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ARTICLE INFO ABSTRACT

Keywords: Senescence of bone marrow-derived mesenchymal stem cells (BMSCs) has been widely reported to be closely
BMSCs correlated with aging-related diseases, including osteoporosis (OP). Moreover, the beneficial functions of BMSCs
LRBC” decline with age, limiting their therapeutic efficacy in OP. In the present study, using RNA sequencing (RNA-
ﬁi{izghagy Seq), we found that leucine-rich repeat containing 17 (LRRc17) expression in BMSCs was highly positively
Osteoporosis correlated with age. Therefore, we investigated whether LRRc17 knockdown could rejuvenate aged MSCs and

increase their therapeutic efficacy in OP. Consistent with the RNA-Seq results, the protein expression of LRRc17
in senescent BMSCs was significantly increased, whereas LRRc17 knockdown inhibited cell apoptosis and
reduced the expression of age-related proteins and G2 and S phase quiescence. Furthermore, LRRc17 knockdown
shifted BMSCs from adipogenic to osteogenic differentiation, indicating the critical role of LRRc17 in BMSC
senescence and differentiation. Additionally, similar to rapamycin (RAPA) treatment, LRRc17 knockdown acti-
vated mitophagy via inhibition of the mTOR/PI3K pathway, which consequently reduced mitochondrial
dysfunction and inhibited BMSC senescence. However, the effects of LRRc17 knockdown were significantly
blocked by the autophagy inhibitor hydroxychloroquine (HCQ), demonstrating that LRRc17 knockdown pre-
vented BMSC senescence by activating mitophagy. In vivo, compared with untransfected aged mouse-derived
BMSCs (O-BMSCs), O-BMSCs transfected with sh-LRRc17 showed effective amelioration of ovariectomy
(OVX)-induced bone loss. Collectively, these results indicated that LRRc17 knockdown rejuvenated senescent
BMSCs and thus enhanced their therapeutic efficacy in OP by activating autophagy.

osteoarthritis (OA), myocardial infarction (MI) and Crohn’s disease (CD)
[3,4].

Aging is a complex, progressive and inevitable physiological process
accompanied by the accumulation of damaged macromolecules and
contributes to the development of organ dysfunction. Stem cell senes-
cence results in stem cell exhaustion and leads to tissue failure and
pathological and physiological aging [5]. For example, OP is triggered
not only by increased bone resorptive activity but also by dysfunction of
MSCs that exhibit a distinct shift from osteogenic to adipogenic differ-
entiation and an associated reduction in self-renewal capacity [6]. In
addition, the senescence of MSCs may have a profound impact on their
therapeutic function. Khan et al. demonstrated that young

1. Introduction

Mesenchymal stem cells (MSCs) possess proliferative capacity and
differentiation potential, and their pluripotency makes them an attrac-
tive resource for regenerative cell therapy [1]. MSCs are present in
various tissues, including dental pulp, adipose tissue, placenta and bone
marrow (BM), among which bone marrow is one of the most common
sources used in preclinical and clinical studies due to its high cell
number and proliferation activity [2]. Numerous studies have also
demonstrated the potential of BM-derived MSCs to treat age-related
diseases, including osteoporosis (OP), diabetes mellitus (DM),
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Abbreviations TRAP Tartrate resistant acid phosphatase
MC3T3-E1 Mouse embryo osteoblast precursor cells
BMSCs  bone marrow-derived mesenchymal stem cells ELISA Enzyme linked immunosorbent assay
0-BMSC Aged mouse-derived BMSC PI Propidium iodide
Y-BMSC Young mouse-derived BMSC HEK293T Human embryonic kidney 293T
OP Osteoporosis JC-1 Tetrechloro-tetraethylbenzimidazol carbocyanine iodide
LRRc17 leucine-rich repeat containing 17 mtROS  Mitochondria ROS
RNA-Seq RNA sequencing ATP Adenosine-triphosphate
RAPA Rapamycin OCR Oxygen consumption rate
HCQ Hydroxychloroquine RT-PCR Real-time polymerase chain reaction
ovXx Ovariectomy DAPI 4’,6-diamidino-2-phenylindole
ROS Reactive oxygen species micro-CT Microcomputed tomography
PBS Phosphate-buffered saline BMD Bone mineral density
o-MEM  Alpha minimum essential medium Tb.Th  Trabecular bone thickness
FBS Fetal bovine serum Tb.N Trabecular bone number
oC Osteoclast BV/TV  Bone volume per tissue volume
OB Osteoblast Tb.Sp Trabecular separation
BMMs  Bone marrow-derived macrophages Ct.Th Cortical bone thickness

M-CSF
RANKL

Macrophage colony stimulating factor
Receptor activator for nuclear factor-xB ligand

BFR Bone formation rate
MAR Mineral deposition rate

mouse-derived MSC (Y-BMSC) treatment significantly improved left
ventricle systolic and diastolic function in a myocardial infarction
mouse model, while the therapeutic effect of MSCs decreased as the age
of the donor mice increased [7]. Thus, investigating the mechanism
involved in MSC senescence and exploring novel strategies to rejuvenate
aged MSCs are essential for their therapeutic applications [8].

The molecular mechanism of MSC senescence is partially related to
the p21/p53 and PI3K/AKT pathways [9,10]. In the presence of intra-
cellular or extracellular stimuli, including reactive oxygen species (ROS)
and severe inflammation or trauma, the upstream regulator of the
p21/p53 pathway is activated, accompanied by diminished telomerase
activity and dysfunctional organelle accumulation, especially mito-
chondria. Moreover, cellular quiescence and changes in differentiation
potential are mainly attributed to impaired mitochondria due to
decreased autophagy activity [11]. Autophagy is essential for cell
metabolism, function and homeostasis and is defined as a lysosomal
degradation pathway [12]. Recent evidence has suggested that auto-
phagy deficiency is correlated with impaired osteogenic ability of se-
nescent BMSCs in osteoporosis [13]. In addition, LRRc17, a vital
regulator of osteoclast development, is involved in the interactions be-
tween osteoclasts and osteoblasts, which are essential to ensure the
proper regulation of orthotropic factors in bone metabolism [14]. Both
autophagy and LRRcl7 are undoubtedly indispensable for bone ho-
meostasis. However, whether there is a correlation between them and
the specific mechanism underlying such a correlation have not yet been
reported. In this study, we demonstrated that LRRc17 controls BMSC
senescence by altering autophagy activity and mitochondrial bio-
energetics. These findings indicated that LRRc17 could be a potential
therapeutic target for rejuvenating senescent MSCs and treating
age-related bone loss.

2. Materials and methods
2.1. Animals

All animal experiments were conducted according to the re-
quirements of the Animal Welfare Act. All experimental procedures were
performed according to the Ethics Committee of Sichuan University.
C57BL/6 mice were divided into three age groups, a young group (<8
weeks), a middle-aged group (5-8 months), and an aged group (18
months), as previously reported [15].

2.2. Isolation and identification of BMSCs

BMSCs were harvested from the bone marrow of C57BL/6 mice as
previously described [16,17]. Briefly, bone marrow cells were flushed
out and collected from the femur and tibia of mice, plated in T25 flasks,
and cultured overnight in a 37 °C incubator with 5% CO,. Then, non-
adherent cells were removed by rinsing twice with phosphate-buffered
saline (PBS). The adherent cells were maintained in alpha minimum
essential medium (a-MEM) containing 20% fetal bovine serum (FBS), 2
mM Glutamax, and 1% penicillin and streptomycin (PS).

For flow cytometric analysis of surface immunophenotypic markers,
BMSCs were incubated with PE-conjugated anti-CD29 (BD Biosciences,
USA), SCA-1 (eBiosciences, USA), Alexa Fluor-conjugated anti-CD45
(BD Biosciences, USA), CD11b (BD Biosciences, USA), and FITC-
conjugated anti-CD29 (BioLegend, USA) at room temperature for 25
min and then analyzed via flow cytometry (BD Biosciences, USA).

2.3. RNA-sequencing (RNA-seq)

Total RNA of Y-BMSCs and O-BMSCs at passage 3 were isolated using
TRIzol (Life Technologies, USA). RNA-Seq library construction and RNA
high-throughput sequencing were performed by Beijing Genomic Insti-
tution (BGI, China) on a BGISEQ-500 high-throughput sequencer. Gene
Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway, Gene Set Enrichment Analysis (GSEA), Weighted correlation
network analysis (WGCNA) and time course analysis were analyzed
according to a previously described method [18].

2.4. Differentiation potential

For osteogenesis and adipogenesis induction of BMSCs, several spe-
cific factors were used as previously reported [19]. In brief, for adipo-
genesis, BMSCs at passage3 (5 x 10° cells/cm?) were cultured a-MEM
plus 10% FBS added with 50 pM isobutylmethylxanthine (IBMX), 0.5 pM
dexamethasone, 50 pM indomethacin and 10 pg/ml insulin. After 21 d of
culture, the cells were fixed with 10% formalin and stained with 0.5%
fresh Oil-red O solution (Cyagen, USA) for 30 min. For osteogenesis,
BMSCs (4 x 10° cells/cm?) were cultured in a-MEM plus 10% FBS added
with 50 pg/ml ascorbate-2, 10 mM f-glycerol phosphate and 0.1 pM
dexamethasone. After 14 d of culture, the cells were fixed with 10%
formalin, and stained with 0.1% Alizarin red solution (Cyagen, USA) for
30 min.
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2.5. Osteoclast (OC) and MC3T3-E1 culture

For in vitro osteoclast differentiation, bone marrow cells were har-
vested from the femora and tibiae of 8-week-old mice. Then, the bone
marrow cells (0.5 x 10%) were differentiated into bone marrow-derived
macrophages (BMMs) in a-MEM supplemented with 50 ng/mL recom-
bination macrophage colony stimulating factor (M-CSF), Glutamax, 10%
heat-inactivated FBS, and 1% PS in a 12-well plate for 16 h in a 37 °C
incubator with 5% CO,. The non-adherent cells were then maintained in
the presence of 50 ng/mL receptor activator for nuclear factor-xB ligand
(RANKL) and 50 ng/mL M-CSF for an additional 5 days. For the cocul-
ture assay, osteoclasts were cocultured with BMSCs at a 1:3 ratio for 5
d in a Transwell system. Tartrate resistant acid phosphatase (TRAP)
staining was performed using a kit (Solarbio, China) following the
manufacturer’s protocols. The mouse osteoblast cell line Mouse embryo
osteoblast precursor cells (MC3T3-E1) (subclone 4) was purchased from
the American Type Culture Collection (ATCC, USA) and cultured in
a-MEM containing 10% FBS and 1% PS in a 37 °C incubator with 5%
CO,. For the coculture assay, osteoblasts were cocultured with BMSCs at
a 1:3 ratio for 10 d. Alizarin red staining was conducted using a kit
(Cyagen, USA) following the manufacturer’s instructions.

2.6. Bone resorption assay

To examine osteoclast function, BMMs were seeded on bovine bone
slices at a density of 2.5 x 10* cells/cm? in triplicate. After adhering,
cells were stimulated with 50 ng/ml M-CSF and 50 ng/ml RANKL for 7
days. Then, the cells were subsequently washed by mechanical agitation
and sonication. Resorption pits were visualized by scanning electron
microscope (ZEISS, Germany) and Image J software was used to quan-
tify the area of bone resorption [20].

2.7. Proliferation assay

A proliferation assay was used to determine cell growth kinetics. In
brief, 1 x 10° BMSCs were cultured in 6-well plates and counted daily
for 9 successive days using a hemocytometer. The EAU assay was carried
out as previously described [21].

2.8. CFU analysis

BMSCs were rinsed twice with PBS and fixed with 4% formaldehyde
for 20 min at room temperature. Then, 0.5% crystal violet was used to
stain the BMSCs for 30 min, and the cells were washed with PBS [22].
Colonies composed of 50 or more cells were considered for counting.

2.9. SA-p-gal staining

SA-p-gal activity was measured with a staining kit (Beyotime, China)
following the manufacturer’s protocols. The number of blue SA-p-gal-
positive cells was calculated as previously reported [23].

2.10. Cell death evaluation

A cell death detection enzyme linked immunosorbent assay (ELISA)
kit (Roche, USA) was applied to measure cell apoptosis. The relative
apoptosis ratio was detected at an absorption wavelength of 405 nm and
a reference wavelength of 490 nm according to the manufacturer’s
protocol.

2.11. Cell cycle and apoptosis analysis

For the cell cycle assay, BMSCs were harvested and fixed with 70%
ethanol overnight at 4 °C. Then, the fixed BMSCs were incubated with
100 pg/mL RNase A (Sigma-Aldrich, USA) and 20 pg/mL propidium
iodide (PI) (Sigma-Aldrich, USA) for 30 min. The samples were analyzed
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by flow cytometry, and the data were analyzed with ModFit LT (version
5.0). For the apoptosis analysis, cells were collected and analyzed with
the Annexin V-FITC/PI Apoptosis Detection Kit (BD, USA).

2.12. Telomerase activity

BMSCs were lysed to detect telomerase activity. Next, a TeloTAGGG
Telomerase PCR ELISA Kit (Roche, USA) was used to perform sequential
reaction steps in accordance with the manufacturer’s protocol. The
absorbance of the PCR amplification product at 450 nm was determined
using a microplate reader within 30 min.

2.13. Lentiviral transfection of BMSCs

Construction and transfection of the lentiviral vectors were per-
formed according to previously described methods [24]. In brief, lenti-
viral sh-LRRc17 or overexpression vectors were cotransfected into
human embryonic kidney 293T (HEK293T) cells, and the three pack-
aging plasmids included pHBLV™, psPAX2 and pMD2.G. Lentiviral
particles were obtained after 48 h of transfection via cell harvest and
concentration with ultracentrifugation at 72,000 g for 2 h. Following
titer determination, BMSCs were transfected at a multiplicity of infec-
tion (MOI) of 50 for 24 h.

2.14. Mitochondrial morphological analyses

Mitochondrial morphometric analyses were performed as previously
reported [25]. BMSCs were labeled with MitoTracker Green (50 nM,
Invitrogen, USA) at 37 °C for 30 min, and representative images were
acquired with a laser scanning confocal microscope. Mitochondrial
length and complexity were reflected by the aspect ratio (AR, major
axis/minor axis) and form factor (FF, 4n x (area/perimeterz)), respec-
tively, which were calculated with ImageJ software (Wayne; USA).

2.15. Mitochondrial membrane potential (A¥) and mtROS determination

Tetrechloro-tetraethylbenzimidazol carbocyanine iodide (JC-1, 10
pg/ml; Beyotime, China) staining was performed at 37 °C for 20 min to
determine BMSC mitochondrial membrane potential. For mitochondria
ROS (mtROS) detection, BMSCs were stained with 4 pM MitoSOX
(Invitrogen, USA) at 37 °C for 20 min, and mtROS quantification was
performed using flow cytometry.

2.16. Adenosine-triphosphate (ATP) measurement

Intracellular ATP was determined by an ATP measurement kit
(Beyotime, China) according to the manufacturer’s protocol. The ATP
luminescence signal of supernatants mixed with luciferase assay buffer
was determined by a luminescence microplate reader and then
normalized to the protein concentration.

2.17. Mitochondrial oxygen consumption rate (OCR) measurement

The mitochondrial OCR of BMSCs was conducted with a Seahorse XF
Cell Mito Stress Test Kit (Agilent, USA) in accordance with the manu-
facturer’s protocol as previously reported [26].

2.18. Real-time polymerase chain reaction (RT-PCR)

Total RNA was isolated using TRIzol (Life Technologies, USA). Then,
a high-capacity ¢cDNA reverse transcription kit (Vazyme, China) was
used to reverse-transcribe 1 pg of mRNA into cDNA in accordance with
the manufacturer’s protocol. RT-PCRs were performed on an ABI7900
PCR system (Applied Biosystems, USA) using SYBR Green MasterMix
(Vazyme, China). GAPDH was used as a reference gene. The primers are
shown in Supplementary Table 1.
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2.19. Immunofluorescence

To observe the colocalization of LC3B with mitochondria in BMSCs,
BMSCs were incubated with MitoTracker Deep Red (200 nM; Invitrogen,
USA) at 37 °C for 10 min, fixed with methanol and then treated with
0.2% Triton X-100 (Sigma-Aldrich, USA) to increase cell membrane
penetrability. Cells were incubated with LC3B (1:200 dilution; CST,
USA) at 4 °C overnight and then incubated with fluorescently labeled
secondary antibodies (1:250 dilution; ABclonal, China) for 1 h at room
temperature. Nuclei were stained with 4’,6-diamidino-2-phenylindole
(DAPI) (Sigma-Aldrich, USA) for 5 min. Immunofluorescence images
were acquired by confocal laser scanning microscopy.

2.20. Western blot

Protein expression in BMSCs was determined by immunoblotting as
previously described [27]. Anti-LRRc17 (1:1000, Proteintech), anti-p21
(1:1000, Affinity), anti-p16 (1:1000, CST), anti-p53 (1:1000, CST),
anti-mTOR (1:500, Affinity), anti-phospho-mTOR (1:500, CST),
anti-PI3K (1:1000, CST), anti-phospho-PI3K (1:1000, Affinity), anti-P62
(1:5000, ABclonal), anti-LC3B (1:1000, CST), anti-Beclinl (1:1000,
CST), anti-OPA1 (1:1000, CST), anti-Drpl (1:1000, CST), anti-JNK
(1:1000, Abclonal) abti-phosphor-JNK (1:1000, Abclonal) and
anti-Calpainl (1:1000, Abclonal) antibodies were used to analyze pro-
tein expression. The signal was visualized using an Immobilon Western
Chemiluminescent HRP Substrate Kit (Millipore, USA). Quantification of
the gray values of the bands was performed with ImageJ software.

2.21. OVX-induced osteoporosis and BMSC transplantation

Six-month-old female C57BL/6 mice were divided into six groups:
sham (n =7), OVX (n = 7), OVX + Y-BMSCs (n = 7), OVX + O-BMSCs (n
= 7), OVX + O-BMSCs"V"CF (n = 7) and OVX + O-BMSCsLRR17 ( —
7). Four month after ovariectomy, ovariectomized mice were anes-
thetized and immediately received local transplantation of BMSCs (1 x
106 cells suspended in 100 pl normal saline) as previously proposed
[28]. Briefly, 1 x 10° BMSCs in 100 pl of normal saline were delivered
with a 22-gauge needle into the marrow cavity through the metaphysis
and during needle removal to evenly distribute the cells. One month
after transplantation, the mice were euthanized, and samples were
collected for subsequent testing.

2.22. Micro-CT and analysis

Microcomputed tomography (micro-CT) was applied to determine
bone mass. After anesthesia with 1% pentobarbital, the mice were
secured on the table in the prone position. Then, femurs were imaged by
microcomputed tomography (PerkinElmer, USA) at 55 kV at an 8 pm
voxel size. After the image was reconstructed, the area of interest (ROI)
of trabecular bone was analyzed within the 0.3-0.8 mm distal meta-
physis from the growth plate. Analyze V12.0 software was used to
analyze the data and quantify the parameters, including bone mineral
density (BMD), trabecular bone thickness (Tb.Th), trabecular bone
number (Tb.N), bone volume per tissue volume (BV/TV), and trabecular
separation (Tb.Sp).

2.23. Calcein labeling assay

C57/BL6 mice were intraperitoneally injected with 20 mg/kg calcein
(Sigma-Aldrich, USA), dissolved in PBS at a concentration of 2 mg/ml
with 1 mg/ml NaHCOs3 (Sigma-Aldrich, USA) at 16 d and 2 d before
sacrifice. After sacrifice, the left femur was obtained, fixed in 4%
formaldehyde, and embedded in methyl methacrylate. A hard tissue
slicing machine (SP1600; Leica, Germany) was used to sagittally section
specimens into 30-mm sections away from light. Then, cortical endos-
teum surfaces were evaluated using a fluorescence microscope
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(STP6000; Leica, Germany) with an excitation wavelength of 488 nm.
The bone formation rate (BFR), mineral deposition rate (MAR) and the
recommended relevant calculations were used for quantitative analysis
using ImageJ 1.47 software [29].

2.24. Histology and immunohistochemistry

The femur was decalcified by 10% EDTA and then embedded in
paraffin. Five-micrometer sagittal sections of the metaphysis were pre-
pared, stained with Toluidine blue, TRAP, hematoxylin-eosin (HE) and
Masson, and observed by light microscopy (Zeiss, Germany) [30].

For NFATcl and RUNX2 immunohistochemical staining, after
quenching with endogenous peroxidase, achieving antigen retrieval,
and blocking nonspecific binding sites, the femur section were incubated
with anti-NFATc1 (1:100; Abclonal, China), anti-RUNX2 (1:100; Hua-
bio, China) at 4 °C overnight, followed by incubation with HRP-
conjugated goat anti-rabbit secondary antibodies (Invitrogen, USA) at
room temperature for 30 min. Finally, the sections were exposed to
diaminobenzidine peroxidase substrate for 5 min and counterstained
with Mayer’s hematoxylin.

2.25. Statistics

A two-tailed Student’s t-test was applied when two groups were
compared. One-way ANOVA with Bonferroni adjustment was performed
to determine the differences among multiple groups. Data are shown as
the mean + SD. For all analyses, P values < 0.05 were considered sta-
tistically significant.

3. Results

3.1. LRRc17 expressed by BMSCs was positively correlated with age in
mice

BMSCs were isolated from young, middle-aged and aged C57/BL6
mice and separately cultured to passage three (Figs. Sla and b). Cell
death analysis showed that the number of dead cells increased with age
in both adherent BMSCs and the culture medium supernatant (Fig. 1a).
Furthermore, detection of telomerase activity revealed that telomerase
activity gradually decreased, and the reduction was more obvious in
female mice (Fig. 1b). In addition, SA-B-gal staining revealed that the
ratio of senescent cells in O-BMSCs was notably higher than that in
BMSCs isolated from young and middle-aged mice (Fig. 1c). Addition-
ally, the expression of p16, p21 and p53 was also elevated with age
(Fig. 1d-g). To reveal the underlying causes of these phenomena, we
further analyzed Y-BMSCs and O-BMSCs by RNA sequencing. KEGG
pathway analysis showed that the cellular senescence signaling pathway
was highly enriched (Fig. 1h). Gene Set Enrichment Analysis (GSEA)
showed that pathways were mainly associated with autophagy and p53
signaling (Fig. S2 a, b). Furthermore, weighted gene coexpression
network analysis (WGCNA) showed that PTGFR, MX1, IFIT1B, LRRc17,
CH3I2, VILL, PENK, GBJ2 and GJB2 might interact with each other
(Fig. 11). Among these genes, LRRc17 (level 1: organismal systems, level
2: development) has been widely reported to be correlated with bone
homeostasis regulation, and the log2 (Old/Young) ratio was 2.50.
Furthermore, time course analysis showed that LRRc17 was positively
correlated with age (Fig. 1j), suggesting that LRRc17 may be a critical
factor for regulating senescence.

3.2. LRRc17 controlled BMSC senescence and differentiation

To determine whether LRRc17 is involved in cellular senescence, we
knocked down LRRc17 in O-BMSCs via lentiviral transfection and found
that LRRc17 silencing significantly decreased the expression levels of
pl6, p21 and p53 in O-BMSCs compared with control cells, but there
were no notable changes in the GFP-transfected cells (Fig. 2a).
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Furthermore, Y-BMSCs were induced to senescence, characterized by
increased expression of p16, p21, and p53, via HoO, treatment. How-
ever, senescence was significantly reversed when LRRc17 was down-
regulated (Fig. 2b, Figs. S3a-d). In addition, numerous reports have
found that in metabolic disorders, senescent cells produce more cyto-
toxic components, which leads to abnormal cell proliferation and a bias
toward apoptosis. Thus, ROS detection, apoptosis and the cell cycle were

1, *P < 0.05; NS: not significant (P > 0.05).

assessed, and we found that LRRc17 knockdown significantly deceler-
ated ROS accumulation after HpOy treatment (Fig. S3e). Moreover,
apoptosis analysis revealed that the proportion of apoptotic cells
declined notably (Fig. S3f), and the number of cells in the quiescent
phase (G0/G1) was also much lower in the LRRc17 knockdown group
than in the HyOo-treated group (Fig. S3g). Our data demonstrated that
LRRc17 knockdown effectively alleviated BMSC senescence.
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Fig. 2. Silencing LRRc17 alleviates BMSC senescence and alters differentiation potential. O-BMSCs at passage 3 were treated with 100 nM RAPA, followed by
transfection of LVS'IRRCY7 or 1ySFP for 72 h. (a) Quantitative analysis of the protein expression levels of p16, p21, and p53 in 4 different groups (O-BMSCs, RAPA-
treated O-BMSCs, LVMRRC17_transfected O-BMSCs, and LVSP-transfected O-BMSCs) by Western blotting (n = 3). Senescence was induced in Y-BMSCs at passage 3
with 400 pM H20,, followed by treatment with 100 nM RAPA or lentivirus transfection for 72 h. (b) Quantitative analysis of the levels of p16, p21, and p53 in 4
different groups (Y-BMSCs, H,0,-treated young BMSCs, HyO,- and RAPA-treated young BMSCs, H,0,- and LV'RR¢17_transfected young BMSCs) by Western blotting
(n = 3). (c) Quantitative analysis of the protein levels of p16, p21, and p53 in 3 different groups (Y-BMSCs, LVC*_transfected Y-BMSCs, and LV°VRRY7_transfected Y-
BMSCs) by Western blotting (n = 3). Young, middle-aged, old, young®'®8'7 and old**'RR<17 BMSCs at passage 3 were subjected to osteogenic and adipogenic
induction. (d, ) BMSCs (3 x 10°) were subjected to osteogenic induction for 14 d, and the mineralized nodules were quantified by calculating the ratio of red
mineralization area to total area after alizarin red staining (n = 3). Scale bar, 200 pm. (f, g) BMSCs (3 x 10°) were subjected to adipogenic induction for 21 days.
Then, lipid droplets were quantified by calculating the ratio of red lipid droplet area to total area after Oil Red O staining (n = 3). Scale bar, 200 pm. (h, i, j) The
expression levels of ALP and RUNX2 were detected by Western blotting after osteogenic induction (n = 3). (k) The expression levels of PPAR-y and LPL were detected
and quantified by Western blotting after adipogenic induction. f-Actin was used as an internal control (n = 3). All data are shown as the mean + SD. **P < 0.01, *P <
9.05; NS, not significant (P > 0.05). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Senescence of BMSCs leads to changes in their differentiation po- levels of pl6, p21 and p53 in the LRRcl7 overexpression group
tential; thus, we next investigated whether LRRc17 is involved in the compared with the GFP transfection group (Fig. 2¢). In addition, similar
aging process and multidifferentiation potential of BMSCs. Here, the to O-BMSCs, after overexpression of LRRc17, the osteogenic capacity of
results showed that overexpression of LRRc17 accelerated the senes- Y-BMSCs declined, while the adipogenic capacity increased (Fig. 2d-g).
cence of Y-BMSCs, as indicated by the noticeably increased protein More interestingly, after LRRc17 was knocked down, the osteogenic
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Fig. 3. Knockdown of LRRc17 reverses mitochondrial dysfunction in senescent BMSCs. (a) Representative images of MitoTracker Green fluorescence in BMSCs from
young and aged mouse BMSCs. (b) Representative images of Y-BMSCs with different treatments visualized with MitoTracker Green staining. The groups are described
in Fig. 2b. (c) Computer-assisted morphometric analyses of mitochondrial morphology (n = 3). (d) Western blotting analysis with quantification of Drpl and OPA1
proteins in BMSCs (n = 3). (e) Morphology and mtROS of BMSCs were detected with MitoSOX (red) and MitoTracker (green), respectively. Scale bar, 5 pm. (f) mtROS
staining was conducted with MitoSOX Red and is shown as the relative mean fluorescence intensity as measured by flow cytometry (n = 3). (g) Detection of JC-1
aggregates (red) and monomers (green) in BMSCs by confocal fluorescence microscopy. Scale bar, 10 pm. (h, i) Flow cytometry assessment of mitochondrial
membrane potential (aggregate fluorescence/monomer fluorescence) of BMSCs (n = 3). (j) Quantification of ATP content by microplate reader (n = 3). (k, 1) BMSCs
were harvested and seeded in a Seahorse x 24 microplate. OCR was detected with a Cell Mito Stress Test Kit, and basal respiration and maximal respiration were
analyzed with Wave Software (n = 3). All data are shown as the mean + SD. **P < 0.01, *P < 0.05; NS, not significant (P > 0.05). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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differentiation ability of O-BMSCs was increased, and their adipogenic
differentiation ability was decreased. Furthermore, consistent with the
above results, the expression of key osteogenesis genes, including ALP
and RUNX2 (Fig. 2h, i, j), and the adipogenic genes PPARy and LPL in
BMSCs was increased (Fig. 2k). These findings suggested that over-
expression of LRRc17 accelerated the aging process in BMSCs, which led
to preferential adipogenic differentiation of MSCs rather than osteogenic
differentiation.

3.3. Mitochondrial impairment in senescent BMSCs was alleviated by
LRRc17 knockdown

Mitochondrial dysfunction leads to dysfunctional reactive oxygen
species metabolism, resulting in DNA impairment and DNA damage
response activation, which accelerates the aging process. MitoTracker
Green staining showed that compared with that of Y-BMSCs, the mito-
chondrial morphology of O-BMSCs was discontinuous and showed
obvious fragmentation (Fig. 3a). Similar to the O-BMSCs, Hy02-induced
BMSCs also exhibited mitochondrial fragmentation, while the mito-
chondrial impairment was significantly improved after transfection of
sh-LRRc17 (Fig. 3b and c). Moreover, the expression of the mitochon-
drial inner membrane fusion protein OPAl was also significantly
increased, while the expression of the mitochondrial fission protein
Drpl was reduced (Fig. 3d). Taken together, these results revealed that
LRRc17 knockdown alleviated HyO»-induced mitochondrial fission in
BMSCs.

Redox Biology 43 (2021) 101963

Subsequently, the function of mitochondria was further evaluated.
MitoSOX staining showed that mtROS increased sharply after HoO3 in-
duction, indicating that mitochondria undergo noticeable oxidative
stress damage (Fig. 3e). However, LVShIRRCL7 ansfection effectively
decreased the accumulation of mtROS (Fig. 3f). Furthermore, under
H50, stimulation, the red fluorescence of JC-1 increased, while the
green fluorescence decreased in LRRc17 knockdown MSCs, revealing
that LVPIRR7 transfection prevented mitochondrial membrane po-
tential disruption (Fig. 3g). In line with the fluorescence images, flow
cytometry analysis of JC-1 also verified these results (Fig. 3h and i). As a
consequence, we also found that LVSMLRRCY7 transfection reversed the
decrease in ATP production induced by Hp0, stimulation (Fig. 3j).
Finally, OXPHOS characteristics were obtained by calculating the dif-
ferences in oxygen consumption rate (OCR) upon the injection of Oligo,
carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP), and
rotenone (ROT) + antimycin A (AA), and we found that the basal and
maximal mitochondrial respiration of BMSCs in the LV"'RR17 trans.
fected group were significantly higher than those in the HyO5-induced
senescence group (Fig. 3k and 1). Together, these data suggested that
knockdown of LRRc17 not only restored the morphology of mitochon-
dria but also effectively improved mitochondrial bioenergetics.

3.4. LRRc17 knockdown activated mitophagy through the PI3K/mTOR
pathway

Autophagy, an evolutionarily conserved process involving the
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Fig. 4. LRRc17 knockdown maintains autophagic flux and mitophagy via mTOR/PI3K inhibition in senescent BMSCs. (a, b) Western blot analysis and quantification
of the expression of LRRc17, p-mTOR/mTOR, p-PI3K/PI3K, Beclinl, P62, and LC3II in 4 different groups as described in Fig. 2b (n = 3). (c, d) Western blot analysis
and quantification of the protein levels of LRRc17, mTOR, p-mTOR, PI3K, p-PI3K, Beclinl, P62, and LC3II in the 4 different groups as described in Fig. 2a (n = 3). Y-
BMSCs were treated with H,O, or transfected with LVSMIRRCY 60 79 h, followed by treatment with 10 pM HCQ for 8 h before cells were collected and lysed for
Western blotting. (e) Representative images and quantitative analysis of the Western blotting results for P62 and LC3B in BMSCs. p-Actin was used as an internal
control (n = 3). (f) Colocalization of LC3B (green) and mitochondria (red) was assessed to evaluate mitophagy in the different groups, and nuclear fluorescence was
visualized with DAPI staining (blue) (n = 3). Scale bar, 5 pm. All data are shown as the mean + SD. **P < 0.01, *P < 0.05; NS, not significant (P > 0.05). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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degradation of unnecessary or dysfunctional cell components by the
lysosomal machinery, plays an essential role in mitochondrial quality
control via clearance of damaged mitochondria. Here, we found that the
expression of both LC3 II and Beclinl was decreased in HyO2-induced
senescent Y-BMSCs, suggesting that autophagy activity was inhibited in
senescent BMSCs (Fig. 4a and b). To further investigate the role of
autophagy in MSC senescence, HyO,-treated BMSCs and O-BMSCs were
treated with RAPA (an inhibitor of mTOR), and autophagy was acti-
vated. The aging phenotype (characterized by increased expression of
pl6, p53, and p21, increased apoptosis, and decreased cell proliferation)
(Fig. 2a, b, Figs. S3a-d) and mitochondrial damage, including mito-
chondrial fragmentation (Fig. 3b and ¢) and mtROS production (Fig. 3e
and f), the decline of OCR (Fig. 3k, 1), ATP production (Fig. 3j) and
mitochondrial membrane potential (Fig. 3g-i), were significantly alle-
viated, indicating that autophagy protected BMSCs against senescence.

Redox Biology 43 (2021) 101963

Interestingly, we found that the protein expression of LC3II and Beclinl
was increased, while the protein expression of P62 was decreased in the
sh-LRRc17 group, indicating that LRRc17 knockdown activated auto-
phagy (Fig. 4a-d).

Autophagy is regulated by mTOR dependent pathway (PI3K/AKT/
mTOR signaling) and mTOR independent pathways including MAPK/
JNK, Calpainl/Atg5 signaling. Here, we found that the expressions of p-
JNK and calpainl significantly increased in HyOs-induced senescent
BMSCs, but there were no significant changes after LRRC17 knockdown,
suggesting mTOR independent pathways are not regulated by LRRc17
(Fig. S4). Moreover, the HoO»-induced increase in the expression of p-
PI3K and p-mTOR, which negatively regulate the autophagy process,
was significantly reduced in the sh-LRRc17 group (Fig. 4a—d). Based on
these results, we speculated that sh-LRRc17-mediated prevention of
BMSC senescence may rely on the activation of autophagy.
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To determine the role of autophagy in LRRc17-mediated BMSC
senescence, the autophagy-lysosomal inhibitor HCQ was employed to
block the degradation of autophagic vacuoles. After treatment with
HCQ, LC3II accumulated significantly, and P62 levels also showed
obvious enhancement (Fig. 4e). Consistent with these results, the
colocalization of LC3B and mitochondria in Y-BMSCs increased greatly
after HCQ treatment (Fig. 4f). These results revealed that autophagic
flux was blocked. Next, we explored the effects of autophagic flux
blockade on BMSC senescence. As shown in Fig. 5, HCQ promoted the
accumulation of JC-1 monomers in mitochondria, indicating their low
membrane potential, and this effect was accompanied by an increase in
mtROS in control BMSCs (Fig. 5a and b). In addition, in HyO5-induced
senescent BMSCs, the sh-LRRC17-mediated improvement of mitochon-
drial function was significantly blocked after HCQ treatment. Conse-
quently, the SA-B-gal-positive BMSC ratio also increased markedly in the
presence of HCQ (Fig. 5c). Similarly, p16, p21, and p53 expression
significantly increased in HCQ-treated BMSCs (Fig. 5d and e). These
results appeared to prove that the blockade of autophagic vacuole
degradation led to cellular senescence, and the alleviation of senescence
mediated by sh-LRRc17 relied on the activation of autophagy and the
improvement of mitochondrial function.

3.5. LRRc17 expressed by BMSCs modulated osteoclastogenesis and
osteogenesis by inhibiting the differentiation of OCs and MC3T3-E1 cells

To further substantiate the correlation between LRRc17 expression
in BMSCs and bone homeostasis in vitro, MSCs were cocultured with OCs
induced by primary bone marrow-derived mononuclear cells for 5 days,
and then OCs were stained with TRAP. After coculture, the number of
TRAP-positive cells in the OC + BMSC group was less than that in the OC
group. Moreover, the inhibitory effect of BMSCs on OC differentiation
was further weakened when BMSCs were transfected with Lv°VLRRel7
(Figs. S5a—c). Moreover, the expression of transcription factors involved
in osteoclast differentiation, including Nfatc1, Fos, Src, Acp5 and Ctsk,
also declined considerably (Fig. S5d). Similarly, after BMSCs and OBs
were cocultured for 10 days, alizarin red staining showed that LRRc17
overexpression in BMSCs significantly reduced the osteogenic differen-
tiation potential of MC3T3-E1 cells (Figs. S5e and f). Furthermore, the
expression of the key osteogenic proteins ALP and RUNX2 was consis-
tent with the results of alizarin red staining (Figs. S5g-i). In addition, the
gene expression levels of the osteogenesis-related transcription factors
Bsp, Sp7/Osterix and RUNX2 were also inhibited in LRRcl7-
overexpressing BMSCs (Fig. S5j-1). These data showed that LRRcl7
inhibited both OC and MC3T3-E1 differentiation via paracrine signaling
to contribute to bone homeostasis regulation in vitro.

3.6. Knockdown of LRRc17 in O-BMSCs alleviated bone loss in OVX mice

To investigate whether knockdown of LRRc17 affects O-BMSCs in the
treatment of osteoporosis in vivo, OVX-induced osteoporotic mice were
euthanized and evaluated one month after local BMSC transplantation
through the metaphysis. Micro-CT analysis showed that O-BMSCs
possessed a decreased ability to alleviate bone loss in osteoporotic mice
compared with Y-BMSCs, but LRRc17 knockdown in O-BMSCs reversed
this effect, as shown by increased BMD, BV/TV, Tb.Th, Tb.N and
decreased Tb.Sp (Fig. 6a-c). Moreover, calcitonin double labeling
analysis found that O-BMSC transplantation increased new bone for-
mation in osteoporotic mice after LRRc17 knockdown (Fig. 6d and e).
Furthermore, pathological staining of OBs and OCs showed that in the O-
BMSC transplantation group with LRRc17 knockdown, the number of
toluidine blue-labeled osteoblasts was notably greater than that in the O-
BMSC transplantation group (Fig. 6f and g). Conversely, there was a
significant decrease in TRAP-labeled osteoclasts (Fig. 6h and i).
Furthermore, derangement distribution and expanded bone marrow
cavity were restored by knockdown of LRRc17 in O-MSCs (Fig. 7a and
b), and the beneficial effects of O-MSCs on bone loss were remarkably
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improved when the LRRc17 was knocked down (Fig. 7c and d). These
results suggested that LRRcl7 knockdown improved the ability of
BMSCs to alleviate bone loss in osteoporotic mice.

4. Discussion

The correlation between stem cell senescence and degenerative dis-
eases and the underlying molecular mechanism have generated
tremendous interest over the years. In our study, we revealed for the first
time that overexpression of the key soluble cytokine LRRc17 was posi-
tively correlated with the aging process of BMSCs. LRRc17 accumulation
led to a shift towards adipogenic differentiation and cellular senescence
of Y-BMSCs. Moreover, LRRc17 downregulation reversed HyO9-induced
or natural aging-induced senescence and mitochondrial dysfunction and
increased autophagy by inhibiting the PI3K/mTOR pathway. Further-
more, LVVRRA7 transfected O-BMSC transplantation ameliorated OP-
induced bone loss via activation of autophagy in BMSCs and inhibition
of osteoclastogenesis in vivo. Taken together, our results uncovered a
notable role for LRRc17 in the BMSC aging process.

In vitro prolonged culture, previous studies have demonstrated that
several bioactive factors secreted by nonsenescent MSCs can postpone
replicative senescence by improving osteogenic differentiation potential
and cell proliferation [31]. We confirmed the effect of aging on BMSCs,
which showed clear signs of senescence between young, middle-aged
and old C57/BL6 mice, consistent with prior studies reported by Li
Yang et al. The hallmarks of aging include augmentation of SA-p-gal,
increased cell death ratio, and decreased telomerase activity. More
importantly, senescence appears to alter BMSC differentiation potential.
O-BMSCs exhibited impaired pluripotency; in addition, the dynamic
balance between osteogenesis and adipogenesis was disrupted [32].

A growing number of studies have suggested a negative regulatory
role of LRRc17 in blocking NF-kB ligand (RANKL) receptor activator-
mediated osteoclastogenesis in bone remodeling. Furthermore,
LRRc17 is highly expressed in OBs and is markedly inhibited by 1,25
(OH)2Ds3, an active metabolite of VD and a pro-osteoclastogenic factor.
In addition, LRRc17 inhibits RANKL-induced osteoclast differentiation
[14,33,34]. Here, we unexpectedly found through transcriptome
sequencing that LRRc17 was highly expressed in aged mouse-derived
BMSCs. To investigate this hypothesis, analysis of the differentiation
ability of BMSCs was performed. Senescent BMSCs in bone marrow
exhibited a shift in multilineage differentiation potential from osteo-
genic to adipogenic as well as a marked decrease in regenerative ca-
pacity [35]. We found that LRRc17 overexpression in Y-BMSCs had a
negative effect on osteogenic ability but was beneficial to adipogenesis.
LRRc17 knockdown in O-BMSCs, however, resulted in decreased adi-
pogenesis and elevated osteogenesis as well as decreased expression of
age-related proteins. Thus, our study demonstrated for the first time that
aging disrupted the dynamic balance between the adipogenic and
osteogenic potential of BMSCs by modulating the expression of LRRc17.

Oxidative stress-induced mitochondrial impairment is one of the
major injuries that accelerates cellular senescence in vitro and in vivo
[36]. Continuous oxidation contributes to DNA impairment and dis-
rupted DNA repair, protein structural instability and mitochondrial
dysfunction, which lead to mutual transformation that accelerates the
aging process. Several studies have also noted that restoring mito-
chondrial dysfunction prevents senescence in musculoskeletal tissue and
MSCs [11,37-39]. In our study, similar results were observed in
0O-BMSCs, and we found that the mitochondria showed decreased
integrity, maturity and abundance in senescent BMSCs. Moreover,
LRRc17 downregulation reversed BMSC senescence via stabilization of
mitochondrial function. Our results further indicated that knockdown of
LRRcl7 improved the morphological integrity of mitochondria. The
crucial mitochondrial characteristic involved in the senescence of
BMSCs is mitochondrial dynamism (i.e., cycles of fission and fusion),
which is involved in the quality control mechanisms that determine
mitochondrial mass and morphology [40]. In accordance with previous
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Fig. 6. Transplantation of O-BMSCs transfected with sh-LRRc17 alleviates the osteoporotic phenotype and reverses bone loss in OVX mice. Five groups of mice were
sacrificed 1 month after BMSC transplantation (n = 7 per group). (a) Representative micro-CT images of trabecular bone sections. Scale bars: 500 mm (top) and 100
mm (bottom). (b, ¢) Quantitative analysis of the corresponding parameters, including BMD, BV/TV, Tb.Th, Tb.Sp, and Tb.N. (d) Representative fluorescence images
of double calcein labeling and (e) quantitative analysis of MAR, MS/BS, and BFR. Scale bar, 25 pm. (f) Representative images of OB staining with toluidine blue (red
arrows). Scale bars, 50 pm. Quantitative analysis of (g) the number of osteoblasts per bone surface (N.Ob/BS) and osteoblast surface over bone surface (Ob.S/BS). (h)
Representative images of OC staining with TRAP (red arrows). Scale bar, 50 pm. Quantitative analysis of (i) the number of osteoclasts per bone surface (N.Oc/BS) and
osteoclast surface over bone surface (Oc.S/BS). All data are shown as the mean + SD. **P < 0.01, *P < 0.05; NS, not significant (P > 0.05). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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reports, our data demonstrated enhanced mitochondrial fusion, as evi-
denced by elongated mitochondria, with a decrease in Drpl protein
expression and an increase in OPAl protein expression in
LV IRRA? ransfected BMSCs compared with HyO5-induced senescent
BMSCs. Based on these findings, we conclude that LRRc17 mediates
BMSC senescence by regulating mitochondrial dynamics.

Autophagy is an intracellular degradation system with multiple
pathophysiological and physiological functions [41]. Mounting evi-
dence has revealed that mitochondria-specific autophagy performs a
variety of interrelated functions involved in maintaining cell homeo-
stasis, especially in regulating cell metabolism and lifespan and
participating in cell differentiation [42]. Our data also showed that the
increased oxidative stress damage in senescent BMSCs was correlated
with a decrease in mitophagy. Furthermore, age-related mitochondrial
dysfunction has been recognized to promote and strengthen the aging
response by stimulating the p16 and p53/p21 pathways [43], which is
consistent with our result that after transfection with sh-LRRc17, sen-
escence-associated proteins such as p53, p16 and p21 were also effec-
tively inhibited. Moreover, recent studies have reported that autophagy
enhancement in senescent MSCs through a genetic approach or phar-
macological stimulation by the mTOR inhibitor RAPA restored the
proliferative ability and osteogenic differentiation of MSCs in vitro [6].
Laura Garcia-Prat et al. reported that overexpressing Atg7 (a key regu-
lator of autophagosome formation) restored autophagy and conse-
quently prevented stem cell senescence [11]. Nonetheless, the role of
LRRc17 in BMSC autophagy and the consequent effects of improving
mitochondrial function by removing damaged mitochondria have not
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been reported. As shown in Figs. 3-5, we first revealed that LRRc17
knockdown activated autophagy and enhanced the colocalization be-
tween LC3B and mitochondria, thereby inhibiting mitochondrial
impairment and cell senescence. Further experiments indicated that the
LRRc17 knockdown-induced inhibition of BMSC senescence was coun-
teracted by HCQ treatment. All the results illustrated that mitophagy
enhancement induced by LRRc17 knockdown maintains the regenera-
tive abilities of MSCs.

Autophagy has been reported to alleviate estrogen-induced osteo-
porosis by maintaining the stemness and cellular function of MSCs [44].
Some reports have also shown that autophagy enhances the osteogenic
capacity of hMSCs isolated from the vertebrae of senile osteoporosis
patients [13]. Moreover, activation of autophagy in MSCs has been
demonstrated to significantly attenuate the osteoporotic phenotype in
OVX mice compared with sham-operated mice [44,45]. Here, we found
that after silencing LRRcl7, autophagy activity in O-BMSCs was
elevated. Consequently, the therapeutic effect of O-BMSCs on osteopo-
rosis was also significantly improved, as shown by an increased number
and volume of trabecular bone in the femur, a faster formation ratio of
new bone, a decreased number of TRAP-positive osteoclasts, and an
increased number of osteoclasts. Therefore, our data suggest that
sh-LRRc17-mediated BMSC improvement in osteoporosis is correlated
with bone homeostasis by activating autophagy.

The mTOR signaling pathway plays a pivotal role in BMSC senes-
cence [46]. Additionally, it has been widely reported that the protective
effect of autophagy in senescent BMSCs is regulated by the Akt/mTOR
signaling pathway. In addition, inhibition of PI3K/AKT/mTOR signaling
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maintains MSCs in their immature undifferentiated state by providing a
stem cell niche during long-term culture expansion [47]. mTOR is
hyperactivated, thus blocking autophagy induction and downregulating
autophagosome formation-related proteins, including FOXO1 and
ATG7, accompanied by a decline in mitophagy activity [48]. In our
study, we found that LRRc17 downregulation blocked the PI3K/mTOR
pathway and thus activated autophagy. However, the underlying
mechanisms of how LRRC17 modulates PI3K/mTOR remain unclear.
RANKL-induced NFATcl expression and osteoclastogenesis were
inhibited by LRRc17-mediated blockade of PLCy signaling [14]. PLCy
has been implicated in cell proliferation and differentiation via its
activation of downstream target genes such as PKC and PI3K, which are
highly associated with the progression of brain diseases, hematopoietic
function and diabetes [49]. Whether the excessive secretion of LRRc17
in O-BMSCs inhibits the autophagic capacity of BMSCs by activating
PLCy-mediated PI3K/mTOR signaling should be further confirmed.

In addition to mitophagy, mitochondrial fusion/fission and mito-
chondrial biogenesis also play crucial roles in maintaining mitochon-
drial homeostasis. Alterations in mitophagy, biogenesis, and dynamic
fusion/fission are common responses of mitochondria to oxidative
stresses and stimuli [50]. mTOR signaling is also involved in mito-
chondrial fusion and fission as well as the regulation of mitochondrial
biosynthesis. A recent study found that the AMPK/SIRT1/PGCl-a
pathway blocked the upregulation of age-related mTOR and thus led to
increased mtDNA integrity and decreased mitochondrial fragmentation
and maintained mitochondrial biogenesis [51]. Moreover, mTORC1
controls mitochondrial respiration and energy metabolism by modu-
lating the transport of the nucleus-encoded gene TFAM to mitochondria,
which is predominantly mediated by 4E-BPs [52]. In our study, we
found that compared with mitochondrial fragmentation in O-BMSCs,
mitochondrial fission was notably suppressed after LRRc17 knockdown.
Therefore, we deduced that the protective effect of LRRc17 knockdown
on mitochondrial bioenergetics may occur not only through PI3K/mTOR
pathway-regulated mitophagy but also through mTOR-related mito-
chondrial biogenesis and metabolism.

Collectively, our findings revealed that LRRc17 knockdown inhibited
the senescence of O-BMSCs via activation of mitophagy, which
improved the therapeutic effect of O-BMSCs on osteoporosis. It should
also be noted that there were no obvious differences in FPKM between
middle-aged and young mouse-derived BMSCs, which may be due to an
insufficient age gap between young and middle-aged mice. Furthermore,
we still do not fully understand how LRRc17 modulates the PI3K/mTOR
pathway. In addition, the C57/BL6 osteoporosis model used in our
research consisted of only female mice and thus did not fully represent
natural aging in males. More studies need to be conducted on other
aging mouse models, including the senescence-accelerated mouse
model, which was generated by selective inbreeding of the AKR/J strain.

In conclusion, our current study revealed for the first time the
negative role of LRRcl7 in BMSC senescence through blocking
mitophagy capacity, and O-BMSCs with LRRc17 knockdown alleviated
aging-related bone loss in an OVX mouse model. These findings indicate
that targeting LRRc17 could be a promising therapeutic approach to
rejuvenate senescent BMSCs and attenuate degenerative disorders.
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