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Abstract: This study aimed to investigate the role of autophagic stages through the interplay of AMP-activated protein ki-
nase (AMPK)/mammalian target of rapamycin (mTOR)/Beclin-1 signaling pathways in osteogenic differentiation of human 
periodontal ligament stem cells (HPLSCs) using a combination of pharmacological inhibition and genetic knockdown ap-
proaches. The activation or inactivation of these factors and autophagy was evaluated by western blot and immunocyto-
chemical assays, while osteogenic differentiation was analyzed by alkaline phosphatase staining. Enhancement of osteogen-
ic differentiation of HPLSCs was correlated with the increased expression of the autophagy markers Beclin-1 and 
microtubule-associated protein 1 light chain 3-II (LC3-II), and phosphorylation of AMPK, consistent with reduced expres-
sion of phosphorylated p70S6 kinase, mTOR substrate. The RNA interference-mediated silencing of AMPK and Beclin-1 
(marker of early autophagy) and the pharmacological inhibitors of AMPK (compound C) and early autophagy (3-methylad-
enine) suppressed acceleration of osteogenic differentiation and autophagy. mTOR inhibition increased both osteogenic dif-
ferentiation and autophagy. Inhibition of the late stage of autophagy by LC3 siRNA and chloroquine resulted in no changes 
in the osteogenic differentiation of HPLSCs. These findings suggest that the early stages of autophagy through the AMPK/
mTOR/Beclin-1 signaling pathway may be required for the enhancement of osteogenic differentiation of HPLSCs. 
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Introduction
Macroautophagy (hereafter referred to as autophagy) is an intracel-

lular degradation process by which cytosolic materials, including dam-
aged organelles and toxic protein aggregates, are sequestered in special-
ized double membrane-bound autophagosomes1, 2). Autophagy plays a 
role in the differentiation of erythrocytes, lymphocytes, and adipocytes3). 
Previous studies have revealed that the induction of autophagy contrib-
utes to osteogenic differentiation of mesenchymal stem cells (MSCs)4, 5).

The process of autophagosome formation is divided into four main 
steps: initiation/nucleation, elongation, maturation, and degradation3, 6). 
In the early stages of the autophagic process, phagophore formation at 
the initiation phase and nucleation occur with the formation of class III 
phosphatidylinositol 3-kinase (PI3KcIII) complexes composed of the 
proteins Beclin-1, Vsp15, Vsp34, Ambra1, UVRAG, and others. Among 
these proteins, Beclin-1 is fundamental for the formation of PI3KcIII 
complexes, thus Beclin-1 is commonly used as a marker of the early 
stage of autophagy7, 8). After nucleation, phagophore elongation occurs 

and an autophagosome is formed in the late stages of autophagy. At late 
autophagy, LC3-II is found within the autophagosome membrane and, 
therefore, has been widely used as a specific marker of the late stages of 
autophagy6, 9).  

Human adult MSCs have the potential for differentiation into various 
cell types, including osteoblasts, chondrocytes, and adipocytes10, 11). In 
dentistry, suitable tooth-derived stem cell have been identified and char-
acterized to evaluate in tissue engineering studies. Among tooth-derived 
stem cells, human periodontal ligament stem cells (HPLSCs) express a 
variety of stromal cell markers with similar morphological, phenotypic, 
and proliferative characteristics of adult MSCs12), but have a greater po-
tential to differentiate into osteoblasts and adipocytes13). Hence, HPLSCs 
are considered as the most promising source of stem cells for periodon-
tal regenerative therapies12-16). Therefore, it is important to understand 
the molecular mechanisms underlying the osteogenic differentiation of 
HPLSCs. While it appears that the induction of autophagy is involved in 
the osteogenic differentiation of MSCs originating from various tissues, 
presently, there is no such data for HPLSCs. Additionally, the role of 
autophagic pathways in the osteogenic differentiation of HPLSCs re-
mains unclear. 

The autophagic process is regulated by several factors. Of these, 
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adenosine monophosphate-activated protein kinase (AMPK) is a posi-
tive regulator of autophagy and acts as a principal intracellular energy 
sensor that induces autophagy mainly through phosphorylation of its 
downstream target Raptor and consequent inhibition of the serine/threo-
nine kinase mammalian target of rapamycin (mTOR)5, 17). Conversely, 
mTOR is a central regulator of cell growth and a negative regulator of 
autophagy. mTOR is also known to induce osteogenic differentiation of 
various cells18, 19). In this study, we investigated the role of autophagic 
stages through the interplay of the AMPK/mTOR/Beclin-1 signaling 
pathways in osteogenic differentiation of HPLSCs using a combination 
of pharmacological inhibition and genetic knockdown approaches. 

Materials and Methods
Reagents and antibodies (Abs)

Dulbecco’s modified Eagle’s medium (DMEM) was purchased from 
Fujifilm WakoPure Chemical Co., (Osaka, Japan). Fetal bovine serum 
(FBS) was purchased from HyClone Laboratories Inc. (South Logan, 
UT, USA). 1× antibiotic-antimycotic solution (1× Anti-Anti) was ob-
tained from Invitrogen Corporation (Carlsbad, CA, USA). Rapamycin, 
3-methyladenine (3-MA), chloroquine (CQ), Hoechst 33324 nucleic 
acid stain, an alkaline phosphatase (ALP) kit, and monoclonal Ab 
against β-actin were purchased from Sigma-Aldrich Corporation (St. 
Louis, MO, USA). The PierceTMBCA Protein Assay Kit and Lipo-
fectamineTMRNAi MAX were obtained from Thermo Fisher Scientific 
(Rockford, IL, USA). Dorsomorphin (compound C, CC), rabbit an-
ti-Sp7/osterix, and rabbit anti-runt-related transcription factor 2 (Runx2) 
were obtained from Abcam Inc. (Cambridge, UK). Rabbit Abs against 
microtubule-associated protein 1 light chain 3 (LC3) and Beclin-1 were 
purchased from MBL (Tokyo, Japan). Precision Plus Protein Western C 
Standard, 4%-20% and 12% Mini-PROTEAN® TGXTM Precast Gels, 
Trans-Blot Transfer Packs, and horseradish peroxidase-conjugated an-
ti-mouse and -rabbit secondary Abs were obtained from Bio-Rad Labo-
ratories (Hercules, CA, USA). Cell lysis buffer, SignalFireTMPlus ECL 
Reagent, 1× protease/phosphatase inhibitor cocktail, rabbit anti-AMP-
Kα, rabbit anti-phospho AMPKα (Thr172; p-AMPK), rabbit anti-p70S6 
kinase (p70S6K), rabbit anti-phospho p70S6K (Thr389; p-p70S6K), 
rabbit phospho-mTOR (Ser2448, p-mTOR), SignalSilence LC3B siR-
NA, SignalSilence AMPKα siRNA, and SignalSilence Beclin-1 siRNA 
were purchased from Cell Signaling Technology (Danvers, MA, USA). 
mTOR siRNA was obtained from Santa Cruz Biotechnology (Dallas, 
TX, USA). 

Cell culture 
HPLSCs that were stored at the Department of Endodontology and 

Operative Dentistry, Division of Oral Rehabilitation, Faculty of Dental 
Science, Kyushu University14), were cultured in DMEM supplemented 
with 10% (v/v) FBS and 1× Anti-Anti solution. Upon reaching conflu-
ence, the cells were cultured in osteogenic induction medium (OIM), 
which was composed of DMEM supplemented with 10 nM dexametha-
sone, 200 μM ascorbic acid, 10 mM β-glycerophosphate, and 10% FBS. 
The OIM was replaced three times each week.

Cell transfection
HPLSCs were placed in the wells of 12-well plates for 24 h before 

transfection. Transfection of siRNA-mTOR, AMPKα, Beclin-1, and 
LC3 was conducted using 10 μM of siRNAs per well and Lipofectamine 
RNAiMAX Transfection Reagent in accordance with the manufacturer’s 
instructions. At 48 h post-transfection, the cells were cultured in OIM 
for 7 days.

ALP staining
HPLSCs were stained with an ALP Kit containing Fast Red Violet 

solution and naphthol AS-BI phosphate solution, in accordance with the 
manufacturer’s instructions. Briefly, HPLSCs cultured with OIM for 
7days were fixed with citrate-acetone-formaldehyde for 30 seconds and 
rinsed in distilled water (DW). Cells were incubated with alkaline-dye 
mixture for 15 min and washed with DW. The reaction product was 
evaluated by microscope. 

Western blot analysis
HPLSCs were lysed in cell lysis buffer containing 1× Protease/Phos-

phatase Inhibitor Cocktail. Protein concentrations were measured with 
the Pierce BCA Protein Assay Kit. Equal amounts (15 μg) of protein 
along with a protein marker (Precision Plus ProteinTM Western CTM 

Standards) were separated on Mini-PROTEAN ®TGXTM Precast Gels 
for 30 min at 200 V. The Trans-Blot® Turbo Transfer System (Bio-Rad 
Laboratories) was used to transfer the separated proteins to a polyvi-
nylidene fluoride membrane. Western blots were processed using the 
iBindTM Western System (Life Technologies, Carlsbad, CA, USA) with 
primary Abs and horseradish peroxidase-conjugated secondary Abs. 
β-actin was used as a loading control. An enhanced chemiluminescence 
system (SignalFire Plus ECL Reagent) was used to develop the protein 
bands. The protein levels were quantified by densitometry using the Im-
ageQuantTM LAS 4000 biomolecular imager (GE Healthcare, Uppsala, 
Sweden). Band densities were presented as fold-increases of the expres-
sion levels of primary Abs (normalized to β-actin), and compared with 
the results of control. Quantification results were shown below the cor-
responding blots. The densitometry data were from a representative of 
three independent experiments.

Immunocytochemical assay 
After washing with phosphate-buffered saline (PBS), the HPLSCs 

were fixed with 4% paraformaldehyde for 10 min at room temperature 
(RT), permeabilized with 0.5% Triton-X in PBS for 10 min, then 
blocked in 10% normal goat serum at RT for 10 min and incubated at 
4°C with primary Abs (dilution, 1:100). After three washes with PBS for 
5 min each, the cells were incubated with the combination of secondary 
Abs with Alexa Flour 488 or 568 (1:200) and Hoechst 33342 (5 μg/ml), 
as the nuclear staining (blue), at RT for 45 min. The stained cells were 
mounted with ProLong Gold Antifade Mountant and viewed under a 
light microscope (Keyence Corporation of America, Elmwood Park, NJ, 
USA).

Results
Osteogenic differentiation is induced in HPLSCs cultured with OIM 

First, we examined the protein levels of the osteogenesis markers, 
Runx2 and osterix, and the staining intensity of ALP activity to deter-
mine whether OIM can accelerate osteogenic differentiation of HPLSCs. 
Western blot analysis showed that the expression levels of both Runx2 
and osterix were upregulated in HPLSCs cultured in OIM, as compared 
to without OIM (control) (Fig. 1A). Immunocytochemical analysis 
showed that Runx2 expression was faintly observed in the cytoplasm of 
HPLSCs cultured with control medium, whereas HPLSCs with OIM 
showed intranuclear expression of Runx2 (Fig. 1B). Osterix was also 
observed in the intranuclear portion of HPLSCs cultured with OIM, 
even though HPLSCs cultured without OIM showed weakly and dif-
fusely displayed cytoplasmic expression of osterix (Fig. 1B). The inten-
sity of ALP staining was significantly enhanced in HPLSCs cultured in 
OIM, as compared with control OIM (Fig. 1C). These data demonstrate 
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that OIM can induce the osteogenic differentiation of HPLSCs.

Autophagy is accelerated in HPLSCs cultured with OIM  
To determine whether OIM can induce autophagy of HPLSCs, we 

examined the expression levels of autophagy-related factors in cells cul-
tured with or without OIM. The conversion of LC3-I to autophago-
some-associated LC3-II was enhanced in HPLSCs cultured with OIM, 
as determined by western blot analysis (Fig. 2A). By immunocytochem-
ical approaches, many LC3-II-positive autophagosomes were observed 
in HPLSCs cultured with OIM, as compared to without OIM (Fig. 2B). 
Conversion changes in LC3-II were correlated with increased expres-
sion of the autophagy marker Beclin-1 in HPLSCs cultured with OIM 
(Fig. 2A). Furthermore, we examined changes in the expression levels 
of autophagy regulators. The results of western blot analysis showed 
that the expression of phosphorylated AMPK was increased in HPLSCs 

cultured with OIM (Fig. 2A), suggesting that the activation of AMPK is 
related to the induction of autophagy. Immunocytochemical analysis 
showed that HPLSCs cultured with OIM showed perinuclear expression 
of phosphorylated AMPK (Fig. 2B). Together, these results indicate that 
OIM stimulation induced the activation of AMPK in HPLSCs. We used 
anti-p70S6K and -phosphorylated p70S6K Abs in western blot analysis 
to evaluate the activation of mTOR. Phosphorylated p70S6K expression 
was decreased in HPLSCs cultured with OIM, as compared with those 
cells without OIM (Fig. 2A). Similar to the results of western blotting, 
the reults of immunocytochemical analysis showed that the expression 
of phophorylated mTOR was reduced in HPLSCs cultured with OIM, 
even though remarkable expression of phosphorylated mTOR was ob-
served in the cytoplasm of HPLSCs cultured without OIM (Fig. 2B), in-
dicating the inverse activation of mTOR in HPLSCs cultured with OIM. 
These findings demonstrate that OIM induced autophagy of HPLSCs 

Figure 1. OIM induces osteogenic differentiation of HPLSCs. A-C: HPLSCs were cultured in OIM or control medium for 7 days. A: Western blot 
analysis of Runx2 and osterix (OSX) expression in HPLSCs cultured with or without OIM for 7 days. B: Immunocytochemical evaluation of 
Runx2 and osterix (OSX) expression (green) in HPLSCs cultured with or without OIM. Scale bars, 50 μm. C: Staining for ALP activity in 
HPLSCs treated with or without OIM on day 7. 

Figure 2. Autophagy induction in HPLSCs cultured with OIM. A and B: HPLSCs were cultured in OIM or control medium for 7 days. A: Expres-
sion of the autophagy markers LC3-II and Beclin-1, and the autophagy regulators AMPK and p70S6K in HPLSCs cultured with or without OIM 
for 7 days, as determined by western blot analysis. B: Immunocytochemical expression (green) of LC3-II, p-AMPK, and p-mTOR in HPLSCs 
cultured with or without OIM for 7 days. Scale bars, 50 μm. 
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through the upregulation of AMPK and downregulation of mTOR.

Attenuation of AMPK activity decreased osteogenic differentiation and 
autophagy of HPLSCs 

We investigated the role of AMPK in the enhancement of osteogenic 
differentiation and autophagy of HPLSCs using pharmacological inhibi-
tion and genetic knockdown of AMPK. The western blot results showed 
that the expression levels of both AMPK and phosphorylated AMPK 
were downregulated in HPLSCs treated with CC (Fig. 3A), indicating 
that CC works as AMPK inhibitor. Pharmacological inhibition of AMPK 
by CC had upregulated expression of phosphorylated p70S6K and de-
creased expression of LC3-II and Beclin-1, indicating activation of 
mTOR and reduced autophagic activity (Fig. 3A). CC treatment led to 
attenuation of osteogenic differentiation of HPLSCs, as demonstrated by 
the decreased expression of the osteogenic markers Runx2 and osterix, 
and reduced the intensity of ALP activity (Fig. 3A and B). The efficien-
cy of AMPKα siRNA silencing, but not the control siRNA, was con-
firmed by decreased expression of both AMPK and phosphorylated 
AMPK in differentiating HPLSCs at 7 days (Fig. 3C). HPLSCs trans-
fected with AMPKα siRNA showed upregulation of phosphorylated 
p70S6K, indicating that the inhibition of mTOR activity was relieved by 
the inactivation of AMPK (Fig. 3C). Decreased expression of the auto-
phagy markers osterix and LC3-II was observed in HPLSCs transfected 
with AMPKα siRNA (Fig. 3C). Transfection with AMPKα siRNA also 
suppressed osteogenic differentiation of HPLSCs, as evidenced by 

downregulated expression of Runx2 and osterix, and decreased intensity 
of ALP staining, as compared with that of the cells transfected with the 
negative control siRNA (Fig. 3C and D). Accordingly, pharmacological 
inhibition and genetic knockdown of AMPK blocked increased expres-
sion of the osteogenic and autophagy markers in HPLSCs, suggesting 
that AMPK activation may regulate both osteogenic differentiation and 
acceleration of autophagy of differentiating HPLSCs. 

mTOR negatively regulates osteogenic differentiation and autophagy 
of HPLSCs

The combination of the mTOR inhibitor rapamycin and its siRNA 
was used to identify relationships to osteogenic differentiation and auto-
phagy of HPLSCs. The effect of rapamycin pretreatment and mTOR 
siRNA, but not the control siRNA, was confirmed by suppressed ex-
pression of phosphorylated p70S6K in differentiating HPLSCs (Fig. 4A 
and C). Pharmacological and genetic inhibition of mTOR increased the 
expression of LC3-II (Fig. 4A and C), indicating that blockade of mTOR 
leads an acceleration of autophagy activation in differentiating HPLSCs. 
mTOR inhibition also had upregulated expression of Runx2 and osterix, 
and increased the intensity of ALP staining in HPLSCs (Fig. 4A-D), in-
dicating enhancement of osteogenic differentiation of HPLSCs by 
blocking of mTOR activity. These findings suggest that mTOR inhibi-
tion may contribute to osteogenic differentiation by inducing autophagy.

Figure 3. AMPK-related pathways regulate osteogenic differentiation of HPLSCs. A and B: HPLSCs were cultured in OIM with or without the 
AMPK inhibitor CC (1 μM) for 7 days. A: Representative western blots using Abs against AMPK, phosphorylated AMPK (p-AMPK), p70S6K, 
phosphorylated p70S6K (p-p70S6K), Runx2, osterix (OSX), Beclin-1, and LC3-II. B: Representative images of ALP staining (red) in HPLSCs 
with or without CC. C and D: HPLSCs were transfected with negative control siRNA (Ctrl Si) or AMPKα siRNA (AMPK Si; 10 μM) for 48 h 
before being cultured in OIM for 7 days. C: Western blot analysis of AMPK, phosphorylated AMPK (p-AMPK), p70S6K, phosphorylated 
p70S6K (p-p70S6K), Runx2, osterix (OSX), Beclin-1, and LC3-II. D: Representative images of ALP staining (red) in HPLSCs transfected with 
negative control siRNA (Ctrl Si) or AMPKα siRNA (AMPK Si).
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Early stages of autophagy are related to osteogenic differentiation of 
HPLSCs 

The autophagy process progresses through the early and late stages 
of osteogenic differentiation of HPLSCs. Therefore, we examined 
whether the early stages of autophagy participate in osteogenic differen-
tiation of HPLSCs using 3-MA pretreatment, autophagy inhibitors at the 
early stages, and Beclin-1 siRNA, but not the control siRNA. The influ-

ence of these inhibitiors was confirmed by decreased expression of Bec-
lin-1 and LC3-II in HPLSCs (Fig. 5A and C), indicating the suppression 
of autophagic activity. Inhibiting the early stages of autophagy had re-
duced expression of the osteogenic markers Runx2 and osterix, and de-
creased the intensity of ALP activity in HPLSCs (Fig. 5A-D). These 
findings suggest that autophagy-related osteogenic differentiation of 
HPLSCs may be regulated by the early stages of autophagy correspond-

Figure 4. Negative regulation of osteogenic differentiation and autophagy of HPLSCs by mTOR. A and B: After pretreatment with or without 
rapamycin (Rp; 200 nM), an inhibitor of mTOR, for 4 h, HPLSCs were cultured with OIM for 7 days. A: Representative western blots using Abs 
against p70S6K, phosphorylated p70S6K (p-p70S6K), LC3-II, Runx2, and osterix (OSX). B: Representative images of ALP staining (red) in 
HPLSCs pretreated with or without Rp. C and D: HPLSCs were transfected with negative control siRNA (Ctrl Si) or mTOR siRNA (mTOR Si; 
10 μM) for 48 h before being cultured in OIM for 7 days. C: Western blot analysis of p70S6K, phosphorylated p70S6K (p-p70S6K), LC3-II, 
Runx2, and osterix (OSX). D: Representative images of ALP staining (red) in HPLSCs transfected with negative control siRNA (Ctrl Si) or 
mTOR siRNA (mTOR Si).

Figure 5. Osteogenesis differentiation of HPLSCs was attenuated after deletion of Beclin-1 by 3-MA and siRNA in HPLSCs. A and B: After pre-
treatment with or without 3-MA (5 mM) for 4 h, HPLSCs were cultured with OIM for 7 days. A: Representative western blots using Abs against 
Beclin-1, LC3-II, Runx2, and osterix (OSX). B: Representative images of ALP staining (red) in HPLSCs pretreated with or without 3-MA. C and 
D: HPLSCs were transfected with negative control siRNA (Ctrl Si) or Beclin-1 siRNA (Beclin-1 Si; 10 μM) for 48 h before being cultured in 
OIM for 7 days. C: Western blot analysis of Beclin-1, LC3-II, Runx2, and osterix (OSX). D: Representative images of ALP staining (red) in 
HPLSCs transfected with negative control siRNA (Ctrl Si) or Beclin-1 siRNA (Beclin-1 Si).
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ing to Beclin-1 activity. 

Inhibition of the late stage of autophagy produced no changes in oste-
ogenic differentiation of HPLSCs 

Next, we examined the effect of blockade of the late stage of auto-
phagy on osteogenic differentiation of HPLSCs by the combination of 
pharmacological inhibition and genetic knockdown of LC3-II. CQ is an 
inhibitor of the late stages of autophagy and acts to inhibit the fusion of 
formed autophagosomes and lysosomes. The effects of CQ pretreatment 
and LC3 siRNA, but not the control siRNA, were verified by decreased 
expression of LC3-II in HPLSCs (Fig. 6A and C). The late auto-
phagy-inhibited HPLSCs showed no changes in the expression levels of 
the osteogenic markers Runx2 and osterix, and the intensity of ALP 
staining, as compared with control cells (Fig. 6A-D). These findings 
suggest that, unlike the early stages, the late stages of autophagy may 
not regulate variation in osteogenic differentiation of HPLSCs.

Discussion
The results of the present demonstrate a role of autophagy stages in 

the osteogenic differentiation of HPLSCs. The process of autophagy is 
generally divided into two parts, the early and late stages. Our results 
highlight three main points. First, the acceleration of osteogenic differ-
entiation of HPLSCs was regulated by the early stages of autophagy. 
Second, negative regulation of mTOR contributed to autophagy-induced 
osteogenic differentiation. Third, activation of AMPK mediated early 
autophagy-accelerated osteogenic differentiation through the downregu-
lation of mTOR and upregulation of Beclin-1. 

The most striking finding is that inhibition of the PI3KcIII/Beclin-1 
complex led to decreased enhancement of osteogenic differentiation of 
HPLSCs. The PI3KcIII/Beclin-1 complex regulates the initiation and 
nucleation phases of the autophagy process, which are essential for pha-
gophore formation8). 3-MA inhibits the early stages of autophagy by 
blocking autophagosome formation via the inhibition of PI3KcIII20). In 
contrast, HPLSCs pretreated with CQ or transfected with LC3 siRNA 
showed no changes in the enhancement of osteogenic differentiation. 
CQ is one of the most widely employed inhibitors of the last stage of 

autophagy in in vitro studies21, 22). LC3-II is a component of the ubiqui-
tin-like conjugation systems that ensures the lipidation of autophago-
some markers for regulation of the maturation phase of the autophagy 
process9). These findings of autophagy inhibition suggest that the en-
hancement of osteogenic differentiation of HPLSCs is regulated by the 
early stages of autophagy, whereas the late stages had no influence. 
Similarly, a recent study has postulated the crucial role of early auto-
phagy in the induction of osteogenic differentiation of human MSCs5). 
In contrast, a few studies revealed that the late stages of autophagy may 
contribute to the maintenance of bone mass based on the findings that 
pharmacological and genetic inhibition of late autophagy decreased 
bone loss in animal models23, 24).

Inhibition of mTOR activity represents increased enhancement of 
autophagy-mediated osteogenic differentiation of HPLSCs. In this study, 
anti-p70S6K and -phosphorylated p70S6K Abs were used to evaluate 
the activation of mTOR, which leads to the phosphorylation of the 
downstream protein p70S6K25, 26). Although the mTOR/p70S6K signal-
ing pathway is required for osteoblast proliferation and differentiation, 
the effect of mTOR activity on osteogenic differentiation remains con-
troversial18, 19). Suppression of mTOR signaling with rapamycin has been 
shown to promote osteogenesis in vitro, as measured by an increase in 
ALP activity, an increase in mineral formation, and the upregulation of 
genes involved in osteogenesis18). Our results support those of that study. 
In the present study, mTOR inhibition also led to increased LC3-II ex-
pression. mTOR, under diverse positive conditions, such as high energy 
levels, amino acids, and growth factors, was found to inhibit auto-
phagy17). Therefore, mTOR may negatively regulate the autophagy-me-
diated osteogenic differentiation of HPLSCs. 

The combination of pharmacological inhibition and gene silencing 
demonstrated that AMPK-dependent inhibition of mTOR is necessary 
for the enhancement of osteogenic differentiation of HPLSCs and medi-
ated increased activity of autophagy. Our results are consistent with the 
ability of AMPK to induce autophagy through inactivation of mTOR in 
various cell types27). AMPK inhibition led to decreased expression of 
both Beclin-1 and LC3-II, suggesting that AMPK directly regulates the 
autophagy process. Particularly, our data that AMPK inhibition de-

Figure 6. Induction of osteogenic differentiation of HPLSCs was maintained after deletion of LC3-II by CQ and siRNA. A and B: After pretreat-
ment with or without CQ (10 μM) for 4 h, HPLSCs were cultured with OIM for 7 days. A: Representative western blots using Abs against LC3-
II, Runx2, and osterix (OSX). B: Representative images of ALP staining (red) in HPLSCs pretreated with or without CQ. (C and D) HPLSCs 
were transfected with negative control siRNA (Ctrl Si) or LC3 siRNA (LC3 Si; 10 μM) for 48 h before being cultured in OIM for 7 days. C: 
Western blot analysis of LC3-II, Runx2, and osterix (OSX). D: Representative images of ALP staining (red) in HPLSCs transfected with negative 
control siRNA (Ctrl Si) or LC3 siRNA (LC3 Si).
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creased Beclin-1 activity led us to speculate that AMPK directly regu-
lates the early stage of autophagy. This speculation supports recent stud-
ies that AMPK regulates autophagy by activation of Beclin-128, 29). 
Together, these findings suggest that AMPK activation enhances the ear-
ly stages of autophagy-mediated osteogenic differentiation of HPLSCs 
via dual mechanisms involving not only inactivation of mTOR, but also 
direct activation of Beclin-1. 

There were some possible limitations to this study, especially the 
lack of direct evidence of why inactivation of mTOR can accelerate au-
tophagy-mediated osteogenic differentiation. Recent studies proposed 
that AMPK activation activates autophagy via dual mechanisms involv-
ing not only inactivation of mTOR, but also direct phosphorylation of 
ULK127). Therefore, further studies are warranted to examine the in-
volvement of ULK1 activity during osteogenic differentiation of 
HPLSCs. 

In conclusion, this study revealed that AMPK-dependent mTOR in-
hibition- and Beclin-1 activation-mediated early stages of autophagy are 
required for the enhancement of osteogenic differentiation of HPLSCs, 
which may be targeted to advance the osteogenic capacity of MSCs and 
provide unique strategies for bone regeneration and repair.
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