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Abstract 
Chaperone-mediated autophagy (CMA) plays multiple roles in cell metabolism. We found that lysosome-associated mem-
brane protein type 2A (LAMP2A), a crucial protein of CMA, plays a key role in the control of mesenchymal stem cell (MSC) 
adipo-osteogenesis. We identified a differentially expressed CMA gene (LAMP2) in GEO datasets (GSE4911 and GSE494). 
Further, we performed co-expression analyses to define the relationships between CMA components genes and other relevant 
genes including Col1a1, Runx2, Wnt3 and Gsk3β. Mouse BMSCs (mMSCs) exhibiting Lamp2a gene knockdown (LA-KD) 
and overexpression (LA-OE) were created using an adenovirus system; then we investigated LAMP2A function in vitro by 
Western blot, Oil Red staining, ALP staining, ARS staining and Immunofluorescence analysis. Next, we used a modified 
mouse model of tibial fracture to investigate LAMP2A function in vivo. LAMP2A knockdown in mMSCs decreased the 
levels of osteogenic-specific proteins (COL1A1 and RUNX2) and increased those of the adipogenesis markers PPARγ and 
C/EBPα; LAMP2A overexpression had the opposite effects. The active-β-catenin and phospho-GSK3β (Ser9) levels were 
upregulated by LAMP2A overexpression and downregulated by LAMP2A knockdown. In the mouse model of tibial fracture, 
mMSC-overexpressing LAMP2A improved bone healing, as demonstrated by microcomputed tomography and histological 
analyses. In summary, LAMP2A positively regulates mMSC osteogenesis and suppresses adipo-osteogenesis, probably via 
Wnt/β-catenin/GSK3β signaling. LAMP2A promoted fracture-healing in the mouse model of tibial fracture.

Key messages 
• LAMP2 positively regulates the mBMSCs osteogenic differentiation.
• LAMP2 negatively regulates the mBMSCs adipogenic differentiation.
• LAMP2 regulates mBMSCs osteogenesis via Wnt/β-catenin/GSK3β signaling pathway.
• LAMP2 overexpression mBMSCs promote the fracture healing.
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Introduction

Fractures are the most common musculoskeletal injuries 
in the United States (approximately 5 million in 2017) [1]. 
Despite improvements in treatment, around 4.9% of patients 

exhibit delayed healing or nonunion [2]. Fractures impose 
major societal and healthcare burdens [3, 4]. Thus, more 
effective treatments are required. Fracture healing can be 
divided into inflammation, callus formation, and remodeling 
[5]. After hematoma formation, inflammatory factors recruit 
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functional cells such as mesenchymal stem cells (MSCs), 
skeletal stem cells, and vascular progenitor cells to the frac-
ture site, forming new bone on newly formed cartilage [6]. 
MSCs can engage in osteogenesis, adipogenesis, and chon-
drogenesis, greatly aiding the healing of nonunion fractures 
and osteogenesis imperfecta [7]. In the bone marrow, MSC 
osteogenesis and adipogenesis are in delicate balance. Several 
studies have shown that, in osteoporosis, MSCs engage princi-
pally in adipogenesis rather than osteogenesis, triggering bone 
marrow lipid accumulation and bone mass reduction [8–10].

Chaperone-mediated autophagy (CMA) triggers the lyso-
somal degradation of soluble cytosolic proteins [11]. The 
KFERQ motif is recognized by lysosome-targeting proteins 
such as heat shock protein A8 (HSPA8); proteins are translo-
cated into lysosomes after binding to HSPA8 and the recep-
tor protein lysosome-associated membrane protein type 2Α 
(LAMP2A), and then are completely degraded [11–13]. The 
rate-limiting step of CMA is the binding of the chaperone 
complex to LAMP2A [14] and changes in LAMP2A levels 
modulate the activity [15]. LAMP2 deficiency accelerates 
the progression of diseases of aging, including basal reti-
nal laminar deposition [16] and Parkinson’s disease [17]. 
Danon’s disease (an X-linked disorder characterized by 
hypertrophic cardiomyopathy, myopathy, and intellectual 
disability) is caused by an LAMP2 deficiency [18, 19]. 
Bone marrow stem cell infusion upregulates LAMP2 in β 
cells and protects the cells from injury induced by chroni-
cally high glucose levels [20]. In terms of bone formation, 
coculture of osteoclast precursors and LAMP2- deficient 
osteoblasts yield almost no osteoclasts, indicating that (oste-
ogenic) LAMP2 is indispensable for osteoclast differentia-
tion [21]. Previous study indicated that LAMP2A is involved 
in osteogenic cell lines mineralization after stimulated with 
ascorbic acid and phosphate (Pi) [22]. Moreover, LAMP2A 
and LAMP2C global knockout mice have low vertebral can-
cellous bone mass. LAMP2A knockdown of an osteoblas-
tic UAMS-32 cell line decreases mineral deposition [23]. 
These studies indicated that LAMP2A is relative to bone 
formation. However, the effect of LAMP2A on mMSC dif-
ferentiation and function remains unclear. Thus, we explored 
LAMP2A function in the context of the MSC osteogenesis/
adipogenesis balance.

Methods and materials

Differentially expressed gene analyses 
and bioinformatics analyses

The gene expression databases of mice wildtype and 
RUNX2 knockout humeri (GSE4911-GPL83), human 
non-union skeletal fracture samples and normal samples 
(GSE494-GPL92) were downloaded from Gene Expression 

Omnibus (GEO) datasets. The differentially expressed genes 
(DEGs) were kept when |logFC| > 1 and adj.P.Value < 0.05. 
The calculations were performed by R and R studio software 
(version 4.0.2), using the R package “limma” [24]. Next, 
selected genes were estimated the functional enrichments, 
including Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathways and Gene Ontology (GO) terms, using 
the Database for Annotation, Visualization and Integrated 
Discovery (DAVID) website (https:// david. ncifc rf. gov/).

Cell culture and differentiation

mBMSCs were purchased from Cyagen Biosciences 
(MUBMX-01001, Guangzhou, China). Cells cultured in an 
atmosphere of 5% CO2 at 37 °C in α-MEM with 10% Fetal 
Bovine Serum (Biological Industries, 04-010-1A, Israel). 
Adipogenic induction medium was purchased from Cya-
gen Biosciences (MUXMX-90031). Osteogenic induction 
medium was prepared according to previous methods [25], 
and the cells were maintained by changing fresh induction 
medium every 2 days. Recombinant DKK-1 were purchased 
from MedChemExpress (HY-P7154, Shanghai, China).

Adenoviral vectors

Adenovirus vectors knockdown LAMP2A(LA-KD), overex-
pression LAMP2A (LA-OE) and the negative control (LA-
NC) were purchased from Cyagen Biosciences (Supplemen-
tary Table 1). 50-60% confluent mBMSCs were incubated 
with adenovirus particles at an optimal MOI and 4 μg/ml 
polybrene (Cyagen Biosciences). After 12 hours, the culture 
medium was changed and the transfected cells were used in 
next experiments.

Cell proliferation assay

To estimate the effect of LAMP2A knockdown and 
LAMP2A overexpression on mMSCs proliferation, related 
cells were seed into 96-wells plate. After 1-7days prolif-
eration, the medium was changed by 10% Cell Count-
ing Kit-8 (CCK-8, Dojindo, Kumamoto, Japan) in 100μl  
α-MEM for 4h at 37 °C. The absorbance at 450nm which is 
proportional to the living cells number, was measured by a 
microplate reader (ELX808, BioTek, USA).

Co‑relationship analysis

The raw expression data of LAMP2, HSPA8, COL1A1, 
RUNX2, WNT3 and GSK3B genes were downloaded from the 
Cancer Cell Line Encyclopedia (CCLE) project (https:// porta ls.  
broad insti tute. org/ ccle), The Cancer Genome Atlas (TCGA) 
project (http:// cance rgeno me. nih. gov/) and the Genotype Tissue 
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Expression (GTEx) project (https:// www. gtexp ortal. org/). The 
Pearson correlation (R) analysis and p-value were calculated by 
R and R studio software (version 4.0.2).

RNA isolation and qPCR

Total RNA was isolated by RNAiso Plus (9109, Takara 
Bio Inc., Shiga, Japan) and quantified by measuring the 
absorbance at 260 nm (NanoDrop 2000, Thermo Fisher 
Scientific, MA, USA). First strand cDNA was synthesized 
by PrimeScript RT Master Mix (Takara) according to the 
manufacturer’s instructions. Total RNA (≤ 1000 ng) was 
reverse-transcribed into cDNA using the Double-Strand 
cDNA Synthesis Kit (Takara) in a reaction volume of 20 
μl. The levels of all gene expressions were quantified by 
qPCR using SYBR Green PCR Master Mix (Takara) on 
StepOnePlus real-time PCR system (Applied Biosystems 
Inc., Warrington, United Kingdom). The cycle conditions 
were as follows: 95 °C for 30s followed by 40 cycles of 95 
°C for 5s and 60 °C for 30s. 18S was used as a control and 
allowed adjustment of differences among samples. The rela-
tive target gene expression levels were calculated using the 
2−ΔΔCt method. Primers sequence for 3 isoforms of Lamp2 
(Lamp2a, Lamp2b and Lamp2c) were acquired from previ-
ous study [26]. All primers were synthesized by Tsingke 
Biotechnology and listed at Supplementary Table 2.

Western blotting analysis

Cells were lysed in RIPA buffer (Fdbio Science, FD008, 
Hangzhou, China) mixed with proteasome inhibitor (Fdbio 
Science, FD1001) and phosphatase inhibitors (Fdbio Sci-
ence, FD1002). Equal amounts of proteins were separated 
by 10% SDS-PAGE and then transferred onto polyvinylidene 
fluoride (PVDF) membranes (Millipore, Shanghai, China). 
After blocking in 5% non-fat milk for 1 h, the membranes 
were incubated overnight at 4 °C with antibodies specific to 
α-Tubulin (1:1000, AF0001, Beyotime, Shanghai, China), 
LAMP2A (1:1000, AF1036, Beyotime), RUNX2 (1:1000, 
#12556, Cell Signaling Technology, Danvers, MA, United 
States), COL1A1 (1:1000, ab34710, Abcam, Cambridge, 
United Kingdom), PPARγ (1:1000, AF7797, Beyotime), 
C/EBPα (1:1000, #8178, Cell Signaling Technology), non-
phosphorylated (active) β-catenin (1:1000, #19807, Cell 
Signaling Technology), total β-catenin (1:1000, #8480, Cell 
Signaling Technology), GSK3β (1:1000, #12456, Cell Sign-
aling Technology), and Phospho-GSK3β (Ser9) (1:1000, 
#5558, Cell Signaling Technology). After washing 3 times 
(10 minutes each time) in Tris-buffered saline with 0.1% 
Tween 20 (TBST), the membranes were incubated with 
horseradish peroxidase (HRP)-labeled Goat Anti-Rabbit 
IgG(H+L) (1:1000, A0208, Beyotime) for 1h at room tem-
perature. After washing three times (5 minutes each time) 

with TBST, proteins were detected using enhanced chemi-
luminescence blotting reagents (Millipore). Signal intensity 
was measured by Bio-Rad XRS chemiluminescence detec-
tion system (Bio-Rad, Hercules, CA, USA).

ALP staining

Cells were cultured in 12-well plates with osteogenic induc-
tion medium for 5 days. For ALP staining, cells were fixed 
with 4% paraformaldehyde for 30 minutes. Cells were then 
washed by double distilled water (ddH2O) 3 times and stained 
by BCIP/NBT Alkaline Phosphatase Color Development Kit 
(C3206, Beyotime). To measure ALP activity, cells were lysed 
with lysis buffer consisted of 20 mM Tris-HCl (pH 7.5), 1% 
Triton X-100, and 150mM NaCl. ALP activity was deter-
mined by ALP activity assay (P0321S, Beyotime). Finally, the 
conversion color of p-nitrophenyl phosphate was measured 
after 5 days of culture in an osteogenic medium at 405/650nm.

Alizarin red staining

Mineral deposition was assessed by Alizarin Red staining 
(ARS) (Cyagen Biosciences) after the induction of osteo-
genic differentiation for 21 days. Cells were fixed with 4% 
paraformaldehyde for 30 minutes at room temperature and 
subsequently washed with PBS three times. The cells were 
incubated with a 0.2% solution of Alizarin Red for 10 min-
utes at room temperature, then rinsed with PBS 3 times. 
The stain is incubated with 10% cetylpyridinium chloride 
(Sigma, Shanghai, China) for 1 h and collected the solutions, 
then 200μl was plated on a 96-well plate and then was read 
at 560nm by a microplate reader (ELX808, BioTek). The 
results were normalized to total protein concentration.

Oil red O staining

Cells were cultured in 12-well plates with adipogenic induc-
tion medium following the protocol (Cyagen Biosciences, 
MUXMX-90031) for 21 days. Cells were fixed with 4% 
paraformaldehyde for 30 minutes at room temperature and 
subsequently rinsed with PBS 3 times. Cells were stained with 
0.5ml of oil red O working solution for 30 minutes following 
the protocol (Cyagen Biosciences, MUXMX-90031). Semi-
quantitative analysis was performed by ImageJ (version 1.53).

Cell immunofluorescence analysis

Cells were cultured in a 24-well plate with induction medium 
and evaluated for RUNX2 and COL1A1 using a fluores-
cence microscope (EU5888, Leica, Germany) as follows. 
Cells were fixed in 4% paraformaldehyde for 20 minutes at 
room temperature, permeabilized for 30 minutes in 0.2% Tri-
ton X-100, and blocked for 30 minutes in 2% bovine serum 

https://www.gtexportal.org/
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albumin. Fixed cells were washed with ddH2O three times 
and incubated overnight with anti-RUNX2 (1:2000, #12556, 
Cell Signaling Technology) or anti-COL1A1 (1:500, 67288-
1-Ig, Proteintech, Wuhan, Hubei, China). After washing three 
times with ddH2O, cells were incubated with Alexa Fluor 
555-labeled Donkey Anti-Rabbit IgG(H+L) (1:500, A0453, 
Beyotime) and Cy3-labeled Goat Anti-Mouse IgG(H+L) 
(1:500, A0521, Beyotime), respectively, for 1h at room 
temperature. The nuclei were stained with 4′,6-diamidino-
2-phenylindole (DAPI) (10μg/ml, C1002, Beyotime) for 5 
minutes. Target proteins were observed under a fluorescence 
microscope (Leica, Germany). Semi-quantitative analysis 
was performed by ImageJ (version 1.53).

Mice tibial fracture model

Mice tibial fracture model was modified based on the pre-
vious method [27]. Briefly, mice anesthetized by intraperi-
toneally injection of 0.3% pentobarbital sodium (30mg/
kg). Exposed the right lower limb, made an incision lateral 
between the middle of tibial tuberosity and crest. A 0.38-mm 
diameter intramedullary fixation pin was then inserted into 
the tibial medullary canal at the level of the tibial tuberosity 
for fixation. Separated the soft tissue carefully and stripped 
the periosteum above the crest of tibia. Then an osteotomy 
was created about 0.5cm distal to the tibial platform. The 
same leg was used in each group.

For in vivo study of LAMP2A overexpression effects, 
mice were divided into 3 groups, blank group (BLANL), 
negative control (LA-NC) group and LAMP2A overexpres-
sion (LA-OE) group. 20μl PBS, 5×106 LA-NC mMSCs and 
5×106 LA-OE mMSCs was injected into fracture site locally, 
respectively. 4 weeks after surgery, limbs were harvested 
after lethal intraperitoneal injection of 0.1 ml sodium pen-
tobarbitone (200 mg/ml) for next experiments.

MicroCT analysis

Following harvest, specimens were sent to make a micro-
computed tomography (microCT) evaluation. Each tibia was 

scanned using MILabs microCT system (Utrecht, Nether-
lands), and operation parameters were using according to the pre-
vious report [28]. The BV (bone volume), BV/TV (bone 
volume fraction), Tb.Th (trabecular thickness) and Tb.Sp 
(trabecular separation) were evaluated by three-dimensional 
standard microstructural analysis [29] using Imalytics Pre-
clinical system (version 2.1.8.9) [30]. The microCT analysis 
were performed 0.5cm around the fracture area.

Histology and immunohistochemistry (IHC)

Following harvest, samples were fixed by 10% paraform-
aldehyde for 36 hours at 4 °C and then were decalcified by 
0.5M ethylene diaminetetra acetic acid (EDTA, Beyotime) 
for 3 days at 4 °C. Specimens were then embedded in paraf-
fin and sectioned at a 5um thickness. Serial sections were 
deparaffinized and then stained with Hematoxylin-Eosin 
(H&E) staining, Safranin O/Fast Green staining and Mas-
son's Trichrome staining following the standard procedures. 
As for IHC, 5 mm sections of paraffin-embedded tissues 
were deparaffinized and repaired in Trypsin Digestion Solu-
tion, 0.1% (X1020, Solarbio, Beijing, China) at 37 °C for 1 
hour. Then, Immunostaining was performed using an IHC 
kit (ZSGB-BIO, SP-9001, Wuxi, Jiangsu, China) accord-
ing to the procedure. A rabbit monoclonal anti-osteopontin 
(OPN) (1:1000, ab214050, Abcam) was used to detect the 
OPN positive cells at the bone fracture healing area. Finally, 
DAB substrate kit (DA1016, Solarbio) was used to colora-
tion and Mayer's Hematoxylin solution (G1080, Solarbio) 
was used to color the cell nucleus.

Histological immunofluorescence analysis

After deparaffinized and repaired, sections were permea-
bilized with 0.3% Triton X-100 at room temperature for 10 
minutes and blocked in 3% bovine serum albumin for 1 hour. 
Then, sections were incubated at 4 °C with primary anti-
bodies overnight. The following primary antibodies were 
used: anti-ALP (1:200, #DF6225, Affinity Biosciences). 
After that, sections were incubated with fluorescent second-
ary antibody, Alexa Fluor 555-labeled Donkey Anti-Rabbit 
IgG(H+L) (1:500, A0453, Beyotime). After stained the 
nuclei with DAPI (10μg/ml, C1002, Beyotime) for 5 min-
utes, sections were observed under a fluorescence micro-
scope (Leica, Germany).

Statistical analysis

All statistical analyses were performed using GraphPad 
Prism (version 8.2.0, GraphPad Software, San Diego, CA, 
United States). All experiments were conducted at least three 

Fig. 1  DEGs and Functional Enrichment Analyses Between Wildtype 
and RUNX2 Knockout Mice Humeri (GSE4911-GPL83) and Between 
Non-union Fracture and Normal Human Bone Samples (GSE494-
GPL92). (A) Volcano Plots of normalized gene expressions in 
GSE4911-GPL83. (B) Volcano Plots of normalized gene expressions 
in GSE494-GPL92. (C) Heatmaps of differentially expressed genes at 
GSE4911-GPL83. (D) Heatmaps of differentially expressed genes at 
GSE494-GPL92. (E) Venn plot show 5 differentially expressed genes, 
including LAMP2, at the intersection of these two databases. (F-G) 
The functional enrichment analyses, KEGG and GO, of the differ-
entially expressed genes in GSE4911-GPL83. (H- I) The functional 
enrichment analyses, KEGG and GO, of the differentially expressed 
genes in GSE494-GPL92. |logFC| > 1 and adj.P.Value < 0.05

◂
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times and the data are presented as means ± SD. One-way 
analysis of variance (ANOVA) followed by Dunnett's multi-
ple comparisons test was used to compared the data involves 
multiple group comparisons. In all analyses, p < 0.05 was 
taken to indicate statistical significance.

Results

LAMP2 is a bone formation relative gene

To investigate the possible bone formation relative genes, 
we performed differentially expressed gene analyses on 
Gene Expression Omnibus (GEO) datasets. Through set-
ting a threshold of |logFC| > 1 and adj.P.Value < 0.05, 
804 differentially expressed genes were identified from 
the database of mice wildtype and RUNX2 knockout 
humeri(GSE4911-GPL83) (Fig. 1A, C) and 93 differen-
tially expressed genes were identified from the database 
of human non-union skeletal fracture samples and normal 
samples (GSE494-GPL92) (Fig. 1B, D). When we inter-
sected these results, interestingly, 5 common differentially 
expressed genes were obtained (Fig. 1E). Furthermore, we 
analyzed the top 20 enriched signaling by GO terms (BP 
for Biological Process) of GSE4911-GPL83 and GSE494-
GPL92, respectively. DEGs in GSE4911-GPL83 might be 
involved in osteoblast differentiation protein transport, pro-
tein phosphorylation and cell proliferation (Fig. 1I). Thus, 
we predicted that LAMP2 is a bone formation relative gene.

Endogenous LAMP2A expression increases 
during mMSC osteogenesis

We measured endogenous LAMP2A expression levels dur-
ing mMSC osteogenic differentiation. The LAMP2A pro-
tein level increased as the concentrations of osteogenesis 
markers (including COL1A1 and RUNX2) increased from 
day 0 to 28 (Fig. 2A-D).

LAMP2A favors mMSC osteogenesis rather 
than adipogenesis

To explore whether CMA plays a role in osteogenesis, we 
assessed potential correlations between LAMP2, HSPA8, 
COL1A1, and RUNX2 levels (Supplementary Table 3). The 
Cancer Cell Line Encyclopedia (CCLE) database revealed 
that, in 968 cancer cell lines, the LAMP2 levels exhibited 
significant positive correlations with those of both COL1A1 
(R = 0.36, p < 0.001) and RUNX2 (R = 0.38, p < 0.001) 
(Fig. 3A-B). The HSPA8 levels correlated positively with 
those of COL1A1 (R = 0.12, p < 0.001) but not RUNX2 
(R = 0.01, p = 0.800) (Fig. 3C-D). In 93 osseous and chon-
dromatous neoplasms and miscellaneous bone tumors of 
the Cancer Genome Atlas (TCGA) project, LAMP2 levels 
correlated positively with those of COL1A1 (R = 0.46, p < 
0.001) and RUNX2 (R = 0.51, p < 0.001) (Fig. 3E-F). How-
ever, no significant correlations were evident between the 
HSPA8 and COL1A1 levels (R = 0.12, p = 0.230) but the 
levels of HSPA8 and RUNX2 were positively correlated (R 
= 0.30, p = 0.003) (Fig. 3G-H). In the 17,382 normal tissues 

Fig. 2  Endogenous expression 
of LAMP2A and osteogenesis 
biomarkers during osteogenic 
differentiation and the effects of 
LAMP2A expression on mMSC 
proliferation. (A-D) The protein 
levels of LAMP2A, COL1A1, 
and RUNX2 (normalized to that 
of α-Tubulin) were determined 
on days 0, 3, 5, 7, 14, and 28 of 
osteogenic differentiation. All 
data are means ± SDs (n=3). *p 
< 0.05, **p < 0.01, and ***p < 
0.001 versus the control group
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of the Genotype Tissue Expression (GTEx) project, posi-
tive correlations were found between the levels of LAMP2 
and both COL1A1 (R = 0.24, p < 0.001) and RUNX2 (R 
= 0.50, p < 0.001), as well as between the levels of HSPA8 
and COL1A1 (R = 0.14, p < 0.001) and RUNX2 (R = 0.07, 
p < 0.001) (Fig. 3I-L). The correlations suggest that CMA 
components are probably related to osteogenesis.

First, we used an adenovirus system to establish 
mMSC LAMP2A knockdown (LA-KD) and LAMP2A-
overexpressing (LA-OE) cell lines and we performed 
qPCR to examine the mRNA expression for 3 isoforms 
of Lamp2 (Lamp2a, Lamp2b and Lamp2c) (Supplemen-
tary Fig. S1). The expression of Lamp2a was significant 
knockdown (LA-KD) or overexpression (LA-OE) and 
the expression of Lamp2b and Lamp2c were not altered. 
Next, we used the CCK-8 assay to investigate the effects 
of LAMP2A knockdown or overexpression on mMSC 
proliferation; LAMP2A modulation had no significant 

effect (Fig. 4A). Western blotting revealed that LAMP2A 
knockdown (LA-KD) decreased COL1A1 and RUNX2 
expression compared to the control group (LA-NC). By 
contrast, LAMP2A overexpression (LA-OE) signifi-
cantly promoted the expression of osteospecific proteins 
(Fig. 4B-E). We performed alkaline phosphate (ALP) 
staining to assess early osteogenesis (day 7) and Aliza-
rin Red S (ARS) staining to assess calcium deposition in 
late osteogenesis (day 21). On day 7, LAMP2A deple-
tion significantly decreased ALP activity and LAMP2A 
overexpression increased ALP activity. ARS staining 
showed that, on day 21, calcium deposition was consid-
erably decreased by LAMP2A depletion and increased by 
LAMP2A overexpression (Fig. 4I-K).

Furthermore, we explored mMSC adipogenesis via 
Western blotting and Oil Red O staining. Compared to the 
control group, the levels of adipogenesis proteins (PPARγ 
and C/EBPα) were inversely proportional to the LAMP2A 

A B

FE G

C

I J K

D

H

Fig. 3  Co-expression of CMA components (LAMP2A and HSPA8) and 
osteogenic markers. (A-B) Correlations between LAMP2, COL1A1, 
and RUNX2 expression levels and (C-D) correlations between HSPA8, 
COL1A1, and RUNX2 expression levels in the cancer cell lines of the 
CCLE database. (E-F) Correlations between LAMP2, COL1A1, and 
RUNX2 expression levels and (G-H) correlations between HSPA8, 

COL1A1, and RUNX2 expression levels in the osseous and chondroma-
tous neoplasms and miscellaneous bone tumors of the TCGA database. (I-
J) Correlations between LAMP2, COL1A1, and RUNX2 expression levels 
and (K-L) correlations between HSPA8, COL1A1, and RUNX2 expres-
sion levels in the normal tissues of the GTEx database. The correlation 
coefficients (R values) and the p-values are those of the Pearson correlation
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level (Fig. 5A-C). Lipid droplet numbers were higher in 
LA-KD mMSCs and lower in LA-OE mMSCs compared 
to control mMSCs (Fig. 5D-E).

LAMP2A regulates the mMSC adipo‑osteogenesis 
balance via Wnt/β‑catenin/GSK3β signaling

Wnt/β-catenin/GSK3β signaling plays important roles 
in bone formation. We hypothesized that the effects of 
LAMP2A on osteogenesis would be mediated via such sign-
aling. We analyzed the potential correlations between the 
levels of LAMP2A and HSPA8, and WNT3 and GSK3β, 
in the CCLE, TCGA, and GTEx databases (Supplementary 
Table 3). LAMP2A levels correlated positively with both 
the WNT3 (R = 0.12, p < 0.001) and GSK3β (R = 0.30, 
p < 0.001) levels in the 968 cancer cell lines of the CCLE 
database (Fig. 6A-B). The HSPA8 levels correlated mod-
erately (positively) with the WNT3 (R = 0.08, p = 0.014) 
and GSK3β (R = 0.28, p < 0.001) levels (Fig. 6C-D). In 
the 93 osseous and chondromatous neoplasms and miscel-
laneous bone tumors of the TCGA database, strong correla-
tions were evident between the LAMP2A levels and those 
of WNT3 (R = 0.37, p < 0.001) and GSK3β (R = 0.58, p 
< 0.001) (Fig. 6E-F). The correlations between the HSPA8 
and WNT3 (R = 0.40, p < 0.001) and GSK3β (R = 0.72, 
p < 0.001) levels were also strong and positive (Fig. 6G-
H). In the 17,382 normal tissues of the GTEx database, the 
LAMP2A levels correlated positively with the WNT3 (R = 
0.09, p < 0.001) and GSK3β (R = 0.50, p < 0.001) levels 
(I-J). The HSPA8 levels correlated positively with those of 
GSK3β (R = 0.39, p < 0.001) but negatively with those of 
WNT3 (R = –0.18, p < 0.001) (Fig. 6K-L).

Consistent with these correlations, Western blotting 
revealed that the non-phosphorylated (active) β-catenin/total 
β-catenin ratio decreased in the LA-KD group and increased 
in the LA-OE group (compared to the control group) during 
mMSC osteogenesis. Moreover, the phospho-GSK3β(Ser9)/
GSK3β level decreased with LAMP2A deletion and 
increased with LAMP2A overexpression (Fig.  6M-O). 
Moreover, a Wnt inhibitor DKK1 was used to confirm the 
activation of Wnt/β-catenin/GSK3β signaling by LAMP2A 

overexpression. With the treatment of DKK1 (500ng/ml), 
the promotion of Wnt/β-catenin/GSK3β signaling protein 
and osteogenesis marker protein by LAMP2A overexpres-
sion on day 7 were abrogated, showing by WB (Fig. 7A-B). 
Immunofluorescence revealed that the increase of COL1A1 
and RUNX2 in mMSCs were inhibited by DKK1 on day 7 
(Fig. 7C). Taken together, LAMP2A regulates the mMSC 
adipo-osteogenesis balance probably via Wnt/β-catenin/
GSK3β signaling.

LAMP2A‑overexpressing mMSCs promote healing 
of tibial fractures in mice

To explore the role played by CMA in vivo, we created a 
mouse model of tibial fracture and injected LA-NC and 
LA-OE mMSCs locally. To quantify bone healing, we 
subjected day-28 samples to microcomputed tomogra-
phy (microCT). The BV, BV/TV and Tb.Th was increased 
and the Tb.Sp was decreased by injection LA-OE mMSCs 
locally (Fig. 8A-B) comparing with the BLANK group and 
LA-NC group. Immunohistochemistry (IHC) revealed that 
specimens treated with LA-OE mMSCs exhibited increased 
expression of osteopontin (OPN) in the (healing) fracture 
area than did BLANK and LA-NC specimens (Fig. 8C). 
Hematoxylin and Eosin (H&E), Safranin O/Fast Green, and 
Masson’s Trichrome staining were used to assess remod-
eling of the mineralized callus. The LA-OE group exhibited 
a significantly smaller cortical defect (a gap) than did the 
control group (Fig. 8D). Moreover, histological immuno-
fluorescence indicated that LA-OE group showed more ALP 
expression at the bone healing area (Fig. 9). Taking these 
together, LAMP2A overexpression show a promotion of the 
fracture healing.

Discussion

In this study, we demonstrated that LAMP2A overexpres-
sion favors osteogenesis rather than adipogenesis in mMSCs. 
Conversely, knockdown of LAMP2A facilitate the of adipo-
genesis mMSCs, whereas inhibit the osteogenesis. As for the 
mechanism, these results showed the activation/elimination 
of Wnt/β-catenin/GSK3β may involve in these processes.

Autophagy is an important biological process that pro-
tects cells from harmful external stimuli. CMA is important 
for bone development, and inhibition of its activity impairs 
bone formation [23]. It sustains hematopoietic stem cell 
function and the pluripotency of embryonic stem cells [31, 
32], suggesting an essential role in regulation of stem cell 
metabolism. In 17IIA11, ST2, and MC3T3-E1 osteogenic 
cell lines, LAMP1 and LAMP2A could be detected at matrix 
vesicles only when cells stimulated with osteogenic factors 
[22]. In Drosophila, LAMP1 absence increases the levels 

Fig. 4  LAMP2A knockdown and overexpression respectively decrease 
and enhance mMSC osteogenesis. (A) The CCK-8 assay revealed that 
mMSC proliferation was not affected by LAMP2A knockdown (LA-
KD) or overexpression (LA-OE). (B-E) The protein expression levels 
(normalized to that of α-Tubulin) of COL1A1 and RUNX2 in LA-KD 
and LA-OE mMSCs after 7 days of osteogenesis. (F-H) Knockdown 
and overexpression of LAMP2A significantly affect mMSC ALP 
activity (after 7 days of osteogenesis) and mineralization (after 21 days 
of osteogenesis). Alizarin Red S staining reveals calcium deposits. 
Scale bars = 100 μm. (I-K) IF staining for COL1A1 and RUNX2 after 
7 days of osteogenic differentiation. Scale bars = 50 μm. All data are 
means ± SDs (n=3). *p < 0.05, **p < 0.01, and ***p < 0.001 versus 
the control group
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of sterols and diacylglycerols (DAGs) (important compo-
nents of lipid metabolism) [33]. LAMP1 is high expression 
at adipocyte precursor cells but low expression at osteoblast 
precursor cells. However, knockdown of LAMP1 in human 
adipose tissue derived stem cells slightly promoted adipo-
genesis and had no influence on osteogenesis [34]. These 
results indicated that LAMP1 might be a marker to distin-
guish between adipocyte precursor cells and osteoblast pre-
cursor cells.

Undergoing alternative splicing, pre-Lamp2 mRNA 
generated three different mature mRNA encoding three 
different LAMP2 isoforms (LAMP2A, LAMP2B and 
LAMP2C) [35–37]. Despite the similarity between three 
LAMP2 isoforms, LAMP2B and LAMP2C do not partici-
pated in CMA in rat liver and fibroblasts [14]. LAMP2A 
and LAMP2B were reported as CMA regulator and macro-
autophagy regulator repectively [38]. Danon disease is an 
autophagic vacuolar myopathy caused by loss-of-function 
mutations in the Lamp2 gene. Recent study indicated that 
LAMP2B control the fusion between autophagosomes 
and endosomes/lysosomes via interacting with ATG14 
and VAMP8. Deficiency of LAMP2B caused defects 
in autophagy by disrupting the STX17-independent 
autophagosome–lysosome fusion in human cardiomyo-
cytes, leading to Danon disease [39]. Moreover, systemic 
injection of LAMP2B-AAV9 reverses multiorgan dysfunc-
tion in Lamp2-KO mice [40]. LAMP2C was revealed as a 

negative regulator of CMA that disrupted molecular trans-
location into lysosomes but did not alter macroautophagy 
in B cells [41]. However, in melanoma cells, LAMP2C not 
only manipulates CMA, but also macroautophagy [42]. 
LAMP2A impairment by nonsteroidal anti-inflammatory 
drugs (NSAIDs) induces lipid accumulation in mouse 
hepatocytes [43]. Furthermore, the accumulation of ver-
tebral cancellous bone mass in young mice is reduced 
by LAMP2A knockout [23]. Recent study reported that 
Van-Gogh-like 2 (Vangl2) directly binds to LAMP2A 
and targets it for degradation. The Vangl2/LAMP2A ratio 
correlates inversely with the capacity of MSCs osteogen-
esis[44]. In this study, we found that LAMP2A was upreg-
ulated during mMSC osteogenic differentiation and it pro-
moted mMSC osteogenesis and inhibited adipogenesis.

Runx2 is a key transcription factor of mMSC osteogenesis, 
whereas PPARγ and C/EBPα are required for adipogenesis [45, 
46]. We found that LAMP2A knockdown inhibited the expres-
sion of osteogenesis-related proteins including COL1A1 and 
RUNX2, and enhanced the expression of the adipogenesis-
related proteins PPARγ and C/EBPα; LAMP2A overexpres-
sion inhibited PPARγ and C/EBPα expression and promoted 
MSC osteogenic differentiation. Previous studies indicated 
that PPARγ (the principal transcription factor of adipogenesis) 
suppresses MSC osteogenic differentiation and thus contrib-
utes to osteoporosis progression [47]. MSCs exhibit a bias 
toward adipogenesis in the bone disorders of aging [48]. We 

Fig. 5  LAMP2A negatively 
regulates mMSC adipogenesis 
in vitro. (A-C) Western blotting 
revealed that LAMP2A sup-
pressed the levels of markers 
of adipogenic differentiation 
(PPARγ and C/EBPα). (D-E) 
Oil Red O Staining showed that 
LAMP2A inhibited adipogen-
esis. Scale bars = 100 μm. All 
data are means ± SDs (n=3). *p 
< 0.05, **p < 0.01, and ***p < 
0.001 versus the control group
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found that LAMP2A regulated the expression of COL1A1, 
RUNX2, PPARγ, and C/EBPα, reflecting the delicate balance 
of adipo-osteogenesis.

Many signaling pathways regulate MSC adipo-osteogenesis. 
The Wnt/β-catenin and p38 mitogen-activated protein kinase 
(MAPK) pathways promote MSC osteogenic differentiation; 

Fig. 6  LAMP2A activates the WNT/β-catenin/GSK3β pathway (A-
L) Co-expression of CMA components (LAMP2A and HSPA8) and 
WNT/β-catenin/GSK3β pathway markers. (A–B) Correlations between 
the levels of LAMP2, GSK3β, and HSPA8 and (C-D) between the lev-
els of HSPA8, WNT3, and GSK3β in the cancer cell lines of the CCLE 
database. (E-F) Correlations between LAMP2, WNT3, and GSK3β 
levels and (G-H) correlations between HSPA8, WNT3, and GSK3β 
levels in the osseous and chondromatous neoplasms and miscellane-

ous bone tumors of the TCGA database. (I-J) Correlations between 
the LAMP2, WNT3, and GSK3β levels and (K-L) correlations 
between the HSPA8, WNT3, and GSK3β levels in the normal tissues 
of the GTEx database. The correlation coefficients (R values) and the 
p-values are those of the Pearson correlation. (M-O) Western blotting 
reveals that LAMP2A activates the mMSC WNT/β-catenin/GSK3β 
pathway during osteogenesis. All data are means ± SDs (n=3). *p < 
0.05, **p < 0.01, and ***p < 0.001 versus the control group
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the Hedgehog (Hh), Notch, and Wnt/β-catenin pathways inhibit 
adipogenesis [49–53]. Glycogen synthase kinase 3 (GSK3), 
first identified in 1980 [54], features two isoforms: α (51 kDa) 
and β (47 kDa). It plays central roles in various signaling path-
ways, including the Wnt/β-catenin, Hedgehog, and G protein-
coupled ligand pathways. In mammalian cells, phosphoryla-
tion of serine 9 in the GSK3β N-terminus eliminates enzyme 
activity. Active GSK3β phosphorylates β-catenin, triggering 
β-catenin destabilization and degradation [54, 55]. Cytoplas-
mic accumulation of β-catenin triggers nuclear translocation of 
it, followed by effects on downstream gene transcription [56, 
57]. We suggest that LAMP2A might promote osteogenesis 
by promoting phosphorylation of serine 9 of GSK3β, which 
decreases its activity. Then, accumulated non-phosphorylated 
β-catenin translocates to the nucleus and activates osteogenesis 

genes such as Runx2. Adipogenesis is the opposite of osteo-
genesis, and is negatively regulated by Wnt/β-catenin/GSK3β 
signaling [58–60].

We suggest that LAMP2A might suppress adipogenesis 
via this pathway.

Fig. 7  DKK1 blocks the 
promotion of osteogenesis 
in LAMP2A overexpression 
mMSC. (A-B) Western blot 
reveals that the activation 
of WNT/β-catenin/GSK3β 
pathway and the promotion of 
osteogenesis marker (COL1A1 
and RUNX2) were blocks by 
DKK1. (C) IF staining for 
COL1A1 and RUNX2 expres-
sion. Scale bars = 50 μm. All 
data are means ± SDs (n=3). ns 
= no significance, *p < 0.05, **p 
< 0.01, and ***p < 0.001 versus 
the control group

Fig. 8  LAMP2A promotes bone healing in vivo. (A-B) Micro-CT 
indicates that LAMP2A promotes bone healing in vivo. (A) In the 
mouse model of tibial fracture, LAMP2A overexpression promoted 
fracture union. (B) LAMP2A overexpression increased the BV, BV/
TV and Tb.Th, and decreased the Tb.Sp (n = 5). ns = no significance, 
*p < 0.05, **p < 0.01, and ***p < 0.001 versus the control group. The 
arrows indicate the fracture area. (C) IHC detecting osteopontin in 
the area of fracture healing. Arrows: OPN-positive cells. Scale bars 
= 50 μm. (D) Histological analysis of fracture healing in vivo. Hema-
toxylin and Eosin (H&E), Safranin O/Fast Green, and Masson’s Tri-
chrome staining. Scale bars = 200 μm
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Our work had certain limitations. First, three different 
isoforms of Lamp2 have different roles. Thus, the bioinfor-
matic analysis need to be performed specifically for Lamp2a 
isoform. However, due to the lacking of different isoforms 
details in databases we used, we can only analyze the expres-
sion of Lamp2 on bioinformatic analysis. Second, LAMP2A 
is a lysosomal transmembrane protein involved in CMA. No 
evidence shows that LAMP2A has a kinase activity. There-
fore, in this study, we suggest that LAMP2A promote the 
phosphorylation of GSK3β is a secondary effect. The direct 
mechanism is still unclear and need further research. Third, 
we used LAMP2A-knockdown or LAMP2A-overexpressing 

mMSCs to explore the effect of CMA on adipo-osteogenic 
differentiation; we did not develop CMA gene-edited ani-
mals. Such animals would be useful.

Conclusion

LAMP2A enhances the osteogenesis and suppresses the 
adipogenesis in the adipo-osteogenesis balance of mMSCs 
(Fig. 10). The mechanism of promoting osteogenesis prob-
ably via Wnt/β-catenin/GSK3β signaling pathway. LAMP2A 
effectively promotes healing of tibial fractures in mice.

Fig. 9  LAMP2A enhanced the 
ALP expression at the bone 
healing area in vivo. IF show 
ALP was increased at the bone 
healing area on LA-OE group. 
Scale bars = 100 μm

Fig. 10  CMA enhances mMSC 
osteogenesis and suppresses 
adipogenesis, probably via 
Wnt/β-catenin/GSK3β signaling
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