice of the indicated genotypes. Scale bars: 10 um. (D and E) Quantitative analysis of RFP*GFP* puncta (D) and RFP*GFP- puncta (E).
Horizontal bars indicates the mean value. n = 3 chondrocytes donors/phenotype; n = 30 cells analyzed. (F) Western blot analysis of the indicated proteins
in Gusb™- and Gusb~- Rpt*- primary chondrocytes. B-Actin was used as a loading control. (G) Quantification of protein levels in cells from mice of the
indicated genotypes. n = 3. (H) Representative blot of a UVRAG IP assay testing UVRAG interaction with Rubicon in control and Gusb-KO RCS chondro-
cytes. (1) Quantification of Rubicon co-IP with UVRAG. n = 3. (J) GFP-2xFYVE transfection in control and Gusb-KO RCS chondrocytes. Gusb-KO cells were
treated with Torin1 (1 uM; 6 h) or cotransfected with Myc-UVRAGC. Cells were costained for endosomes (EEAT). Boxed area in the bottom right-hand panel
shows positive myc staining. Scale bars: 10 pm. (K) Quantitative analysis of PI3P puncta. n = 3; n = 25 cells analyzed. (L and M) Western blot analysis

of SQSTM1/p62 in Gusb-KO cells transfected with Myc-UVRAG (L) or treated with Torin1 (1 uM, 6 h) and SAR405 (10 uM, 6 h) (M). B-Actin was used as

a loading control. Bar graphs show quantification of protein levels. n = 3 (L) and n = 2 (M). Data represent the mean values derived from the indicated
number of independent experiments. Error bars indicate the SEM. *P < 0.05, **P < 0.005, and ***P < 0.0005, by ANOVA followed by Tukey’s post-hoc
test (B, D, E, G, and K) and unpaired Student’s t test (I and L).
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Figure 3. Altered collagen trafficking and autophagy dysfunction in growth plates of MPSVII mice. (A) PC2 secretion was synchronized for 3 hours at
40°C and then shifted to 32°C (ER block release) for the indicated durations (min). Representative images of PC2 localization (red) in ER and Golgi area
(Giantin, green) in control chondrocytes and vehicle- or Torin1-treated (6 h, 1 uM) Gusb-KO chondrocytes, 15 and 30 minutes after the ER block release of
PC2. Scale bars: 10 um. (B) Quantification of PC2-Giantin colocalization over time. n = 3; n = 50 cells for each time point. (C) Representative images of GFP-
LC3 puncta (autophagosomes) and Lamp-1 (lysosomes) immunostaining in femoral growth plates from Gusb*/* GFP-LC3™/* and Gusb~- GFP-LC3™/* mice

at P6. Scale bars: 10 um. (D) Quantification of Lamp-1-LC3 colocalization. n = 3 mice per group. (E) Representative images of SQSTM1/p62 and Lamp-1
immunofluorescence in femoral growth plates from mice of the indicated genotypes. Scale bars: 10 um. n = 3 mice per group. Data represent the mean
values derived from the indicated number of independent experiments. Error bars indicate the SEM. *P < 0.05, **P < 0.005, and ***P < 0.0005, by ANOVA

followed by Tukey's post-hoc test (B) and unpaired Student's t test (D).

mTORCI phosphorylates UVRAG and suppresses Beclin 1-Vps34
complex activity in MPS chondrocytes. We next tested whether
the enhanced phosphorylation of UVRAG by mTORCI1 contrib-
utes to the defective AV maturation observed in LSD chondro-
cytes. The phosphorylation of mTORCI1 on serine 497 enhances
the affinity of UVRAG for its inhibitor Rubicon (13). Consistent
with this model, the interaction between UVRAG and Rubicon
was increased in Gusb-KO cells compared with that detected in
control cells (Figure 2, H and I). As part of the Beclin 1-Vps34
complex, UVRAG promotes PI3P production on endolysosomal
membranes (29). We observed that PI3P levels, as indicated by
2xFYVE-GFP-labeled puncta (17), were significantly reduced
on endosomes of Gusb-KO chondrocytes compared with levels
in control chondrocytes and that this phenotype was rescued by
the overexpression of UVRAG (Figure 2, ] and K). More import-
ant, UVRAG overexpression enhanced autophagic flux in Gusb~~
chondrocytes, as demonstrated by decreased levels of SQSTM1/

p62 protein (Figure 2L and Supplemental Figure 5, A and B).
This rescue was prevented by treatment with the Vps34 inhibi-
tor SAR405 (Figure 2L) (30). PI3P levels were also increased in
Gusb”~ Rpt”- chondrocytes compared with Gusb”~ primary chon-
drocytes (Supplemental Figure 5, C and D). Similarly, mTORC1
inhibition with Torinl rescued endosomal PI3P levels (Figure
2, ] and K) and autophagic flux in Gusb-KO and Gusb”~ chon-
drocytes (Figure 2M and Supplemental Figure 5, E and F). Also
in this case, Torinl-mediated rescue of the autophagic flux in
Gusb-KO chondrocytes required the activity of Vps34, since this
improvement of autophagic flux was prevented by treatment
with SAR405 (Figure 2M and Supplemental Figure 5G). Notably,
SAR405 treatment in WT chondrocytes induced an LSD-like
phenotype (Supplemental Figure 5, H and I). Altogether, these
data suggest that mTORCI inhibits AV-lysosome fusion in MPS
chondrocytes by inhibiting Beclin 1-Vps34-UVRAG complex
activity and PI3P production.
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Figure 4. Normalization of mTORC1 signaling restores collagen trafficking and rescues bone phenotype in MPS VII mice. (A) Representative images of
femoral growth plate sections isolated from Gusb**, Gusb™-, and Gusb~- Rpt*/- mice at P15. P-S6 immunostaining (arrows, brown, top row), intracellular
PC2 (green, second row), COL X (third row), and COL Il (brown, bottom row). Nuclei were counterstained with hematoxylin (pink, top row and bottom row)
or DAPI (blue, second row). Scale bars: 100 um. Insets show magnification x3. (B) Bar graphs show the length of the HZ (COL X* area). n = 5 mice per gen-
otype. (C) Quantification of collagen isolated from femoral and tibia cartilages from mice of the indicated genotypes and expressed as the percentage of
Gusb** mice. n > 5 mice per genotype. (D) Representative images of SQSTM1/p62 and Lamp-1immunofluorescence in femoral growth plates isolated from
Gusb™- and Gusb™- Rpt*- mice at P15. n = 3 mice per group. Scale bars: 10 um; zoom, x5. (E) Quantification of P62-Lamp-1 colocalization. (F) Representa-
tive images of Alcian blue and alizarin red staining of femurs and tibiae from P15 Gusb**, Gusb™-, and Gusb™- Rpt*- mice. (G) Femur and tibia lengths for
mice of the indicated genotypes. n = 6 mice per genotype. (H) Representative images of Alcian blue and alizarin red staining of femurs and tibiae from P30
Gusb**, Gusb™-, and Gusb™- Rpt*~ mice. (I) Femur and tibia lengths for mice of the indicated genotypes. n = 6 mice per genotype. Data represent the mean
values derived from the indicated number of mice. Error bars indicate the SEM. *P < 0.05, **P < 0.005, and ***P < 0.0005, by ANOVA followed by Tukey's
post-hoc test (B, C, G, and I) and unpaired Student’s t test (E).

Decrease in mTORCI signaling improves collagen levels and bone ~ Gusb”~ mice expressing the fluorescent autophagy reporter GFP-
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phenotype in MPSVII mice. Consistent with a defective autophagic
pathway, Gusb-KO chondrocytes showed PC2 trafficking defects
characterized by a prolonged retention of PC2 in the ER compared
with control cells (Figure 3, A and B). Importantly, this pheno-
type was rescued by Torin1 treatment (Figure 3, A and B). In vivo,

jci.org  Volume127  Number10  October 2017

LC3 protein (Gusb”- GFP-LC3%/*) (31) showed defective AV-lyso-
some fusion (Figure 3, C and D) and accumulation of SQSTM1/
p62 (Figure 3E) compared with controls (Gusb”* GFP-LC3"/").
Consistent with the in vitro observations, femoral growth plate
sections isolated from Gusb”~ mice showed increased mTORC1
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Figure 5. Autophagy induction with Tat-Beclin 1 rescues the AV-lysosome fusion defect in MPS chondrocytes. (A) Gusb-KO cells were transfected with GFP-
2xFYVE and treated or not with Tat-Beclin 1 (10 uM, 2 h). Cells were costained for endosomes (EEA1). Scale bars: 10 um. (B) Quantitative analysis of PI3P punc-
ta. n = 3 independent transfections; n = 20 cells analyzed. (C) Immunofluorescence of Lamp-1and LC3 in Gusb-KO cells treated with Tat-Beclin 1 peptide (10
uM; 2 h). Insets show colocalization in selected areas at higher magnification (zoom x3.5). Scale bars: 10 um. (D) Quantification of Lamp-1-LC3 colocalization.
n =3 independent treatments; n = 30 cells analyzed. (E) Western blot analysis of the indicated proteins in control and Gusb-KO cells treated with vehicle, Tat-
Beclin 1(20 uM; 2 h), or with an inactive form of Tat-Beclin 1 (mTat-Beclin 1) (20 uM; 2 h). B-Actin was used as a loading control. (F) Quantification of protein
levels. n = 3. (G and I) Representative images of GFP-LC3 puncta (AVs), Lamp-1(G), and SQSTM1/p62 (I) immunostaining in femoral growth plates from Gusb”/-
GFP-LC3™* mice at P6. Tat-Beclin 1 peptide was administered as indicated (2 mg/kg, daily for 6 d). Scale bar: 10 um (zoom x2). (H) Quantification of Lamp-1-
LC3 colocalization. n = 3 mice per group. Data represent the mean values derived from the indicated number of mice per independent experiment. Error bars
indicate the SEM. *P < 0.05, **P < 0.005, and ***P < 0.0005, by paired Student’s t test (B, D, and H) and ANOVA followed by Tukey’s post-hoc test (F).

signaling compared with Gusb”* littermate mice, as measured
by phosphorylation levels of ribosomal protein S6 (P-S6) (Figure
4A). In addition, Gusb”~ mice showed intracellular accumulation
of PC2 molecules in chondrocytes and significantly lower levels
of collagen in femoral cartilages compared with levels in control
mice (Figure 4, A-C). Conversely, femoral growth plate sections
isolated from Gusb”~ Rpt”~ mice showed reduced mTORC1 sig-
naling (Figure 4A) and increased delivery of SQSTM1/p62 to

lysosomes (Figure 4, D and E), indicating enhanced AV-lysosome
fusion compared with that observed in Gusb”" mice. Furthermore,
Gusb”~ Rpt”~ mice showed an almost normal level of collagen in
the femoral growth plates (Figure 4, A-C). Remarkably, Gusb”"
Rpt*~ mice had a significant improvement in femur and tibia size
at both P15 (Figure 4, F and G) and P30 (Figure 4, H and I). These
data demonstrate that mTORCI and autophagy play an important
role in the pathogenesis of the bone phenotype in MPSVII mice
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Figure 6. Autophagy induction with Tat-Beclin 1 improves bone phenotype in MPS mice. (A) Representative images of femoral growth plate sections
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100 pum. (B) Length of HZ. n = 3 mice per group. (C) Quantitative measureme
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(D) Representative images of femurs and tibiae from P15 mice treated as in A. (E) Femur and tibia lengths. n = 8 mice per group. (F) Representative imag-
es of femurs and tibiae from Arsb*”*, Arsb-, and Arsb- Tat-Beclin 1-treated mice (2 mg/kg daily for 15 days). (G) Femur and tibia lengths. n = 6 mice per
group. Data represent the mean values derived from the indicated number of mice. Error bars indicate the SEM. *P < 0.05, **P < 0.005, and ***P < 0.0005,

by ANOVA followed by Tukey’s post-hoc test.

and suggest that pharmacological modulation of this pathway may
represent a new approach to treating LSD bone features. To test
this hypothesis, we administered the mTORCI inhibitor rapamy-
cin to control and Gusb~~ mice from PO for 15 days and measured
femur and tibia lengths. Unlike what we observed in Rpt”~ mice,
we found that rapamycin administration inhibited bone growth in
control mice, suggesting that the systemic administration of rapa-
mycin may have altered additional pathways that are converging
on bone growth, consistent with previously published results (Sup-
plemental Figure 6, A and B and ref. 32).

Targeting Beclin 1 activity rescues AV-lysosome fusion and ame-
liorates bone growth retardation in MPSVII and MPSVI mice. Beclin
1is a member of the Vps34-UVRAG complex (16), and its activ-
ity can be pharmacologically enhanced both in vitro and in vivo
using the Tat-Beclin 1 peptide (33). We tested whether enhancing
Beclin 1-Vps34-UVRAG had an effect similar to that of Raptor
haploinsufficiency on MPS chondrocytes both in vitro and in
vivo. Tat-Beclin 1, but not a mutated version, rescued endoso-
mal PI3P levels (Figure 5, A and B) and in turn normalized the
autophagic flux in Gusb-KO chondrocytes, as demonstrated by
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increased AV-lysosome fusion and decreased levels of LC3II
and SQSTM1/p62 (Figure 5, C-F). When administered to mice,
Tat-Beclin 1 is able to activate autophagy in growth plate chon-
drocytes (20). We observed that Tat-Beclin 1 administration to
WT mice did not affect bone length, growth plate morphology,
or chondrocyte function (Supplemental Figure 6, C-E), consis-
tent with previous results (20). More important, daily injection
of Tat-Beclin 1 peptide into both control Gusb”* GFP-LC3"/*
and Gusb”~ GFP-LC3"/* mice enhanced AV-lysosome fusion and
SQSTM1/p62 degradation in the femoral growth plate (Figure 5,
G-I, and Supplemental Figure 6, F-I). In addition, Gusb”" mice
treated daily with Tat-Beclin 1 showed rescued levels of colla-
gen secretion (Figure 6, A-C). As a consequence, we measured
a significant recovery of femur and tibia growth retardation in
Tat-Beclin 1-treated Gusb~~ mice at P15 (Figure 6, D and E). We
obtained similar results with the MPSVI mouse model (Figure 6,
F and G), indicating that our findings may also be extended to
other LSDs. These data suggest that the pharmacological modu-
lation of autophagy may represent a future therapy for the treat-
ment of bone phenotype in LSDs.
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between the pool that needs to be secreted and the pool that needs to be degraded. Within this context, fine-tuned mTORCT activity is particularly
important for autophagy regulation, autophagosome biogenesis, AV-lysosome fusion, and, in turn, PC2 homeostasis. A key protein complex required for
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sitive to mTORC1 phosphorylation. Thus, in LSD, a stable complex between UVRAG and Rubicon is seen, and insufficient PI3P is produced. This primarily
affects AV-lysosome fusion, leading to AV accumulation and a subsequent delay in procollagen trafficking. To overcome the blockage of AV-lysosome
fusion and restore proper collagen homeostasis in LSD, therapeutic options can be directed toward either mTORC1 modulation (repression) or pharmaco-

logical modulation of the Beclin 1-Vps34 complex (induction).

Discussion

The lysosome is emerging as a critical regulator of mTORCI sig-
naling (34). However, whether this regulation is physiologically
relevant has not yet been determined. In this study, we identi-
fied mTORCI hyperactivation as a main pathological mechanism
through which lysosomal storage impairs chondrocyte function
and bone growth (Figure 7). Our data demonstrate a critical role of
the lysosome as a physiological regulator of mTORCI.

Notably, it has been demonstrated that an acute (pharmaco-
logical) inhibition of lysosome function impairs mTORC1 acti-
vation by nutrients in different experimental conditions (35).
Unexpectedly, in this work we observed that lysosomal storage
enhances, rather than inhibits, mMTORCI signaling in LSD chon-
drocytes. Similar observations were recapitulated pharmacologi-
cally by others (36), suggesting a chondrocyte-specific response of
mTORCI to lysosomal dysfunction.

The role of mTORCI1 during longitudinal bone growth has
recently begun to emerge. Disruption of mTORCI signaling
through the biallelic deletion of Raptor in chondrocytes inhibits
chondrocyte functions, leading to impaired skeletal growth (37).
In addition, genetic inactivation of the mTORC1 inhibitor TSC1
gene in chondrocytes causes chondrodysplasia in mice (38), sug-
gesting that the fine-tuning of mTORCI signaling is essential for
longitudinal bone growth.

We demonstrate that decreasing levels of mTORCI signaling
or inducing autophagy by Tat-Beclin 1 improves collagen levels in
cartilages and rescues bone growth retardation in MPS mice. Nota-

bly, recent findings showed that feeding mice a low-protein diet
that induces autophagy reduced the intracellular accumulation
of misfolded collagen in osteoblasts and improved bone matrix
mineralization in a mouse model of osteogenesis imperfecta (39).
Taken together, these observations suggest that the modulation of
autophagy may represent a possible therapeutic approach for the
treatment of skeletal disorders that are associated with defective
collagen trafficking and secretion.

Consistent with this hypothesis, our data show that ame-
lioration of the bone features in MPS mice upon autophagy
activation occurs without reverting the lysosomal phenotype
in chondrocytes (Supplemental Figure 6]), suggesting that tar-
geting secondary pathways that are altered as a consequence
of lysosomal storage may represent an appealing therapeutic
approach for the treatment of LSD features that are currently
unresponsive to therapy.

Notably, autophagy dysfunction has been reported in other
LSDs (40), however, the role mTORC1 signaling plays in these
cases remains to be determined. Interestingly, the analysis of cra-
niofacial and dental abnormalities in a LSD mouse model, namely
mucolipidosis II (MLII), showed a loss of collagen fibril organiza-
tion (41), which strikingly resembles the one observed in the carti-
lage of mice lacking ATG7 in chondrocytes (20).

In conclusion, our data suggest a role for mTORCI and auto-
phagy in the pathogenesis of genetic disorders affecting the skel-
eton and hence extend the list of diseases that may benefit from
the development of therapeutic agents targeting these 2 pathways.
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Methods

Animals. The Gusb”~ mouse strain carrying the missense E536Q
mutation was shared by W. Sly (St. Louis University, St. Louis, Mis-
souri, USA) (42). The Raptor"" mouse strain was purchased from
The Jackson Laboratory (stock no. 013188). The CMV-Cre mouse
line was provided by A. Ballabio. Raptor" mice were mated with
CMV-Cre mice to obtain heterozygous mice that were subsequently
mated with Gusb*~ mice. Double-heterozygous Gusb™~ Raptor”-mice
were then mated with Gusb*~ mice in order to obtain Gusb”~ Raptor-
mice. The Arsb”- mouse line was from A. Auricchio (TIGEM). The
GFP-LC3 mouse line was obtained from N. Mizushima (University of
Tokyo, Tokyo, Japan). All mice were maintained on a C57BL/6 back-
ground. The number of mice used in each experiment is specified in
the figure legends. The sex of the mice was not taken into account
until P15. Mice were randomly assigned to the treatment groups. The
investigators were not blinded to treatment allocation during the
experiments or outcome assessment.

Skeletal staining. Skeletons were fixed in 95% ethanol overnight
and stained with Alcian blue and alizarin red (Sigma-Aldrich) accord-
ing to standard European Mouse Phenotyping Resource of Stan-
dardised Screens (EMPReSS) protocols (http://empress. har.mrc.
ac.uk/browser/). Measurement of bone length was performed using a
Leica M205 A stereo microscope equipped with LAS X Software.

Tissue histology, immunohistochemistry, and immunofluorescence.
Histology was performed according to standard EMPReSS proce-
dures (http://empress.har.mrc.ac.uk/browser/). Briefly, femurs
were fixed overnight in 4% (wt/vol) paraformaldehyde (PFA) and
then demineralized in 10% EDTA (pH 7.4) for 48 hours. Specimens
were then dehydrated, embedded in paraffin, sectioned at 7-pm
thickness, and stained with H&E.

COL II, COL X, and phosphorylated P-S6. Proteolytic-induced
epitope retrieval (PIER) was performed as an antigen retrieval meth-
od. Deparaffinized sections were treated with 1 mg/ml pepsin at
37°C for 20 minutes, followed by treatment with 2 mg/ml testicular
hyaluronidase (Sigma-Aldrich) at 37°C for 60 minutes for COL X,
or with chondroitinase ABC (Sigma-Aldrich) for 2 hours at 37°C for
COL I1, and then washed in PBS and incubated in 3% H,0, in meth-
anol. Sections were incubated with diluted normal blocking serum
for 20 minutes and overnight at 4°C with a monoclonal antibody
against COL X (clone X53; Quartett); COL II (II-116B3; Hybridoma
Bank); or phosphorylated P-S6 (p-P-S6) (Ser240/Ser244) (5364;
Cell Signaling Technology).

SQSTM1/p62 and intracellular COLII immunofluorescence. For
immunofluorescence, femurs were dissected from euthanized mice
and fixed with buffered 4% PFA overnight at 4°C, washed with PBS
and cryoprotected in successive sucrose solutions diluted with PBS
(10% for 2 hours, 20% for several hours, and 30% overnight at 4°C;
all wt/vol), and finally embedded in OCT (Sakura). Cryostat sections
were cut at 10-pum thickness. Sections were blocked and permeabi-
lized in 3% (wt/vol) BSA and 5% FBS in PBS plus 0.3% Triton X-100
for 3 hours and then incubated overnight with the primary antibody
SQSTM1/p62 (GP62-C; Progen) or with the primary antibody COLII
(IT-116B3;Hybridoma Bank). Sections were washed 3 times with 3%
BSA in PBS plus 0.3% Triton X-100 and then incubated for 3 hours
with secondary antibodies conjugated with Alexa Fluor (goat anti-rab-
bit A11011/A11008 or goat anti-mouse A11001/A11004; Life Tech-
nologies, Thermo Fisher Scientific).
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Growth plate measurement. Individual zonal heights were mea-
sured for the morphologically defined proliferative and hypertrophic
zones of the growth plate. The proliferative zone (PZ) is defined as the
region of a chondrocyte showing a flattened-disc morphology. The
hypertrophic zone (HZ) is defined as the region beginning with the
consistent cylindrical cellular profile and extending to the metaphy-
seal chondro-osseous junction. We used CellSens software (Olympus
Life Science; manual measurement) to estimate PZ and HZ heights by
measuring the length between the initial and final proliferating and
hypertrophic chondrocytes, respectively.

Collagen quantification and analysis. Colorimetric assays were per-
formed using the Soluble Collagen Assay Sircol (Biocolor) following the
manufacturer’s protocol. Briefly, femoral cartilages were isolated from
2to 3 mice with the same genotype, pooled and homogenized in 0.5 ml
of 1 mg/ml cold (4°C) pepsin in 0.2 M NaCl, 0.5 M acetic acid to pH 2.1
with HCI, and then digested at 4°C for 24 hours, twice. The pellet was
discarded, and an equal volume (1 ml) of 4 M NaCl in 1 M acetic acid
was added to precipitate collagen. The pellet was then resuspended in
0.8 ml of 0.2 M NaCl in 0.5 M acetic acid and was precipitated again
2 times. After the last precipitation, the pellet was washed twice with
70% EtOH to remove residual NaCl and then complexed with Sircol
dye. Absorbance was measured at 555 nm, and the concentration was
calculated using a standard curve. Values were normalized to DNA lev-
els calculated measuring the absorbance at 260 nm.

Transmission electron microscopy. For electron microscopy (EM)
analysis, growth plates were fixed in 1% glutaraldehyde in 0.2 M
HEPES buffer. Small blocks of growth plates were then post-fixed in
uranyl acetate and OsO,. After dehydration through a graded series
of ethanol, tissue samples were cleared in propylene oxide, embed-
ded in epoxy resin (Epon 812), and polymerized at 60°C for 72 hours.
For pre-embedding, immuno-EM rat chondrosarcoma (RCS) cells
were fixed, permeabilized, and labeled as described previously (43).
Anti-human Lamp-1 antibody was purchased from Sigma-Aldrich (cat-
alog N-L1418). From each sample, thin sections were cut with a Leica
EM UCS6 ultramicrotome, and images were acquired using a FEI Tec-
nai-12 electron microscope (FEI; Thermo Fisher Scientific) equipped
with a VELETTA CCD digital camera (Soft Imaging Systems GmbH).

Cell culture, transfections, and plasmids. Primary cultured chondro-
cytes were prepared from rib cartilage of P5 mice. Rib cages were first
incubated in DMEM (Euroclone) using 0.2% collagenase D (Roche),
and after adherent connective tissue was removed (1.5 h), the speci-
mens were washed and incubated in fresh collagenase D solution (3
mg/ml) for a further 4.5 hours. Isolated chondrocytes were maintained
in DMEM supplemented with 10% FBS and 1% penicillin/streptomy-
cin (Invitrogen, Thermo Fisher Scientific). Adult fibroblasts were pre-
pared from the skin of P5 mice. Samples, cut into small pieces using a
razor blade, were first incubated with collagenase (30 min) and then
washed and incubated in trypsin for 20 minutes. After centrifugation,
the cell pellet was resuspended in complete medium. MPSI undif-
ferentiated mesenchymal stromal cells were provided by M. Serafini
(University of Milano-Bicocca). The Arsb-KO HeLa cell line was pro-
vided by J. Monfregola (TIGEM). RCS cells were a Swarm rat chondro-
sarcoma chondrocyte line (44). For amino acid starvation and stimula-
tion experiments, the cell culture medium was amino acid-free RPMI
1640 (US Biological) supplemented with 10% dialyzed FBS (Invitro-
gen, Thermo Fisher Scientific). Cells were rinsed twice with starvation
medium and then kept in a full volume of starvation medium for 50
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minutes. At the 50-minute time point, a standard amino acid mixture
composed of MEM nonessential amino acid solution, MEM essential
amino acid solution, and L-glutamine (Invitrogen, Thermo Fisher Sci-
entific), was added back to a final concentration of 3x. Unless other-
wise specified, to synchronize mTORCI signaling before performing
the experiments, primary chondrocytes and RCS cells were stimulated
with amino acids for 24 hours and 6 hours, respectively. For Tat-Beclin
1 peptide treatment, cells were washed with PBS and treated with pep-
tides (20 uM, 2 h) or vehicle dissolved in Opti-MEM (Gibco, Thermo
Fisher Scientific) acidified with 0.15% (v/v) 6N HCI. Cells were trans-
fected with Lipofectamine LTX and Plus Reagent (Invitrogen, Thermo
Fisher Scientific) following a reverse transfection protocol. The tan-
dem mRFP-GFP-LC3 plasmid was provided by T. Yoshimori (Osaka
University, Osaka, Japan). The Myc-UVRAG plasmid was provided
by D.H. Kim (University of Minnesota, Minneapolis, USA). The GFP-
2xFYVE plasmid was provided by S. Tooze (The Francis Crick Institute,
London, United Kingdom).

Cell immunofluorescence. Chondrocytes were fixed for 10 min-
utes in 4% PFA in PBS and permeabilized for 30 minutes in 0.05%
(w/v) saponin, 0.5% (w/v) BSA, 50 mM NH,CI, and 0.02% NaN, in
PBS (blocking buffer). For the detection of endogenous LC3, cells
were methanol fixed. The cells were incubated for 1 hour with pri-
mary antibodies against Lamp-1 (sc-19992; Santa Cruz Biotechnol-
ogy Inc.); SQSTM1/p62 (GP62-C; Progen); mTOR (2983; Cell Sig-
naling Technology); LC3 (NB100-2220; Novus Biologicals); WIPI-2
(ab105459; Abcam); c-Myc (sc-40; Santa Cruz Biotechnology Inc.);
and EEA1 (3288; Cell Signaling Technology); washed 3 times in
PBS; incubated for 1 hour with the secondary antibody (Alexa Fluor-
labeled goat anti-rat A11077, goat anti-guinea pig A11073, goat
anti-rabbit A11011/A11008, and goat anti-mouse A11001, A11004;
Life Technologies, Thermo Fisher Scientific); washed 3 times in PBS;
incubated for 20 minutes with 1 pg/ml Hoechst 33342; and finally
mounted in Mowiol (Sigma-Aldrich). For the detection of TFEB and
TFE3, cells were permeabilized for 30 minutes in 0.2% Triton X-100
in PBS and blocked for 1 hour with 0.1% Triton X-100 and 10%
goat serum in PBS. The cells were incubated overnight with prima-
ry antibodies against TFEB (MBS120432; MyBioSource) and TFE3
(HPA023881; Sigma-Aldrich). All confocal experiments showing
colocalization were acquired with a slice thickness of 0.5 um using
an LSM 710 confocal microscope equipped with a 63 x 1.4 numerical
aperture oil objective. Colocalization analysis was performed using
Image] software (JaCoP plug-in; NIH).

Western blot analysis. Cells were washed twice with PBS and then
scraped in RIPA lysis buffer (20 mM Tris [pH 8.0], 150 mM NacCl,
0.1% SDS, 1% NP-40, 0.5% sodium deoxycholate) in the presence
of PhosSTOP and EDTA-free protease inhibitor tablets (Roche). Cell
lysates were incubated on ice for 30 minutes, and then the soluble
fraction was isolated by centrifugation at 16,000 g for 20 minutes
at 4°C. The total protein concentration in cellular extracts was mea-
sured using a colorimetric BCA protein assay kit (Pierce Chemical).
Protein extracts, separated by SDS-PAGE and transferred onto mem-
branes, were probed with antibodies against phosphorylated p70S6K
(p-p70S6K) (Thr389) (9234; Cell Signaling Technology); p70S6K
(9292; Cell Signaling Technology); p-ULK1 (Ser757; Ser555; Ser317)
(6888; 5869; 12753; Cell Signaling Technology); ULK1 (BK8054;
Cell Signaling Technology); Raptor (2280; Cell Signaling Technolo-
gy); Lamp-1 (ab24170; Abcam); LC3B (NB100-2220; Novus Biolog-
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icals); B-actin (NB600-501; Novus Biologicals); and SQSTM1/p62
(HO0008878-MO01; Abnova). Proteins of interest were detected with
HRP-conjugated goat anti-mouse or anti-rabbit IgG antibody (8125,
8114; Cell Signaling Technology) and visualized with the Super Sig-
nal West Dura substrate (Thermo Fisher Scientific), according to the
manufacturer’s protocol. Western blot images were acquired using the
ChemiDoc-It imaging system (UVP), and band intensity was calcu-
lated with Image] software using the Gels and Plot Lanes plug-in. See
complete unedited blots in the supplemental material.

Generation of Gusb-KO clone. To create Gusb gene disruption
through CRISPR/Cas9 technology, an RCS chondrocyte cell line
was used. Cells (1 x 10°) were transfected with an all-in-one vector
containing the sgRNA of interest (target site sequence: CACCTT-
GAGTTCCCGCGAAG, with predicted no off-target sites), whose
expression was driven by the U6 promoter, a recombinant form of
Cas9 protein under the control of the CMV promoter and an mCherry
reporter gene under the control of the SV40 promoter (Genecopoe-
ia). Cells were transfected with Lipofectamine LTX and Plus Reagent
(Invitrogen, Thermo Fisher Scientific) following a reverse transfection
protocol. Forty-eight hours after transfection, putative positive clones
were FACS sorted for mCherry expression using the BD FACSAr-
ia flow cytometer. Sorted cells were kept in culture until confluence
and then subjected to PCR analysis, followed by Sanger sequencing
to identify mutations. Positive clones were screened for B-glucuroni-
dase activity. Briefly, cell pellets were lysed in extraction buffer (50
mM NaHPO,, pH 7.0, 10 mM 2-mercaptoethanol, 10 mM Na, EDTA,
0.1% sodium lauryl sarcosine, 0.1% Triton X-100 [100 ml]), and pro-
tein concentration was measured using a colorimetric BCA Protein
Assay Kit (Pierce Chemical). Proteins (200 and 400 pg) were incu-
bated with 200 pl of the fluorogenic substrate, 4-methylumbelliferyl-
B-D-glucuronide (2 mM) (Sigma-Aldrich), for 0.5 and 1 hours at 37°C.
The reaction was stopped by adding 200 pl of the carbonate stop buf-
fer (0.5 M NaHCO,/0.5 M Na,CO,, pH 10.7), and the fluorescence of
the 4-methylumbelliferone liberated was measured in a fluorimeter
(GloMax-Multi Detection System; Promega) using 365 nm excitation
and 460 nm emission. Absolute fluorescence of WT RCS was used as
a control. The Gusb-KO clone as well as WT RCS were kept in medium
containing 2 mg/ml chondroitin sulphate (Sigma-Aldrich) for 48 hours
before any experiment was performed.

Co-IP experiments. For co-IP experiments, whole-cell extracts
were prepared in 0.3% CHAPS-containing lysis buffer (40 mM
HEPES, pH 7.4, 120 mM NaCl, 1 mM EDTA, 50 mM NaF, 1.5 mM
Na,VO,, 10 mM B-glycerophosphate, 0.3% CHAPS, and EDTA-free
protease inhibitors) as described previously (28), and immunoprecip-
itated with anti-UVRAG antibody (M160-3; MBL). The precipitated
proteins were washed 5 times with 0.3% CHAPS lysis buffer, sepa-
rated by SDS-PAGE, transferred onto membranes, and probed with
antibodies against p-UVRAG (Ser497) (gift of D.H. Kim) (13), Beclin 1
(3495; Cell Signaling Technology), UVRAG (M160-3; MBL), and Rubi-
con (8465; Cell Signaling Technology).

Procollagen secretion assay. Synchronized PC2 secretion was
obtained after incubating chondrocytes for 3 hours at 40°C to block
PC2 in the ER and then shifting the temperature to 32°C (ER block
release) for 15 minutes. Cells were then fixed in 4% PFA for 10 min-
utes at room temperature and processed for immunofluorescence.
Cells were incubated for 1 hour with primary antibodies against PC2
(CII-C1; Hybridoma Bank) and Giantin (ab37266; Abcam).
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Treatments in vivo. Newborn mice were intraperitoneally inject-
ed daily with Tat-Beclin 1 peptide at 2 mg/kg resuspended in PBS.
Control mice were injected with vehicle only. Mice were sacrificed
after 6 or 15 days, as specified in the figure legends. Rapamycin was
dissolved in pure ethanol as a 20-mg/ml stock solution, diluted in
injection buffer (4% ethanol, 5% Tween-80, 5% PEG400 in dH,0)
at 1 mg/ml, aliquoted, and stored at -20°C. Mice were weighed dai-
ly throughout the experiment, and the dosage (0.375 mg/kg) was
adjusted accordingly. Control mice received a similar volume of
injection buffer without drug.

Chemicals. Tat-Beclin 1 peptide (D-amino acid peptide sequence:
RRRQRRKKRGYGGDHWIHFTANWYV) and its mutated version
mTat-Beclin 1 (L-amino acid peptide sequence: YGRKKRRQRRRG-
GVGNDFFINHETTGFATEW) were synthesized at the Protein Chem-
istry Technology Center (UT Southwestern Medical Center). Bafilo-
mycin A, (200 nM), vinblastine (200 nM) were from Sigma-Aldrich.
Torinl (1 pM) was from Cell Signaling Technology. Protein G sep-
harose was from GE Healthcare. SAR405 (10 pM) was from ApexBio
Technology. Rapamycin (sirolimus) was from LC Laboratories.

Statistics. A 2-tailed, paired Student’s ¢ test was performed when
comparing the same cell population with 2 different treatments. A
2-tailed, unpaired Student’s ¢ test was performed when comparing 2
groups of mice or different primary chondrocyte preparations. A 1-way
ANOVA and Tukey’s post-hoc test were performed when comparing
more than 2 groups relative to a single factor (treatment or genotype).
A Pvalue of 0.05 or less was considered statistically significant.

Study approval. Experiments were conducted in accordance with
the guidelines of the Animal Care and Use Committee of Cardarelli
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