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Abstract

Background Dental pulp stem cells (DPSCs) play a crucial role in dentin-pulp complex regeneration. Further
understanding of the mechanism by which DPSCs remain in a quiescent state could contribute to improvements
in the dentin-pulp complex and dentinogenesis.

Methods TSC1 conditional knockout (DMP1-Cre+; TSC1"", hereafter CKO) mice were generated to increase the activ-
ity of mechanistic target of rapamycin complex 1 (mTORCT). H&E staining, immunofluorescence and micro-CT analy-
sis were performed with these CKO mice and littermate controls. In vitro, exosomes were collected from the super-
natants of MDPC23 cells with different levels of mTORC1 activity and then characterized by transmission electron
microscopy and nanoparticle tracking analysis. DPSCs were cocultured with MDPC23 cells and MDPC23 cell-derived
exosomes. Alizarin Red S staining, ALP staining, gRT-PCR, western blotting analysis and micro-RNA sequencing were
performed.

Results Our study showed that mTORCT activation in odontoblasts resulted in thicker dentin and higher dentin
volume/tooth volume of molars, and it increased the expression levels of the exosome markers CD63 and Alix. In vitro,
when DPSCs were cocultured with MDPC23 cells, odontoblastic differentiation was inhibited. However, the inhibi-
tion of odontoblastic differentiation was reversed when DPSCs were cocultured with MDPC23 cells with mTORC1
overactivation. To further study the effects of mMTORC1 on exosome release from odontoblasts, MDPC23 cells were
treated with rapamycin or shRNA-TSC1 to inactivate or activate mTORCI, respectively. The results revealed that exo-
some release from odontoblasts was negatively correlated with mTORCT1 activity. Moreover, exosomes derived
from MDPC23 cells with active or inactive mTORC1 inhibited the odontoblastic differentiation of DPSCs at the same
concentration. miRNA sequencing analysis of exosomes that were derived from shTSC1-transfected MDPC23 cells,
rapamycin-treated MDPC23 cells or nontreated MDPC23 cells revealed that the majority of the miRNAs were similar
among these groups. In addition, exosomes derived from odontoblasts inhibited the odontoblastic differentiation
of DPSCs, and the inhibitory effect was positively correlated with exosome concentration.
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Conclusion mTORC1 regulates exosome release from odontoblasts to inhibit the odontoblastic differentiation
of DPSCs, but it does not alter exosomal contents. These findings might provide a new understanding of dental pulp

complex regeneration.

Keywords Exosomes, mTORC1, Odontoblasts, DPSCs, Odontoblastic differentiation

Introduction

It is well known that most dental pulp stem cells (DPSCs),
which are adult stem cells (ASCs), exist in a quiescent
state under normal physiological conditions [1]. Once
DPSCs are stimulated, they can differentiate into odonto-
blasts. The odontoblastic differentiation of DPSCs is
regulated by a variety of signaling molecules, transcrip-
tion factors and exosomes in the dental pulp microenvi-
ronment. Transforming growth factor (TGF-f), tumor
necrosis factor-a (TNF-«) and lipopolysaccharide (LPS)
have been reported to regulate the differentiation of
DPSCs in the dental pulp microenvironment [2]. How-
ever, the regulatory mechanism by which DPSCs remain
in a quiescent state remains unknown.

Mechanistic target of rapamycin (mTOR), which is a
highly conserved Ser/Thr protein kinase, can form two
complexes, mTOR complex 1 (mTORC1) and mTOR
complex 2 (mTORC?2) [3]. Tuberous sclerosis complex 1
(TSC1) normally downregulates mTORC1 [4, 5]. When
cells are stimulated, PI3-K/Akt is activated and inhib-
its TSC1 activity; this protects Ras homolog enriched
in brain (RHEB) from inhibition by TSC1, and then,
mTORCI1 is activated [6]. The expression level of phos-
pho-S6 (pS6), observed by western blotting analysis,
is often considered a marker of mTORCI] activity [7].
It is well known that autophagy is mainly regulated by
mTORCI1. When mTORCI1 is activated by TSC1 inhi-
bition, autophagy is greatly decreased [8]. mTORC1
has been reported to control the release of exosomes
in order to regulate the response of liver cells to dif-
ferences in the levels of external nutrients and growth
factors [9]. It has also been reported that mTORC1
inhibition can cause the release of exosomes to pro-
mote stress-induced tumor adaptation [10]. However,
the relationship between mTORC1 and exosomes in
the odontoblastic differentiation of DPSCs has not been
reported. mTORCI1 is essential for the osteo/odonto-
blastic differentiation of dental stem cells [11-13]. In
our recent study, we confirmed that mTORC1 pro-
moted mineralized matrix secretion by odontoblasts via
the p53 signaling pathway [14]. Additionally, we found
that the expression levels of cluster of differentiation 63
(CD63) and apoptosis-linked gene 2-interacting pro-
tein (Alix) changed with changes in mTORC1 activity
and that predentin was thicker in molars in 6-month-
old mice with activated mTORCI1. Previous studies

have reported that CD63 and Alix are biomarkers of
exosomes [15-18]. In developed teeth, predentin is part
of secondary dentin, and it is well known that second-
ary dentin partially originates from DPSC odontoblas-
tic differentiation [19]. Therefore, we hypothesized that
mTORC1 may regulate the release of exosomes from
odontoblasts to control the odontoblastic differentia-
tion of DPSCs.

It is well accepted that exosomes originate from intra-
luminal vesicles [20]. Exosomes have been reported
to mediate intercellular communication via the bio-
logical molecules (i.e., proteins, nucleic acids, lipids,
and metabolites) that they carry [21]. The particle size
of exosomes is smaller than 200 nm [22]. Because of
the significant role of exosomes in intercellular com-
munication, the effect of exosomes on tooth develop-
ment and dental stem cell differentiation has recently
attracted increasing attention. In a recent study, Her-
twig’s epithelial tooth sheath cells promoted dental
papilla cell differentiation through their exosome-like
vesicles in a dental pulp microenvironment [23]. Fur-
thermore, exosomes derived from DPSCs can regulate
the angiogenesis of endothelial cells [24] and promote
the osteoblastic differentiation of homotypic DPSCs
[25]. Jiang et al. reported that exosomes mediate epi-
thelial-mesenchymal crosstalk to promote tooth devel-
opment [26]. Researchers also found that exosomes
that are released from severely inflamed odontoblasts
attenuate apoptosis in mildly inflamed neighboring
odontoblasts [27]. In conclusion, exosomes are crucial
for dental stem cell differentiation and tooth develop-
ment. However, whether exosomes that are derived
from odontoblasts play a critical role in the odontoblas-
tic differentiation of DPSCs is still unknown.

In this study, the objectives were to investigate the
roles of mMTORCI1 in the release of exosomes by odonto-
blast in order to regulate the odontoblastic differentia-
tion of DPSCs; to this end, mTORC1 was activated and
inhibited in vitro and in vivo, and the underlying mech-
anism was elucidated via microRNA (miRNA) sequenc-
ing of exosomes that were derived from odontoblasts.
Furthermore, we investigated the possible regulatory
mechanism by which DPSCs remain in a quiescent
state, and our findings may provide a theoretical basis
for the development of strategies to promote dentin-
pulp complex regeneration.



Luo et al. Stem Cell Research & Therapy (2023) 14:176

Methods

Animals

All animal experiments were performed with the approval
of the Ethical Committee for Animal Research of South-
ern Medical University and were conducted according to
the state guidelines of the Ministry of Science and Tech-
nology of China. A study has shown that DMP1-Cre is
expressed in odontoblasts and osteocytes [28]. Dmpl-
Cre" (JAX stock 023047) mice and TSC1"" (12956/
SyEyTac) mice were purchased from Jackson Laboratory
(Bar Harbor, USA). The breeding strategies were per-
formed as previously described [14]. To generate TSC1-
deficient in odontoblast, we mated TSC1"f mice with
DMP1-Cre* mice to generate DMP1-CretTSC1"*mice.
Then, DMP1-Cre"TSC1Y*mice were mated with TSC1"*
to obtain male conditional knockout mice (Dmp1-Cre*
TSC1%; CKO) and littermates of the same sex served as
controls (Dmp1-Cre~TSC1"5 Ctrl). The other offspring
genetypes, including DMP1-Cre*TSC1Y" and DMPI-
Cre"TSC1Y*, were excluded from analyses, and the num-
ber is 36. The random allocation of mice to experimental
group (control versus knockout) was driven by Mende-
lian Inheritance. For each mouse, two different investi-
gators were involved as follows: First investigator (SH)
was responsible for the mice generating mice genetype
identification; second investigator (HL) was responsible
for micro-CT scanning, HE staining and immunofluores-
cence analyses. For the euthanasia, the mice were firstly
anesthetized by 1.5% isoflurane and then were performed
dislocation of cervical vertebra. Four 6-month-old CKO
mice samples and four 6-month-old Ctrl mice sam-
ples were used to analyses in this study. Every mouse is
regarded as the single experiment unit, and all the mice
were kept in SPF laboratories.

Micro-CT analysis

Mandibular molars were harvested from 6-month-old
mice for micro-CT scanning (Scanco Medical, AG, Swit-
zerland) at 12-pm accuracy. All the specimens were incu-
bated in 4% paraformaldehyde at 4 °C for 24 h. Then,
micro-CT scanning was performed. The dentin thickness
was measured in sections of mesiobuccal cusps of man-
dibular first molars. The dentin percentage of mandibular
first molars was also analyzed by Scanco software.

Immunofluorescence and hematoxylin and eosin staining

Mouse mandibular molars were fixed in 4% paraform-
aldehyde for 48 h and then decalcified in 10% ethylen-
ediaminetetraacetic acid at 4 °C for 1 month. A series of
gradient ethanol solutions was used for tissue dehydra-
tion, and then, the tissues were embedded in paraffin.
Four-micron-thick specimens from first molars were
obtained for hematoxylin and eosin (H&E) staining and

Page 3 of 16

immunofluorescence, which were performed as previ-
ously described [14]. For immunofluorescence, the sec-
tions were stained with antibodies against the following
proteins: DMP1 (Abcam, UK), COL1 (Proteintech,
China), CD63 (Abcam, UK) and Alix (Abcam, UK). The
immunofluorescence images were taken by Leica STEL-
LARIS 5 (72 dpix 72 dpi), LAS X software.

Cell culture

DPSCs and periodontal ligament stem cells (PDLSCs)
were collected from noncarious and periodontally
healthy mandibular molars of human patients at the
Department of Stomatology, Nanfang Hospital, Southern
Medical University. This study was approved by the Eth-
ics Committee of Nanfang Hospital, Southern Medical
University (Approval number NFEC-2021-339), and the
donors provided informed consent. Briefly, dental pulp
and periodontal ligaments were carefully removed from
the pulp cavity and root face, respectively. After the den-
tal pulp was dissected into approximately 1-mm? pieces
with ophthalmic scissors, the fragments were digested
with 3 mg/mL type 1 collagenase (Sigma, USA) at 37 °C
for 30 min. Then, the cells were cultured in alpha-MEM
supplemented with 10% BSA and 100 U/mL penicillin/
streptomycin at 37 °C in 5% CO,. When the cells reached
80-90% confluence, the DPSCs and PDLSCs that had
clone formation capacity were obtained via a limited dilu-
tion method. DPSCs and PDLSCs at passages 3—5 were
used for the experiments in this study. The odontoblas-
tic differentiation of DPSCs and PDLSCs was induced
with differentiated medium supplemented with 50 pg/mL
ascorbic acid and 10 mM f-glycerol phosphate. MDPC23
cell culture was performed as previously described [14].
The MDPC23 cell line, which is an immortalized cell
line derived from fetal mouse molar papillae [29, 30],
was purchased from Cellcook Biology Company. The
MDPC23 cells were cultured in alpha-MEM (Gibco) sup-
plemented with 10% fetal bovine serum (FBS, Gibco) at
37 °Cin 5% CO,.

Flow cytometry and oil red O staining

Third-passage DPSCs and PDLSCs were incubated with
antibodies against surface markers, including CD29,
CD90, CD34 and CD45, at 37 °C for 15 min and then
analyzed by flow cytometry.

Oil Red O staining was performed to determine lipid
formation during the adipogenic differentiation of DPSCs
and PDLSCs. The cells were fixed with 4% paraformal-
dehyde for 15 min and then washed with PBS 3 times.
The cells were stained with Oil Red O staining solution
(Cyagen, America) for 10 min, and then, 60% isopropanol
was used to differentiate the cells. Lipid droplets were
observed under a microscope and photographed.
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DPSC coculture with MDPC23 cells

For the DPSC and MDPC23 coculture experiments,
DPSCs were seeded in the bottom chambers of transwell
plates with a pore size of 0.4 pm (Corning, USA). Then,
MDPC23 cells were labeled with DiO dye according to
the manufacturer’s instructions (Beyotime, China). Then,
the labeled MDPC23 cells were placed into the upper
chambers of the same wells and incubated for 24 h or
7 days. The 0.4-pm transwell allowed the free exchange
of molecules, including exosomes, between the DPSCs
and MDPC23 cells but prevented cell migration. Nota-
bly, MDPC23 cells were transfected with lentivirus to
achieve the shARNA-mediated silencing of TSC1 (shTSC1,
5" -GACACACAGAATAGCTATG-3") in order to acti-
vate mTORC1 before they were cocultured with DPSCs.
After 24 h, DPSCs were harvested and stained with DAPI
(Abcam, UK). The fluorescence images were taken by
Olympus BX63 (72 dpix 72 dpi), Cellsens software.

MPDC23 cell-derived exosome uptake by DPSCs in vitro
The green fluorescent dye PKH67 was used to label
exosomes according to the manufacturer’s instructions
(Sigma-Aldrich, USA). Briefly, 0.4 pL in 200 pL Diluent
C was added to 10 pg exosomes in 200 uL PBS, and then,
the mixture was incubated for 2 min at 24 °C. The excess
dye in the mixture was removed by ultracentrifugation
at 100,000 x g at 4 °C for 70 min to collect the exosomes,
which were resuspended in PBS. Then, 107 particles/mL
PKH67-labeled exosomes were cocultured with DPSCs at
37 °C for 12 h. Then, the cells were fixed in 4% paraform-
aldehyde. After the cell nuclei were stained with DAPI
(Abcam, UK), the uptake of exosomes was observed by
Olympus BX63 (72 dpix 72 dpi), Cellsens software.

Immunocytochemistry

Cells were fixed with 4% paraformaldehyde for 30 min at
room temperature, and then, they were incubated with
0.5% (v/v) Triton X-100 in PBS for 30 min at room tem-
perature. The cells were blocked with 5% bovine serum
albumin (BSA; Biotopped, China) for 30 min and then
incubated with primary antibodies against pS6 (Cell Sign-
aling Technology, USA), CD63 (Abcam, UK) and Alix
(Abcam, UK) overnight at 4 °C. After extensive wash-
ing in PBS, the cells were incubated with a Cy3-labeled
goat anti-rabbit IgG antibody. The immunofluorescence
images were taken by Olympus BX63 (72 dpix 72 dpi),
Cellsens software.

Isolation and characterization of exosomes from MDPC23
cells with inhibited or activated mTORC1

shTSC1 and rapamycin were used to activate and inhibit
mTORCI1 activity, respectively. The methods were per-
formed as previously described [14]. When mTORC1
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inactivation or activation, MDPC23 cells were cultured
in alpha-MEM supplemented with 10% exosome-free
FBS for 24 h or 48 h to obtain conditioned medium.
The conditioned medium was differentially centrifuged
at 500 x g for 10 min, 2000 X g for 10 min and 100,00 x g
for 30 min at 4 °C, and then, the medium was filtered
through a 0.22-pm filter. Next, the medium was ultra-
centrifuged at 100,000 X g at 4 °C for 70 min to collect the
exosomes. After being washed and resuspended in PBS,
the exosomes were collected again by ultracentrifugation
at 100,000 x g at 4 °C for 70 min.

Transmission electron microscopy was used to observe
the morphology of exosomes, and ZETAVEW (Particle,
Germany) was used to analyze the particle size distribu-
tion of the exosomes. Western blotting was performed
to measure the expression of the protein markers of
exosomes CD63 (Abcam, UK) and Alix (Abcam, UK).

Alizarin red S staining and alkaline phosphatase staining
Alkaline phosphatase (ALP) staining and Alizarin Red S
staining, as well as the quantification of Alizarin Red S
staining, were performed as previously described [14].

Western blotting analysis

Lysates of cells were prepared, and western blotting
analysis was performed as previously described [14]. Pri-
mary antibodies against the following proteins were used:
pS6 (Cell Signaling Technology, USA), S6 (Cell Signaling
Technology, USA), ALP (Abcam, UK), COL1 (Abcam,
UK), GAPDH (Bioworld, China), DMP1 (Bioss, China),
ALIX (Bimake, China) and CD63 (Bimake, China).

qRT-PCR
Total RNA was extracted from cells, and qRT-PCR anal-
ysis was performed as described previously [31]. Briefly,
TRIzol (Takara, Shiga, Japan) was used to extract the
total RNA from the cells according to the manufacturer’s
instructions. An aliquot of 1000 ng of RNA was reverse
transcribed into c¢DNA using TaKaRa PrimeScript
Reverse Transcriptase (TaKaRa, Shiga, Japan). qRT-
PCR was performed with SYBR Premix DimerEraserTM
(Takara) using a QuantStudio 5 Real-time PCR system
(Applied Biosystems, USA). The sequences of the primers
used in the experiments are listed in Table 1. The relative
expression of the target genes was calculated using the
2788CT method.

miRNA sequencing

miRNA sequencing was performed by Novogene Bioin-
formatics Technology (Beijing, China). Briefly, total RNA
was isolated from the samples by using the exoRNeasy
Midi/Max Kit (Qiagen, USA) according to the manufac-
turer’s protocol. The extracted total RNA was analyzed
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Table 1 Primers used for gRT-PCR

Target gene Primer sequence

GAPDH Forward: CAACGTGTCAGTGGTGGACCTG
Reverse: GTGTCGCTGTTGAAGTCAGAGGAG
ALP Forward: ACTGGTACTCAGACAACGAGAT
Reverse: ACGTCAATGTCCCTGATGTTATG
Forward: AGCAGTGAGTCCAGCCAAGAGG
Reverse: AGTTGTGGGGTCGGGGTTATCTC
COL1 Forward: AGTGGTTTGGATGGTGCCAA

Reverse: GCACCATCATTTCCACGAGC

DMP1

by an Agilent 2100 Bioanalyzer (Agilent Technologies,
USA). After the total RNA was quantified, the sequenc-
ing RNA library was constructed with the Small RNA
Sample Pre Kit, which included the following steps:
addition of a 3’-end linker, addition of a 5’-end linker,
reverse transcription, amplification, cDNA library size
selection and purification. Qubit 2.0 was used for pre-
liminary quantification, and then, an Agilent 2100 was
used to measure the insert size of the library. After quali-
fied library inspection, the library was pooled for Illu-
mina SE50 sequencing according to the requirements of

Micro-CT Th (mm)

COLI DAPI Merge DMP1 DAPI

6 month
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effective concentration and target offline data amount.
The sequencing process was controlled by the data col-
lection software provided by Illumina that performed
real-time data analysis.

Statistical analysis

Statistical analysis of the results was conducted with
GraphPad Prism software (GraphPad, San Diego, CA,
USA). Comparisons between two groups were made
with unpaired ¢ tests. All the data are expressed as the
mean + SEM, and the significance level was set to p<0.05
for data from at least three independent samples.

Results

mTORC1 activation promoted dentin formation

but inhibited exosome release in vivo

While studying the role of mTORC1 in dentin forma-
tion, we discovered that dentin formation was increased
in odontoblasts with mTORC1 overactivation. Micro-
CT analysis indicated that the dentin thickness in
6-month-old CKO mice was significantly higher than
that in 6-month-old control mice (Fig. 1A, B). Analy-
sis of the dentin volume/tooth volume (DV/TV) in the
dentin region showed that the DV/TV of 6-month-old
CKO mouse molars was approximately 12% greater than

C D Ctrl :
il

6 month

*
-

DV(mm3)/TV(mm3)

Alix DAPI Merge CD63 DAPI Merge

Fig. 1 mTORC1 activation promoted dentin formation but mhlblted exosome release in vivo. A Represemat\ve images indicated that CKO mice had
significantly thicker dentin in the first and second molars than Ctrl mice (scale bar=1.0 mm). B Dentin thickness in Ctrl (0.2740+0.02209, N=4) mice
and CKO mice (04048 £0.01217, N=4), as determined by micro-CT analysis. C Micro-CT analysis of the dentin region in the first molars indicated
that the dentin volume/tooth volume (DV/TV) percentages were higher in CKO (0.6362 +0.02300, N=4) mice than in Ctrl (0.5138+0.01440, N=4)
mice. D H&E staining of mandibular first molars from Ctrl mice and CKO mice (scale bar=200 pym). E Immunofluorescence results of the protein

expression levels of COL1 and DMP1 in odontoblasts from 1-

to 3-month-old CKO mice and Ctrl mice (scale bar=50 um). F The odontoblasts

from 6-month-old CKO mice exhibited stronger staining for CD63 and Alix, which are exosome markers, than those from control mice (scale

bar=50 um). The values are presented as the means+SDs. *p <0.05, **p < 0.01

,#%0 <0,001
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that of control mice (Fig. 1C). In addition, H&E stain-
ing showed the same results as micro-CT analysis, and
compared to the control mice, the formation of preden-
tin in the CKO mice was increased (Fig. 1D). As shown
in Fig. 1E, the levels of mineralization-related proteins
(DMP1 and COL1) were dramatically increased in the
6-month-old CKO mice compared with the 6-month-
old control mice. Additionally, we serendipitously dis-
covered that the odontoblasts of the 6-month-old CKO
mice expressed higher levels of CD63 and Alix, which
are markers of exosomes, that those of the control mice
(Fig. 1F).

Because the odontoblastic differentiation of DPSCs
participates in synthesizing reactionary dentin and the
concentrations of exosomes are associated with many
physiological and pathological activities, we investigated
whether there was a relationship between the abnormal
accumulation of exosomes in TSCl-deficient odonto-
blasts and the odontoblastic differentiation of DPSCs.

Odontoblastic differentiation of DPSCs was inhibited

by coculture with odontoblasts, but this inhibition

was reversed by coculture with odontoblasts

with activated mTORC1

Primary DPSCs were successfully harvested from den-
tal pulp tissue (Additional file 1: Fig. S1A) and passaged
(Additional file 1: Fig. S1B). Alizarin Red S staining and
Oil Red O staining showed that induced DPSCs, but
not noninduced DPSCs, exhibited mineralized nodules
and lipid droplets; these findings indicated the multidi-
rectional differentiation potential of DPSCs (Additional
file 1: Fig. S1C, D). The flow cytometry results showed
that DPSCs were positive for CD29 and CD90 expres-
sion and negative for CD45 and CD34 expression (Addi-
tional file 1: Fig. S1E). To simulate the microenvironment
of DPSCs and MDPC23 cells in vivo, we utilized a tran-
swell coculture system and activated mTORC]1 in vitro to
investigate the effect on DPSCs. We cocultured DPSCs
with MDPC23 cells using 0.40-uM transwell plates
in vitro, as shown in Fig. 2A, in order to simulate the posi-
tional relationships between odontoblasts and DPSCs in

(See figure on next page.)
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the microenvironment. MDPC23 cells were labeled with
DiO green, which is a fluorescent dye. After being cocul-
tured for 24 h, the MDPC23 cell-derived exosomes were
successfully taken up by the DPSCs (Fig. 2B). As shown
in Fig. 2B, when mTORC1 was overactivated in MDPC23
cells, the uptake of exosomes by DPSCs decreased. The
western blotting and qRT-PCR results demonstrated
that when DPSCs were cocultured with MDPC23 cells
in odonto-differentiated medium, the MDPC23 cells
reversed the increase in the expression levels of DMP1,
COL1 and ALP in the DPSCs that had been upregulated
by mTORCI1 activation in MDPC23 cells (Fig. 2C-E,
Additional file 1: Fig. S2). As shown in Fig. 2F and G,
Alizarin Red S staining showed that mineralized nod-
ule formation in the DPSCs was markedly decreased by
coculture with MDPC23 cells, but the inhibition of min-
eralized nodule formation was reversed when mTORC1
was activated in the MDPC23 cells. ALP staining further
confirmed these results (Fig. 2H).

Exosome release by odontoblasts was negatively
correlated with mTORC1 activity

To further confirm the effect of mTORC1 on exosome
secretion, we used cell experiments in vitro. Immunocy-
tochemistry analysis indicated that the expression levels
of pS6 were enhanced in TSC1-deficient MDPC23 cells
but markedly decreased in rapamycin-treated cells, and
the expression of exosome marker proteins (CD63 and
Alix) was positively correlated with mTORCI1 activ-
ity (Fig. 3A). Western blotting revealed that the lev-
els of exosome markers, including CD63 and Alix,
were greatly increased in TSC1-deficient MDPC23 cell
extracts, whereas they were decreased in rapamycin-
treated cell extracts (Fig. 3B, Additional file 1: Fig. S3).
Next, MDPC23 cells, TSC1-deficient MDPC23 cells and
rapamycin-treated MDPC23 cells were cultured in alpha-
MEM supplemented with 10% exosome-free FBS for 24 h
to obtain conditioned medium, and then, the exosomes
were isolated. Examination of the isolated exosomes
using transmission electron microscopy showed that
the exosomes from control cells, TSC1-deficient cells

Fig. 2 Odontoblastic differentiation of DPSCs was inhibited by coculture with odontoblasts, but this inhibition was reversed by coculture

with odontoblasts with activated mTORC1. A Schematic diagram showing the method for transwell coculture of DPSCs and MDPC23 cells. B
MDPC23 cells were labeled with the DiO green fluorescent dye. After being cocultured for 24 h, DPSCs were stained with phallotoxins and DAPI.
Exosomes that were derived from MDPC23 cells were successfully taken up by DPSCs, but when mTORC1 was overactivated in the MDPC23 cells,
the uptake of exosomes by DPSCs was decreased (scale bar=50 um). C Western blotting results revealed that MDPC23 cells attenuated the protein
expression of DMP1, COL1T and ALP in DPSCs that had been upregulated by mTORC1 activation in MDPC23 cells. Full-length blots are presented

in Additional file 1: Fig. S2. D Quantitative and statistical analysis of the western blotting results. E gRT-PCR analysis indicated that MDPC23 cells
attenuated the mRNA expression of DMP1, COL1 and ALP in DPSCs that had been upregulated by mTORC1 activation in MDPC23 cells (n=3).

F Alizarin Red S staining showed that the mineralized nodule formation of DPSCs was markedly decreased by coculture with MDPC23 cells,

but the inhibition of mineralized nodule formation ability was reversed when mTORC1 was activated in the MDPC23 cells (scale bar=400 um). G
Quantitative and statistical analysis of Alizarin Red S staining by 10% cetylpyridinium chloride. H The results of ALP staining (scale bar=400 um). The
values are presented as the means+SDs. *p < 0.05, **p < 0.01, ***p < 0.001. DPSC Dental pulp stem cells, ALPalkaline phosphatase
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Fig. 3 Exosomes release by odontoblasts varied with differences in mTORCT1 activity. A Immunocytochemistry analysis indicated

that the expression levels of pS6 were enhanced in TSC1-deficient MDPC23 cells but markedly decreased in rapamycin-treated cells,

and the expression of exosome marker proteins (CD63 and Alix) was positively correlated with mTORCT1 activity (scale bar=50 um). B Western
blotting results revealed that the expression of CD63 and Alix was significantly increased in TSC1-deficient MDPC23 cell extracts but was decreased

in rapamycin-treated cell extracts. Full-length blots are presented in Additional file

1: Fig. S3. C Exosomes that were isolated from MDPC23 cells,

TSC1-deficient MDPC23 cells and rapamycin-treated MDPC23 cells were examined by transmission electron microscopy (scale bar=200 nm).
D Exosomes that were isolated from cell culture media of MDPC23 cells, TSC1-deficient MDPC23 cells and rapamycin-treated MDPC23 cells

were assessed by western blotting. Full-length blots are presented in Additional file

1: Fig. S4. E Exosomes that were isolated from MDPC23 cells,

TSC1-deficient MDPC23 cells and rapamycin-treated MDPC23 cells were examined by nanoparticle tracking analysis (NTA). F The statistical analysis
of NTA results. The values are presented as the means+SDs. *p < 0.05, **p < 0.01, ***p < 0.001

and rapamycin-treated cells had a similar size and mor-
phology (Fig. 3C). Western blotting results showed
that CD63 and Alix could be detected in this group of
isolated exosomes (Fig. 3D, Additional file 1: Fig. S4).
NTA revealed a sharp decrease in the concentrations
of exosomes in the media from TSCl-deficient cells,
whereas the concentrations of exosomes in the media
from rapamycin-treated cells were significantly increased
compared with those of the control group (Fig. 3E, F).

Exosomes from odontoblasts with mTORC1 activation

or mTORC1 inactivation inhibited DPSC differentiation

at the same concentration

To confirm the role of mTORCI1 in the release of
exosomes by odontoblasts in order to regulate DPSCs

odontoblast differentiation, we first collected exosomes
from MDPC23 cells, mTORC1-activated MDPC23 cells
and mTORC1-inactivated MDPC23 cells and cocultured
them with DPSCs. As shown in Fig. 4A, the exosomes
were labeled with PKH67, and most DPSCs exhib-
ited strong intracellular green fluorescence. The results
showed that the exosomes that were isolated from non-
treated, mTORCl1-activated and mTORCI-inactivated
MDPC23 cells could be successfully taken up by the
DPSCs. qRT-PCR analysis indicated that the expression
levels of the odontoblast differentiation-related genes
ALP, COL1 and DMP1 in DPSCs could be significantly
inhibited by exosomes that were derived from MDPC23
cells, regardless of whether mTORC1 was inhibited
or activated in the MDPC23 cells (Fig. 4B). Western
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blotting results indicated that the protein expression lev-
els of ALP, COL1 and DMP1 in DPSCs were dramatically
decreased by exosomes that were derived from MDPC23
cells, and there was a nonsignificant difference between
the exosomes collected from MDPC23 cells with differ-
ent levels of mTORCI activity (Fig. 4C, D, Additional
file 1: Fig. S5). Furthermore, we evaluated the variation
in DPSC mineralization by ALP activity staining and
Alizarin Red S staining. As expected, the results revealed
that compared with differentiated DPSCs with normally
mineralization, the activity of ALP (Fig. 4E) and the for-
mation of mineralized nodules (Fig. 4F, G) were inhib-
ited by MDPC23 cell-derived exosomes, and the effects
of exosomes derived from cells with different levels of
mTORCI1 activity were similar.

mTORC1 could not regulate the contents of exosomes

Exosomes have been reported to mediate intercellu-
lar communication via the biological molecules (i.e.,
proteins, nucleic acids, lipids and metabolites) they
carry [21]. Because exosomes that are derived from
odontoblasts with different levels of mTORC1 activity
have the same effect, we performed miRNA sequenc-
ing on exosomes derived from MDPC23 cells that were
treated with shTSC1, rapamycin or vehicle to determine
whether mTORCI1 regulates the content of exosomes.
Compared to the miRNAs in exosomes from nontreated
MDPC23 cells, a total of 402 miRNAs were identified in
the exosomes from rapamycin-treated MDPC23 cells;
among these miRNAs, 5 were significantly differen-
tially expressed (Fig. 5A). Compared to the miRNAs in
exosomes from nontreated MDPC23 cells, a total of 402
miRNAs were identified in the exosomes from TSC1-
deficient MDPC23 cells; among these miRNAs, 23 were
significantly differentially expressed (Fig. 5B). Compared
to the miRNAs in the exosomes from rapamycin-treated
MDPC23 cells, a total of 383 miRNAs were identified
in the exosomes from TSCl-deficient MDPC23 cells;
among these miRNAs 25 were significantly differentially
expressed (Fig. 5C). The constant miRNAs accounted

(See figure on next page.)
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for more than 90% of the total miRNAs, which revealed
that although mTORC1 activity varied among these
cells, the miRNA contents were mostly indistinguishable
(Fig. 5D). Furthermore, Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analysis showed
that the differentially expressed miRNAs mainly partici-
pated in the calcium signaling pathway, primary immu-
nodeficiency, protein processing in the endoplasmic
reticulum, amino sugar and nucleotide sugar metabolism,
and amyotrophic lateral sclerosis, but these differential
pathways among the groups were not statistically sig-
nificant (Fig. 5E-G). This finding indicates that mTORC1
regulates the release of exosomes by odontoblasts but not
the contents of exosomes in order to control the odonto-
blastic differentiation of DPSCs.

mTORC1 regulated the release of exosomes

by odontoblasts to specifically inhibit DPSC odontoblastic
differentiation

Next, we investigated the effect of different exosome con-
centrations released from odontoblasts on the odonto-
blastic differentiation of DPSCs. DPSCs were incubated
with 10° particle/mL, 10° particle/mL, 107 particle/mL
and 10% particle/mL exosomes that were isolated from
odontoblasts. Western blotting results showed that the
protein expression levels of the odontoblastic markers
ALP, COL and DMP1 gradually decreased as the exosome
concentration increased, and 10® particles/mL inhibited
the expression of ALP, COL and DMP1 (Fig. 6A, B, Addi-
tional file 1: Fig. S6). qRT-PCR analysis indicated that the
miRNA expression levels of ALP, COL and DMP1 were
negatively correlated with the concentration of exosomes
(Fig. 6C). These results were further confirmed by ALP
activity staining (Fig. 6D). Alizarin Red S staining con-
firmed that the formation of mineralized nodules was
gradually reduced as the concentration of exosomes was
increased, and the formation of mineralized nodules was
obviously inhibited by a concentration of 10® particles/
mL (Fig. 6E).

Fig. 4 Exosomes from odontoblasts with active mTORC1 and inactive mTORC1 inhibited DPSC odontoblastic differentiation at the same
concentration. A DPSCs were incubated with PKH67-labeled exosomes from nontreated MDPC23 cells, MDPC23 cells with active mTORC1

and MDPC23 cells with inactive mTORC1 for 24 h. The nuclei of DPSCs were stained with DAPI. The results showed that exosomes that were
isolated from these MDPC23 cells could be successfully taken up by DPSCs (scale bar= 100 um). B gRT-PCR analysis indicated that the expression
levels of the odontoblastic differentiation-related genes ALP, COL1 and DMP1 in DPSCs could be significantly inhibited by exosomes derived
from MDPC23 cells, regardless of whether mTORC1 was inhibited or activated in the MDPC23 cells (n=3). C, D DPSCs lysates were analyzed

by western blotting. The results indicated that the protein expression levels of ALP, COLT and DMP1 in DPSCs were dramatically decreased

by exosomes that were derived from MDPC23 cells, and there was a nonsignificant difference between exosomes that were isolated from MDPC23
cells with different levels of mTORC1 activity. Full-length blots are presented in Additional file 1: Fig. S5. E-G The variation in DPSC mineralization
was examined by ALP activity staining and Alizarin Red S staining. The results revealed that compared with differentiated DPSCs with normal
mineralization, the activity of ALP E and the formation of mineralized nodules F, G were inhibited by exosomes that were derived from MDPC23
cells, and the effects of exosomes derived from cells with different levels of mTORC1 activity were similar (scale bar=400 um). The values are
presented as the means+SDs. *p <0.05, **p <0.01, ***p <0.001. DPSC Dental pulp stem cells, ALPalkaline phosphatase
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Furthermore, to confirm the specific negative effect on
the odontoblastic differentiation of DPSCs, PDLSCs were
stimulated with MDPC23 cell-derived exosomes, and the
mineralization ability of the PDLSCs was determined.
First, primary PDLSCs were successfully harvested from
periodontal ligament tissues (Additional file 1: Fig. S7A).
Alizarin Red S staining and Oil Red O staining showed
that induced PDLSCs exhibited mineralized nodules and
lipid droplets, which indicated the multidirectional dif-
ferentiation potential of the PDLSCs (Additional file 1:
Fig. S7B, C). The flow cytometry results showed that
the PDLSCs were positive for CD29 and CD90 expres-
sion and negative for CD34 expression (Additional file 1:
Fig. S7D). PDLSCs were cocultured with 10® particle/mL
exosomes in mineralized-induced medium. qRT-PCR
analysis showed that the mRNA expression level of ALP
was not inhibited by the exosomes that were derived
from MDPC23 cells and that the mRNA expression levels
of COL1 and DMP1 were promoted by the exosomes that
were derived from MDPC23 cells (Additional file 1: Fig.
S7E). The western blotting results showed a trend simi-
lar to that of the qRT-PCR results (Additional file 1: Fig.
S7F). ALP activity staining and Alizarin Red S staining
indicated that ALP activity and the formation of mineral-
ized nodules in PDLSCs were not inhibited by exosomes
that were derived from MDPC23 cells (Additional file 1:
Fig. S7G, H).

Discussion

It is well known that DPSCs remain quiescent and will
not differentiate into odontoblasts under physiological
conditions, but the regulatory mechanism remains unde-
fined. In this study, we found that mTORCI regulated
the release of exosomes by odontoblasts to inhibit the
odontoblastic differentiation of DPSCs. Furthermore, the
results confirmed that mTORCI1 regulates only exosome
release and not exosomal contents.

In our previous research, it was confirmed that
mTORCI1 could control odontoblast mineralization and
promote dentin formation [14]. However, the increase in
dentin thickness and predentin in adult mice depends not
only on odontoblasts but also on the odontoblastic differ-
entiation of DPSCs [19]. In this study, we serendipitously

(See figure on next page.)
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found that the expression levels of the exosome mark-
ers CD63 and Alix were increased in TSC1-knockdown
odontoblasts in vivo. Exosomes play an important role in
mediating intercellular communication. Therefore, based
on the in vivo results, we tried to determine whether
mTORCI1 regulates the release of exosomes by odonto-
blasts in order to control the odontoblastic differentiation
of DPSCs. First, we cocultured DPSCs with MDPC23
cells in vitro to mimic their spatial and positional rela-
tionships. The results revealed that mTORCI1 activa-
tion in odontoblasts reversed the inhibition of DPSC
odontoblastic differentiation when cocultured with these
odontoblasts. Previously, Zhang et al. also used a cocul-
ture model to confirm that exosomes from Hertwig’s
epithelial root sheath cells were endocytosed by dental
papilla cells [23]. In this study, we compared the effects
of exosomes that were secreted by MDPC23 cells with
different levels of mTORCI1 activity on the odontoblastic
differentiation of DPSCs and found that exosomes that
were secreted by MDPC23 cells with different levels of
mTORCI1 activity exerted similar effects on the odonto-
blastic differentiation of DPSCs and limited nodule for-
mation by DPSCs. Additionally, our study confirmed
that the release of exosomes by odontoblasts could be
promoted by inhibiting mTORCI activity, and mTORC1
overactivation could decrease the release of exosomes
by odontoblasts, showing that the release of exosomes in
odontoblasts could be regulated by mTORCI1 activity.

In addition, studies have shown that the miRNAs that
are carried by exosomes can be used in the diagnosis and
treatment of diabetes, breast cancer, myocardial infarc-
tion, lung injury and other diseases [32-35]. Exosomes
mainly rely on the miRNAs they carry to perform their
functions [36]. Thus, in our study, miRNA sequencing
analysis was performed on exosomes that were secreted
by MDPC23 cells with different levels of mTORCI1 activ-
ity; the results indicated that the majority of the miRNA
content was homogeneous. The differentially expressed
miRNAs (miR-880-3p, miR-96-5p, miR-133c, etc.) that
were identified bioinformatics analysis mainly function
in germ cell development [37], osteoclastic differentia-
tion [38], cancer [39], and proliferation and migration
of fibroblasts. However, KEGG enrichment was further

Fig. 5 mTORC1 did not regulate the contents of exosomes. A Compared to the miRNAs in exosomes from nontreated MDPC23 cells, a total

of 402 miRNAs were identified in the exosomes from rapamycin-treated MDPC23 cells; among these miRNAs, 5 were significantly differentially
expressed. B Compared to the miRNAs in exosomes from nontreated MDPC23 cells, a total of 402 miRNAs were identified in the exosomes

from TSC1-deficient MDPC23 cells; among these miRNAs, 23 were significantly differentially expressed. C Compared to the miRNAs in exosomes
from nontreated MDPC23 cells, a total of 402 miRNAs were identified in the exosomes from TSC1-deficient MDPC23 cells; among these miRNAs,

23 were significantly differentially expressed. D The pie chart shows the percentage of unchanged (< twofold change and/or p value >0.05),
upregulated (>twofold change and p value <0.05) and downregulated (> twofold change and p value <0.05) miRNAs (MDPC23-EXO vs. RAPA-EXO,
MDPC23-EXO vs. shTSC1-EXO and RAPA-EXO vs. shTSC1-EXO). (E-G) KEGG pathway enrichment analysis showed that the differentially expressed
miRNAs mainly participated in the calcium signaling pathway, primary immunodeficiency, protein processing in the endoplasmic reticulum, amino
sugar and nucleotide sugar metabolism, and amyotrophic lateral sclerosis, but these differential pathways among the groups were not statistically

significant
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[9], which is consistent with our findings. Although the
majority of miRNAs did not exhibit obvious changes
in expression, further protein sequencing analysis of
exosomes will be necessary to reveal the regulatory
mechanism for these processes.

It is well known that stem cell activities are controlled
by the external microenvironment [40]. The mechanism
by which ASCs, including DPSCs, maintain quiescence
remains unknown. Recently, a study reported that Wnt4
produced by muscle fibers maintains muscle stem cell
quiescence through RhoA [41]. In this study, we found
that exosomes that were derived from odontoblasts
inhibited the odontoblastic differentiation of DPSCs, and
the inhibitory effect was positively correlated with exo-
some concentration. When DPSCs were cocultured with
107 particle/mL exosomes, they almost did not differenti-
ate into odontoblasts and remained quiescent. To further
confirm that exosomes that are produced by odontoblasts
exert a specific effect on DPSCs, we stimulated PDLSCs
with odontoblast-derived exosomes under the same con-
ditions. The results revealed that the osteoblastic dif-
ferentiation of PDLSCs was not inhibited by exosomes
derived from odontoblasts. DPSCs have been reported to
release exosomes to promote odontoblastic differentia-
tion via the miRNAs that they carry [42]. Our study indi-
cated that mTORC]1 regulates the release of exosomes by
odontoblasts to inhibit the odontoblastic differentiation
of DPSCs and maintain DPSC quiescence.

To date, many studies have elucidated the mechanisms
by which exosomes are released. Exosomes are derived
from intraluminal vesicles (ILVs) in multivesicular bod-
ies (MVBs) [17]. It has been reported that the fusion of
MVBs with the plasma membrane to release exosomes
is controlled by two small GTPases of the Rab family,
namely, Rab27A and Rab27B [43]. A recent study dem-
onstrated that MBVs can fuse with lysosomes and be
protected from degradation, and exosomes are then
released by lysosomal exocytosis [44]. In addition, scutel-
larin activates autophagy by acting on the PI3K/PENT/
Akt pathway, which upregulates the expression of Rab8a
and promotes the release of exosomes [45]. Regarding
the mechanism by which mTORCI1 regulates the release
of exosomes, mTORC1 regulates the fusion of MVBs
with the plasma membrane through Rab27A in Hela
cells [9]. However, how mTORCI regulates the release
of exosomes in odontoblasts is unclear, and whether
mTORC1 also regulates exosome release through
Rab27A needs to be further explored.

In recent years, exosomes have increasingly attracted
attention in the field of targeted drug delivery. One
of the key goals of engineering exosomes for targeted
drug delivery is increasing exosome production [46].
In this study, we found that rapamycin, which is an
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mTORCI1-specific inhibitor, could promote the release
of exosomes by odontoblasts, which may provide a new
approach to enhance exosome production. In addition,
another major technical limitation for targeted drug
delivery is the ability of exosomes to specifically recog-
nize recipient cells. Cells take up exosomes by a variety
of endocytic pathways, including caveolin-mediated
uptake, micropinocytosis and lipid raft-mediated inter-
nalization [47]. Exosomes that are derived from DPSCs
can be endocytosed by DPSCs through a caveolar endo-
cytic mechanism. In this study, the mechanism by which
DPSCs take up the exosomes derived from odontoblasts
remains undefined. It will be important to determine the
specific recognition receptor, which could provide a new
method for targeted drug delivery to DPSCs.

Conclusion

In summary, our study confirms that mTORCI regulates
only the number of exosomes released, but not the con-
tents of these exosomes, from odontoblasts to inhibit
the odontoblastic differentiation of DPSCs. Additionally,
this study reveals that odontoblasts release exosomes to
maintain DPSC quiescence. These findings provide new
insights that enhance the understanding of the mecha-
nism underlying DPSC odontoblastic differentiation in
the microenvironment and will provide a new approach
to enhance exosome production.
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