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Exosome-derived IncRNA-Ankrd26 promotes dental pulp
restoration by regulating miR-150-TLR4 signaling
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Abstract. At present, retaining the biological function of
dental pulp is an urgent requirement in the treatment of pulp
disease; it has been recognized that application of dental pulp
stem cells (DPSCs) in regenerating dental pulp and dentin
complexes is expected to become a safe and effective treatment
of pulp disease; meanwhile the role of DPSC-derived exosomes
in dental pulp regeneration and repair is gaining attention.
However, the underlying mechanism of DPSCs in dental pulp
regeneration and repair is still unclear. In the present study, a
variety of in vitro biological experiments and an animal model,
as well as next-generation sequencing and bioinformatics
analysis, demonstrated that DPSCs promoted migration and
osteoblastic differentiation of mesenchymal stem cells (MSCs)
via exosomes; this was induced by DPSC-derived exosomal
long non-coding (Inc)RNA-ankyrin repeat domain (Ankrd)26.
Mechanistically, the effect of exosomal IncRNA-Ankrd26
on migration and osteoblastic differentiation of MSCs was
dependent on microRNA (miR)-150/Toll-like receptor (TLR)4
signaling; this was regulated by IncRNA-Ankrd26. The present
study demonstrated that exosomes-derived IncRNA-Ankrd26
from DPSCs promoted dental pulp restoration via regulating
miR-150-TLR4 signaling in MSCs; these findings help to
understand the mechanism of dental pulp repair, identify
therapeutic targets in the development of pulpitis and develop
clinical treatments.

Introduction

At present, root canal therapy and pulpotomy are important
treatments for dental pulp injury (1); however, concomitant
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complications and considerable failure rate limit the wide-
spread use of these treatments in clinical practice (2). Although
current root canal filling materials, such as gutta percha and
caprolactone-based points (2), have good biocompatibility
and effectively seal the apical foramen, treatment often leads
to destruction of dental hard tissue and loss of pulp vitality.
Therefore, retaining biological function of dental pulp is an
urgent requirement in the treatment of pulp disease. Dental
pulp stem cells (DPSCs) have been used as seed cells in
reconstruction of the dental pulp system because of their
potential for multi-directional differentiation, self-renewal and
angiogenesis (3). DPSCs were first isolated from the pulp of
human third permanent molars and subcutaneously implanted
on the back of nude mice to form a pulp-dentin-like structure
in 2000 (4); studies have confirmed the ability of DPSCs to
form hard tissue and dental cementum (5,6) and to induce
osteogenesis in dental engineering, such as promoting osteo-
blast differentiation (7,8). The aforementioned studies indicate
that use of DPSCs in regenerating the pulp-dentin complex
and repairing damaged pulp may become a safe and effective
treatment of pulp disease.

Inflammation-mediated tissue repair and regeneration are
key for restoration of damaged dental pulp (9). During the
repair and regeneration process, DPSCs in the microenviron-
ment are recruited, proliferate and differentiate to repair and
regenerate damaged dental pulp (10). However, the role and
mechanism of DPSCs in pulp restoration is unknown and
investigation is required to understand the involvement of
DPSCs in pulp restoration tissue engineering. Recent studies
have demonstrated that DPSC-derived exosomes are associ-
ated with inflammation-mediated pulp regeneration (11,12).
Exosomes are membranous vesicles, 30-150 nm in diameter.
The molecular content of exosomes is not only a fingerprint
of the cell phenotype, but can be transferred to other cells
and affect their biological behaviors, including intercellular
communication (13). Specific molecular markers, among which
the most abundant are tetraspanins including CD81, CD63 and
CD?9, are detected on the surface of exosomes (14). Exosomes
contain proteins, genetic material and lipids; genetic compo-
nents including DNA and RNAs [microRNA (miRNA or miR),
long non-coding (Inc)RNA and circular RNA) are gaining
attention (13,14). It has been demonstrated that dysregulated
IncRNAs serve a key role in determining the function of stem
cells, including stem cell pluripotency and differentiation (14);
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moreover, IncRNAs also serve as ‘sponges’ to titrate miRNAs
during the differentiation of stem cells (15).

By contrast, the association between IncRNAs and miRNAs
in DPSCs in dental tissue repair is unclear. To comprehen-
sively address the aforementioned issue, in the present study, a
variety of in vitro biological experiments based on an animal
model were performed, as well as next-generation sequencing
and bioinformatics analysis, in order to help to broaden the
application prospects of DPSCs, not only in dental tissue
restoration, but also in the field of bone injury repair.

Materials and methods

Animal model. A model of pulpitis was constructed in
six-week-old male Sprague-Dawley rats (weight, 180-200 g),
purchased from Shanghai Laboratory Animal Company. All
animals were housed in the specific-pathogen-free facility in
the Institute of Hospital of Stomatology, Tongji University
(Shanghai, China) and were maintained under a 12/12-h
light/dark cycle with free access to rodent chow and water
at room temperature under a controlled humidity (50+10%).
A total of 12 rats were randomly divided into two groups:
Control group and pulp injury model group, with 6 rats in
each group. These animals were placed in a sealed container
with a 4% (vol/vol) isoflurane flow until fully anaesthetized,
then their mandibular incisor labial pulp tissues were resected
by an electrosurgical generator, following which the surgical
wounds were dressed. The diameter of gingival defects was
>5 mm, deep to hard tissue. All pulp tissue was extracted on
the 30th day after modeling and prepared for histomorphom-
etry and statistical analysis. All animals were sacrificed with
CO, asphyxiation in a chamber (100% CO,, 9.6 1/min, 10 min)
followed by cervical dislocation to confirm death. All animal
experiments were approved by the Institutional Animal Care
and Use Committees of the Hospital of Stomatology, Tongji
University (approval no. 20180606; Jan 1, 2018); studies were
performed in adherence with the international Guide for the
Care and Use of Laboratory Animals.

Primary culture and identification of DPSCs. Pulp tissue
was removed under aseptic conditions, washed with 0.01 M
sterile PBS and cut into small pieces (~1.0 mm?®). Following
digestion at 37°C for 1 h with 0.3% type I collagenase and
0.4% dispase, discrete single cell clumps were pipetted, then
the formed single cell suspension was filtered through a cell
sieve (70-um pore size) and centrifuged at 300 x g for 5 min
at room temperature. After washing the cells with 1X PBS,
the cell precipitate was resuspended in high glucose DMEM
containing 20% FBS (Gibco; Thermo Fisher Scientific,
Inc.), and inoculated into a 5 ml culture flask at a density
of 5x10* cells/ml for routine culture at 37°C in a humidified
atmosphere of 5% CO,/95% air. The medium was changed
every 3 days, and cells in the logarithmic growth phase
were collected. The culture supernatant was centrifuged at
2,000 x g for 10 min at 4°C, filtered (filter diameter, 0.22 ym)
and mixed with high glucose DMEM containing 10% FBS
(Gibco; Thermo Fisher Scientific, Inc.) at a ratio of 1:1 for
clonal culture medium. The first-generation cells in the loga-
rithmic growth phase were diluted with adaptive medium
to 10-15 cells/ml; cells were inoculated in a 96-well plate

(100 pl/well) for 12 h at 37°C in a humidified atmosphere
of 5% CO,/95% air and medium was changed every 5 days.
When the cells start to grow, the medium was changed
every 3 days. Identification of DPSCs was performed by
morphological detection using an inverted phase contrast
microscope (CKXS53FL; Olympus) and specific marker
labeling, including CD34, CD45, CD29 and CD44, as
described previously (16).

Isolation and identification of DPSC-derived exosomes. To
remove cellular debris, medium from DPSCs was centrifuged
at 2,500 x g for 15 min at 4°C and filtered with a 0.22 ym
filter. The collected medium containing exosomes was laid on
top of a 30% sucrose/D,O cushion in a sterile UltraClear™
(Beckman Coulter, Inc.) and ultracentrifuged at 100,000 x g
for 1 h at 4°C. The pellets were resuspended in 15 ml PBS and
centrifuged at 4,000 x g at 4°C for 15 min until the volume was
concentrated to ~200 ul. The total number of exosomes was
determined using CD63 ExoELISA™ (System Biosciences
Inc.) according to the manufacturer's instructions. Exosomes
were identified by dynamic light scattering analysis and
transmission electron microscopy (TEM) according to a
previous study (17). Briefly, an enriched exosome suspension
in filtered PBS solution was dispensed on carbon-coated
electron microscopy grids on parafilm and left to absorb
for 10 min at room temperature, then transferred to a drop
of Uranyless® solution (Electron Microscopy Sciences) for
1 min and left to air dry. Excess stain was blotted away.
Imaging was performed with a Jeol JEM-2200FS microscope
(Jeol, Ltd.) at 200 kV. Moreover, the expression of CD63 and
CDS81 or GM130 and calnexin was evaluated by western
blotting. RNA and proteins were extracted for further
analysis using a Total Exosome RNA & Protein Isolation
kit (Thermo Fisher Scientific, Inc.). To determine the effect
of DPSCs on the migration and osteoblastic differentiation
of mesenchymal stem cell (MSCs), rat MSCs were obtained
from Nanjing Cell Life Biotechnology Co., Ltd. The isolation
and purification of rat MSCs was performed as previously
described (16). MSC medium (cat. no. #7501) was obtained
from ScienCell Research Laboratories, Inc. and cultured
MSCs in conditioned medium from DPSCs.

Microarray-based differential profiling and bioinformatics
analysis. Total RNA was isolated from the pulp samples of
rats using TRIzol® (Invitrogen; Thermo Fisher Scientific, Inc.)
according to the manufacturer's protocol. The microarray
hybridization was performed using total RNA prepared as
aforementioned. Gene set enrichment analysis (GSEA) tested
whether an a priori defined set of genes shows statistically
significant, concordant differences. The uploaded gene set
consisted of normalized mRNA expression data and was sorted
by the mean log2 signal ratios. Small RNAs of DPSC-derived
exosomes were extracted and used for miRNA sequencing
with Illumina HiSeq 2500 platform at Yunxu Co. Ltd. The
aggregated distribution of gene expression levels in pathways
was determined by normalized enrichment score, which repre-
sented statistical significance following enrichment analysis.
The KEGG database (http:/www.genome.jp/kegg/) was used
for pathway annotation. Pathways that were significantly
biased in the control and model group were identified.
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IncRNA-Ankyrin repeat domain (Ankrd)26 and miRNA-150
mimic and inhibitor transfection. Cells were cultured in
DMEM supplemented with 10% FBS (both Gibco; Thermo
Fisher Scientific, Inc.). The cells were cultured at 37°C
in a humidified atmosphere of 5% CO,. Transfection with
IncRNA-Ankrd26 and miRNA-150 mimic and inhibitor were
with 30 nM concentration at room temperature performed
using Lipofectamine® 3000 (Invitrogen; Thermo Fisher
Scientific, Inc.) according to the manufacturer's protocols.
After 48 h of transfection, the cells were harvested for
reverse transcription-quantitative (RT-q)PCR analysis and
western blotting. All transfections were confirmed with
appropriate controls, including mimic negative control or
inhibitor negative control. The transfection efficacy was
confirmed (Figs. S1 and S2). The sequence information is
listed in Table SI.

TLR4 knockdown. The short hairpin RNA (shRNA) carrier
was constructed to target the t/r4 gene by respectively
inserting three different target sequences into the plasmid
pLKO.1 (catalog no. 10878; Addgene, Inc.). In brief, lentiviral
vectors pLKO.1 TRC and pWPI.1 were used for constructing
recombinant lentiviruses of short interference RNA (shRNA)
constructs and TLR4 shRNA, non-targeting shRNA (shNT).
Recombinant lentivirus was amplified in 293T cells. After
transfection, MSCs cells with TLR4 knockdown were screened
and obtained for subsequent detection with western blotting or
migration assay.

Migration assay. The migratory capacity of DPSCs
with/without exosomal inhibitor (GW4869) (catalog
no. HY-19363; MedChemExpress) or shTLR4 treatment was
tested using a Transwell Boyden Chamber (6.5-mm; Costar)
with polycarbonate membranes (8-ym pore size) on the
bottom of the upper compartment. Cells were seeded in the
upper chamber at a density of 5x10* cells/well with serum-free
high-glucose DMEM; the lower chamber was filled with 600 p1
high-glucose DMEM containing 20% FBS (Gibco; Thermo
Fisher Scientific, Inc.). At the end of the incubation at 37°C for
48 h, the cells that penetrated through to the lower surface of
filter membranes were fixed with 90% ethanol for 15 min at
room temperature and stained with 0.1% crystal violet solution
for 5 min at room temperature. The stained cells were counted
under a light microscope at x100 magnification (Olympus
Corporation).

Dual-luciferase reporter assay. TargetScan online database
(http://www.targetscan. org/vert_71/) was used to predict
target genes for miR-150. The sequences of the TLR4 wild-type
(WT) and mutant (Mut) #/r4 gene were cloned and inserted
into the 3' untranslated region (UTR) of the pEZX-MTO01
vector (GeneCopoeia, Inc.). In six-well plates, 293T cells were
cultured to ~70% confluence and co-transfected with WT or
Mut luciferase reporter vector (2 ug) and mimic miRNAs
or negative control (NC; 2 ug) using Lipofectamine 3000
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the
manufacturer's protocols. After 48 h, luciferase activity was
detected using a Dual-Luciferase® Reporter Assay System
(Promega Corporation) and normalized to Renilla activity.
The sequence information is listed in Table SI.
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Ribonucleoprotein immunoprecipitation (RIP) assay. The
RIP assay was performed using the Magna RIP™ Quad
RNA-Binding Protein Immunoprecipitation Kit (Merck
KGaA). The cells transfected with miR-150 mimic or control
were lysed using RIP lysis buffer and then 100 ul of the
lysate was incubated with RIP immunoprecipitation buffer
containing magnetic beads, conjugated with anti-Argonaute-2
(Ago2) G beads (catalog no. 07-590) at 4°C for 90 min. Beads
conjugated to human anti-Ago2 antibody or control IgG anti-
body were centrifugated at 600 x g for 1 min and then washed
with RIPA buffer; after being resuspended in 50 mM Tris-HC1
(pH 7.0), the beads were finally incubated at 70°C for 45 min.
RNA was extracted using TRIzol (Invitrogen; Thermo Fisher
Sientific, Inc.) following the manufacturer's instructions and
then quantified by RT-qPCR.

RT-gPCR. Total RNA was extracted from the cultured cells
and tissue using TRIzol (Invitrogen; Thermo Fisher Scientific,
Inc.) according to the manufacturer's protocols. The expres-
sion of miRNA was tested using Mir-X miRNA First Strand
Synthesis and Mir-X miRNA qRT-PCR SYBR kit (Takara
Biotechnology Co., Ltd.). The expression of TLR4 was tested
using Transcriptor First Strand cDNA Synthesis kit and
FastStart Universal SYBR Green Master (Roche Diagnostics).
The amplification protocol was performed as follows: 1 cycle
of 15 min at 95°C and a further 40 cycles of 15 sec at 95°C
and 1 min at 60°C. GAPDH was used as the housekeeping
gene for normalization of the cDNA quantities. All reactions
were performed in triplicate. Data were analyzed according to
the 2244 method (18). The sequence information is listed in
Table SI.

Western blotting. Protein from cells, including DPSCs or
MSCs, with a variety of treatments, and pulp tissue from rats,
was extracted using RIPA buffer containing protease and
phosphatase inhibitors (Beyotime Institute of Biotechnology).
The protein content of the lysate was determined using the
BCA protein assay (Beyotime Institute of Biotechnology). A
total of 20 ug protein/lane was separated by 10% SDS-PAGE,;
then transferred onto PVDF membranes. Following blocking
with 5% BSA for 1 h at room temperature, membranes were
incubated with primary antibodies (TLR4, 1:1,000; OCN,
1:1,000; OPN, 1:1,000; RUNX2, 1:1,000; CD36, 1:1,000; CD81,
1:1,000; GM130, 1:1,000; Galnexin, 1:1,000; B-actin, 1:5,000;
GAPDH, 1:1,000) at 4°C overnight followed by incubation
with horseradish peroxidase-conjugated secondary antibodies
for 1 h. Blots were visualized using SuperSignal West Pico
Chemiluminescent Substrate (Thermo Fisher Scientific Inc.).
Results were normalized to (3-actin or GAPDH. All experi-
ments were performed three times. Quantification of western
blots was analyzed densitometrically using QuantityOne soft-
ware (Bio-Rad Laboratories, Inc.). The antibody information
is listed in Table SII.

Statistical analysis. Statistical analysis was performed using
GraphPad 11.0 (GraphPad Software, Inc.). For comparison
of quantitative variables between groups, one-way ANOVA
followed by Bonferroni's post hoc test for multiple comparisons
or Mann-Whitney test was used. For difference in propor-
tions between groups, x> test was performed. The association
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Figure 1. Dysregulated mRNAs, IncRNAs and activated TLR signalling pathway during repair and regeneration of damaged dental pulp. (A) Dysregulated
mRNAs. The top ten upregulated and downregulated mRNAs are displayed in heatmap. (B) Dysregulated IncRNAs. (C) Distribution of significantly biased
KEGG pathways; TLR signalling pathway was upregulated. (D) TLR4 was most significantly upregulated in the model group, which was confirmed by
quantitative PCR. “P<0.01 compared with control group. The results are presented as the mean + standard deviation. Inc, long non-coding; TLR, Toll-like

receptor; KEGG, Kyoto Encyclopedia of Genes and Genomes.

between the various factors was determined using Pearson's
correlation. The independent assay was performed repeatedly
three times. Data are presented as the mean + SD. P<0.05 was
considered to indicate a statistically significant difference.

Results

Association between mRNAs, IncRNAs and TLR signaling
pathway during repair and regeneration of pulp following
injury. The present study compared next-generation
sequencing mRNA and IncRNA profiles of control and pulp
injury tissue from a gingival repair rat model and identi-
fied 10 significantly up- and downregulated mRNAs and
IncRNAs ranked by fold-change value (Fig. 1A and B), such
as AABR07015654, Inc102549726, AABR07026473 and
IncRNA-Ankrd26, among which IncRNA-Ankrd26 repre-
sented notably with gradual increasing expression during the
generation of a rat model. GSEA analysis showed that these
significantly altered mRNAs were enriched in ‘Toll-like
receptor signaling pathway’ (Fig. 1C); among these mRNAs,
TLR4 was most highly expressed, which was confirmed by
gPCR (Fig. 1D). In addition, analysis of the enrichment map
showed ‘TLR signaling pathway’ contained genes which
overlapped with six other pathways. The gene co-expression
network displayed an association between IncRNA-Ankrd26

and TLR4 (Fig. 2A and B). Moreover, correlation analysis
showed IncRNA-Ankrd26 was positively linearly associated
with mRNA levels of TLR4 (Fig. 2C). To identify the associa-
tion between IncRNA-Ankrd26 and TLR4, potential miRNAs
targeting Ankrd26 and TLR4 were investigated. miR-150 was
identified to be involved in the association between Ankrd26
and TLR4 (Fig. 2D). Expression of miR-150 was negatively
associated with expression of both IncRNA-Ankrd26 and
TLR4 in model pulp tissue (Fig. 2E and F). The results
suggested that the IncRNA-Ankrd26-miR-150-TLR4 axis
could play a crucial role in the repair and regeneration of
injury pulp tissues.

DPSCs promote migration and osteoblastic differentiation
of MSCs via exosomes. The seeded DPSCs began to grow
in 24 h. The primary cells were relatively single, short
spindle-like or round. At the third passage, cell exhibited a
spindle-shaped, fibroblast-like appearance with a spherical
or orbicular-ovate nucleus, as well as rapid proliferation in a
whorl-like formation (Fig. 3A). These cells displayed loga-
rithmic proliferation at 4-6 days and the doubling time was
24.37 h (Fig. 3B). Cell surface markers CD29 and CD44
were highly expressed and CD34 and CD45 were minimally
expressed in DPSCs (Fig. 3C). To determine the effect of
DPSCs on migration and osteoblastic differentiation of
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MSCs, MSCs were cultured in conditioned medium from
DPSCs. Morphological alteration of MSCs was observed
after 4 days as well as significantly increased migration and
osteoblastic differentiation with the control (Fig. 3D and E).
Due to the association between IncRNA-Ankrd26, TLR4 and
miR-150, levels of IncRNA-Ankrd26, TLR4 and miR-150
were measured in MSCs cultured alone or in the conditioned
medium from DPSCs. The results showed significantly higher
levels of IncRNA-Ankrd26 and TLR4 and significantly lower
levels of miR-150 in MSCs with conditioned culture than in
MSC:s cultured alone (Fig. 3F and G). When exosomal inhib-
itor (GW4869) was added to the conditioned media, migration
and differentiation significantly decreased in MSCs compared
with MSCs in conditioned media without GW4869; there was
a significant decrease in IncRNA-Ankrd26 and TLR4 and
significant increase in miR-150 levels in conditioned culture

MSCs with GW4869 compared with those without GW4869
(Fig. 3H-J). These results suggested that DPSC-derived
exosomes could promote the migration and osteoblastic differ-
entiation of MSCs.

DPSC-derived exosomal IncRNA-Ankrd26 induces migration
and osteoblastic differentiation of MSCs. The present study
identified exosomes in medium from DPSCs by TEM (Fig. 4A),
which demonstrated positive expression of CD63 and CDS81
and negative expression of GM130 and calnexin (Fig. 4B).
IncRNA-Ankrd26 expression was significantly increased in
DPSC-derived exosomes with IncRNA-Ankrd26 transfection
compared with cells without transfection but was markedly
inhibited in exosomes when DPSCs were transfected with
siRNA targeting IncRNA-Ankrd26 (Fig. 4C and D). Moreover,
migration and differentiation significantly decreased in
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Figure 3. Morphology, propagation, and characterization of DPSCs. (A) Morphology of DPSCs from subcutaneous fat tissue culture in vitro. Magnification,
x100. (B) Growth curves of DPSCs. (C) Expression of surface antigens (CD29, CD34, CD44, CD45) in DPSCs was detected by flow cytometry. The same
negative control (IgG) is included in all plots. (D) Morphological alteration of MSCs after 4 days (x200). (E) Cell migration in MSCs with/without conditioned
culture (x100 magnification); “P<0.01 compared with cells without conditioned culture. (F) Protein levels of osteoblastic differentiation-related markers,
including OCN, OPN and RUNX2, in MSCs with conditioned culture, compared with control. (G) mRNA levels of IncRNA-Ankrd26, TLR4 and miR-150 in
MSCs with conditioned culture. “P<0.05 compared with control. (H) Cell migration in MSCs with/without GW4869 treatment (x100 magnification); “P<0.01
compared with cells without treatment. (I) Protein levels of osteoblastic differentiation-related markers, including OCN, OPN and RUNX2, in MSCs treated
with GW4869. (J) mRNA levels of IncRNA-Ankrd26, TLR4 and miR-150 in MSCs treated with GW4869. "P<0.05 compared with control. The results are
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TLR, Toll-like receptor; miR, microRNA; P, passage; IB, immunoblot.

MSCs cultured with conditioned medium from DPSCs with
IncRNA-Ankrd26 siRNA transfection compared with MSCs
cultured with conditioned medium from DPSCs with control
siRNA transfection (Fig. 4E and F). Together, these results
suggested that DPSC-mediated promotion of migration and
osteoblastic differentiation of MSCs may result from exosomal
IncRNA-Ankrd26.

IncRNA-Ankrd26 directly regulates miR-150. A putative
binding site of IncRNA-Ankrd26 to miR-150 was mutated and
co-transfected with miR-150 mimic into 293T cells (Fig. 5A).
Luciferase activity assay demonstrated that, for 293T cells
with WT IncRNA-Ankrd26 binding site construct, luciferase
reporter activity significantly decreased when cells were
transfected with miR-150 mimic compared with cells with
miR-NC; Mut binding site construct-transfected cells did
not show the significant alteration in the activity regardless

of transfection with miR-150 mimic or miR-NC (Fig. 5B). To
confirm the role of IncRNA-Ankrd26 in regulating miR-150
expression, anti-AGO2 ribonucleoprotein immunoprecipita-
tion assay was performed using 293T cells transfected with
miR-NC or miR-150 mimic and IncRNA-Ankrd26 levels were
evaluated by RT-qPCR. The level of IncRNA-Ankrd26 in cells
transfected with miR-150 mimic was significantly increased
(Fig. 5C). The results suggested that there was a direct interac-
tion between IncRNA-Ankrd26 and miR-150.

Role of exosomal IncRNA-Ankrd26 is dependent on
miR-150/TLR4 signaling. The present study confirmed direct
binding of miR-150 on the 3'-UTR of TLR4 by dual-luciferase
reporter assay. Firstly, by screening targets of miR-150 using
Targetscan, TLR4 was identified as a potential target of
miR-150 (Fig. 6A). Next, predicted WT or Mut full-length
3'-UTR of TLR4 gene was cloned into a dual-luciferase
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reporter plasmid and then co-transfected with miR-150 mimic
into 293T cells. Luciferase activity decreased following
miR-150 mimic co-transfection in cells with WT constructs,
whereas the activity was not altered in cells co-transfected
with Mut constructs (Fig. 6B). In addition, the transcriptional
and protein levels of TLR4 in MSC cells transfected with
miR-150 mimic, inhibitors or control were detected; miR-150
mimic significantly decreased mRNA and protein levels of
TLR4 while miR-150 inhibitors significantly increased levels
of TLR4 (Fig. 6C and D). These findings verified that miR-150
negatively regulated TLR4 expression by directly targeting
TLR4 in MSC cells.

To investigate whether the role of DPSC-derived exosomal
IncRNA-Ankrd26 in inducing migration and osteoblastic
differentiation of MSCs required miR-150/TLR4 signaling,
TLR4 shRNA was transfected into MSCs. Following trans-
fection, TLR4 mRNA and protein levels were significantly
decreased (Fig. 7A and B). TLR4 knockdown notably
decreased osteoblastic differentiation markers, including
osteocalcin (OCN), osteopontin (OPN) and RUNX2, as
well as cell migration (Fig. 7C and D). TLR4-knockdown
MSC:s cells were cultured in conditioned medium containing
DPSC-derived exosomal IncRNA-Ankrd26. When cultured
in conditioned medium containing DPSC-derived exosomal
IncRNA-Ankrd26, migration and OCN, OPN, RUNX?2
expression of MSC cells transfected with control shRNA
were significantly increased, but TLR4-knockdown MSC cells
displayed no significant change (Fig. 7E and F).

Discussion

DPSCs have been used as key seed cells for pulp regenera-
tion and restoration and exosomes derived from DPSCs have
become a research hotspot in pulp regeneration and restora-
tion (19,20). A number of studies have shown that stem

cell-derived exosomes are associated with pulp regeneration
and inflammation (21-23), suggesting that stem cell-derived
exosomes have potential application value in pulp repair and
regeneration. Notably, DPSCs hold some advantages, including
the fact they are easy to obtain, and their strong proliferation
ability and neurotropism (24,25). To the best of our knowledge,
however, there are few studies on DPSC-derived exosomes in
pulp injury and repair processing. The study demonstrated
that DPSC-derived exosomes promoted migration and
osteoblastic differentiation of MSCs, which is an important
step in the process of dental pulp regeneration and repair.
Mechanistically, IncRNA-Ankrd26 served as a competitive
endogenous miR-150, regulated differentiation of MSCs via
TLR4 signaling and participated in dental pulp regeneration
and repair.

As DPSCs have the characteristics of multidirectional
differentiation and angiogenesis, the use of DPSCs to regen-
erate the pulp-dentin complex and repair damaged pulp is
expected to become a safe and effective treatment of pulp
disease (26,27). Success of periodontal cell-based tissue engi-
neering requires appropriate progenitor cells with the capacity
to differentiate into the required mature tissue-forming
phenotypes and appropriate signals to modulate cellular
differentiation and tissue neogenesis (28). Dental MSCs have
the capacity of differentiation into cells that present some
characteristics associated with osteoblasts, chondrocytes and
adipocytes, thus contributing to tooth growth and repair; easy
accessibility of MSCs provides a tractable model system to
study their function and properties in vivo (27,29). Therefore,
MSC-based therapies are being investigated in bone engi-
neering. However, the association between DPSCs and MSCs
is still unclear. It has recently been recognized that DPSCs
express MSC surface markers, such as CD29, CD44, CD59,
CD73, CD90 and CD146, but do not express hematopoietic
stem cell markers, such as CD14, CD34, CD45 and CDl11b,
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based on multi-omics analysis (30,31). In the present study, the
DPSCs were purified and identified using specific markers.
Moreover, the present study used a conditioned culture system
and demonstrated that DPSCs promoted migration and osteo-
blastic differentiation of MSCs, suggesting the importance
in understanding the crosstalk between different dental cell
populations.

Exosomes serve a key role in regulating cell-cell interac-
tion (32), which confers the possibility of the application of
exosomes in the clinical practice of dental disease manage-
ment. For example, exosomes from DPSCs rescue human
dopaminergic neurons from 6-hydroxy-dopamine-induced
apoptosis (33) and suppress carrageenan-induced acute
inflammation in mice (34), harbor stronger immune-modu-
lating activity (35) and trigger regeneration of dental pulp-like
tissue (30). Consistently, DPSC promotion of migration and
osteoblastic differentiation of MSCs is mediated by exosomes.
To the best of our knowledge, the present study is the first to
report the association between DPSC-derived exosomes and
MSC differentiation.

To facilitate intercellular communication, exosomes contain
RNA and proteins (36). Previous studies have demonstrated
that exosomes participate in epithelium-mesenchyme crosstalk
in tooth morphogenesis and differentiation by transferring
RNA to recipient cells (37-39). Moreover, the present study
demonstrated that DPSC-derived exosomal IncRNA-Ankrd26
induced migration and osteoblastic differentiation of MSCs
by regulating miR-150/TLR4 signaling, as shown by analysis

dysregulated mRNAs, IncRNAs and TLR signaling pathway
during the repair and regeneration of damaged dental pulp. The
present study verified that IncRNA-Ankrd26 directly regulated
miR-150 in MSCs. To the best of our knowledge, the present
study is the first to clarify the association between IncRNA
Ankrd26 and miR-150 in osteoblast differentiation and tissue
restoration. The present study confirmed the hypothesis that
DPSC-derived exosomal IncRNA-Ankrd26 promotion of migra-
tion and osteoblastic differentiation in MSCs was dependent
on of miR-150/TLR4 signaling. To the best of our knowledge,
the present study is the first to demonstrate the association
between IncRNA-Ankrd26 and dental pulp repair. ANKRD26
gene silencing and variation are associated with regulation of
pro-inflammatory factors (40), platelet aggregation (41) and
adipogenesis (42). TLR signaling is a key mediator for inflam-
matory pathways and tissue response to both pathogen- and
damage-associated molecular pattern factors (43). TLR4, a key
component of TLR family, serves a role in wound healing (44).
TLR4 activation in MSCs mediates production of multiple
cytokines, chemokines and inflammatory mediators, thus
contributing to osteoclastogenesis (45). Enhancement of TLR4
activity increases osteoblast viability (46) and differentiation of
adipose-derived stem cells (47). These aforementioned studies
suggested that TLR4 modulates inflammation-induced healing
response in different clinical settings.

There are certain limitations in the present study.
Cell-derived exosomes contain a variety of components
including inflammatory and growth factors, genetic material and
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lipids (13,14). Although the present study demonstrated the role
of DPSC-derived exosomal IncRNA-Ankrd26-miR-150-TLR4
signaling in regulating migration and osteoblastic differen-
tiation of MSCs in pulp regeneration and restoration, other
exosomal content may serve a role in crosstalk between
DPSCs and MSC. Secondly, the present study used cells
from model animals, which may be not accurately represent
human disease. Moreover, due to the limitations in clinical
feasibility, pulp tissue was used as control; however, control
pulp tissue was not active in pulp restoration. Patient-derived
xenografts or more appropriate cell models in vitro will be
used in future. In addition, the present study only investigated
the role of miR-150/TLR4 signaling in terms of the effects
of DPSC exosomal IncRNA-Ankrd26 on inducing migration
and osteoblastic differentiation of MSCs. Further studies are
required to characterize the mechanism by which exosomes
control the migration and osteoblastic differentiation of MSCs
in pulp regeneration and restoration. Nevertheless, the present
results support an important potential role for DPSC-derived
exosomal IncRNA-Ankrd26 in promoting migration and
osteoblastic differentiation of MSCs. Moreover, considering
previous advances in miRNA-mediated therapy in tissue
regeneration and restoration (48-50), IncRNA-Ankrd26 may
be a potential target for patients with dental pulp inflammation.
In summary, the present study investigated the role of
IncRNA/Ankrd26/miR-150-TLR4 signaling in differentiation
of stem cells, which will provide understanding of the molec-
ular mechanism in dental pulp regeneration and restoration.
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