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Human dental pulp stem cells (DPSCs) hold great promise in bone regeneration. However, the exact mechanism of osteogenic
differentiation of DPSCs remains unknown, especially the role of exosomes played in. The DPSCs were cultured and received
osteogenic induction; then, exosomes from osteogenic-induced DPSCs (OI-DPSC-Ex) at different time intervals were isolated
and sequenced for circular RNA (circRNA) expression profiles. Gradually, increased circular lysophosphatidic acid receptor 1
(circLPAR1) expression was found in the OI-DPSC-Ex coincidentally with the degree of osteogenic differentiation. Meanwhile,
results from osteogenic differentiation examinations showed that the OI-DPSC-Ex had osteogenic effect on the recipient
homotypic DPSCs. To investigate the mechanism of exosomal circLPARI on osteogenic differentiation, we verified that
circLPARI could competently bind to hsa-miR-31, by eliminating the inhibitory effect of hsa-miR-31 on osteogenesis, therefore
promoting osteogenic differentiation of the recipient homotypic DPSCs. Our study showed that exosomal circRNA played an
important role in osteogenic differentiation of DPSCs and provided a novel way of utilization of exosomes for the treatment of

bone deficiencies.

1. Introduction

Dental pulp stem cells (DPSCs) can differentiate into odon-
toblasts, chondrocytes, adipocytes, and osteoblasts [1, 2].
Besides those properties, DPSCs have unique characters
compared with other sources of mesenchymal stem cells
(MSCs), being more accessible with minimal trauma and
having shown great potentiality in regenerative medicine
for the treatment of various human diseases such as bone
deficiencies [3]. The primary goal to regenerate new bone is
to activate osteogenic differentiation of certain somatic stem
cells such as bone marrow mesenchymal stem cells (BMSCs)
[4]. Unfortunately, the exact mechanism of osteogenic differ-

entiation is unclear, which might be one significant hurdle
has to be overcome in order to achieve optimal clinical
outcomes of bone augmentation. While DPSC as a high-
potential candidate for bone regeneration, the mechanism
for osteogenic differentiation of DPSC has to be further stud-
ied for better utilization of DPSC in bone regenerative
medicine.

Discovered more than three decades ago, exosomes were
initially regarded as a waste product releasing way by tiny
vesicles composed of plasma membrane [5]. Recent years,
dramatically increased exosome studies shed the light on
profound functions of exosomes. Different types of RNAs
in exosomes are key factors contributed to those functions
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of exosomes, such as exosomal microRNA (miRNA) which
showed important roles in osteogenic differentiation [6].
Early in 2014, variations of expression of exosomal miRNAs
derived from human BMSCs during osteogenic differentia-
tion were found [7]. Later, the change of miRNA expression
in exosomes from mineralizing osteoblasts was also found
and the exosomal miRNAs showed osteogenic promotion
effects [8]. Recently, MSC-derived exosomal miRNA let-7
was found to have positive role in osteogenesis [9]. However,
miRNA is not the only RNA inside the exosome [10], and the
roles of other types of exosomal RNAs on osteogenic differ-
entiation need further studied.

Circular RNA (circRNA) is a serendipitous discovery in a
study of human tumor suppressor gene (DCC) initially
investigating exon connectivity by reverse transcription poly-
merase chain reaction (RT-PCR) [11]. However, the impor-
tance of circRNA had not gained attention in biological
field until a number of studies showed that circRNA widely
existed in different cells of human [12] and was specifically
expressed in certain types of cell [13] and notably stable
[12]. Recently, similar to the changed exosomal miRNA
expression during certain cells’ osteogenic differentiation,
circRNA expression also showed a change during osteogenic
differentiation [14]. Circular RNA CDR1 had an miR-7
sponge effect that positively facilitated osteogenic differentia-
tion of periodontal ligament stem cells [15]. Nevertheless,
circRNA linked to miRNA and message RNA (mRNA) as
an axis [16]. However, due to intricate expression of cir-
cRNAs in osteogenic differentiation, the role of circRNAs
in osteogenic differentiation has to be further investigated.

In this study, we studied the altered expression of exoso-
mal circRNA derived from DPSCs under osteogenic induc-
tion, further demonstrated a circRNA affected osteogenic
differentiation of DPSCs, trying to uncover the mechanism
of osteogenic differentiation of DPSCs for future clinical
treatment of bone regeneration.

2. Materials and Methods

2.1. Isolation and Culture of DPSCs. The tooth removal sur-
geries were performed at the Affiliated Stomatology Hospital
of Kunming Medical University, Kunming, Yunnan, China.
The pulp tissues were harvested from one healthy patient,
aged 20 years old, with impact third molars, and the removed
teeth were free of periodontal or endodontic problems. The
removed teeth were stored in precooled PBS immediately,
and the next procedures were taken within 4 hours. Under
the aseptic condition, the tooth was split and the pulp tissue
was removed. Briefly, the pulp tissue was digested for 1h at
37°C in a solution containing 3 mg/mL collagenase type I
and 4 mg/mL dispase. After the filtration through 70 mm cell
strainers (Falcon; BD Labware), the cells were cultured at
37°C under 5% CO, in the Dulbecco’s modified Eagle’s
medium (DMEM; Gibco) containing 20% mesenchymal cell
growth supplement (Lonza, Inc.) and antibiotics (100 U/mL
penicillin, 100mg/mL streptomycin, and 0.25mg/mL
amphotericin B; Gibco). After 3 days of culture, floating cells
were removed and the culture medium was replaced with
fresh medium [17].
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2.2. Identification of DPSCs. The 2™ generation of DPSCs
was cultured in a laser confocal dish with 5 x 10* cells. When
cells converged to 50%, the culture was terminated and fixed
by 4% paraformaldehyde for 15 minutes. PBS with 0.5% Tri-
ton was used for 15 minutes, and 5% BSA was used to block
for 1 hour. Then, the rabbit antivimentin and mouse anticy-
tokeratin (abcam, US) were added and incubated overnight
at 4°C, and PBS washed three times. The FITC-labeled sheep
antimouse and cy3-labeled sheep anti-rabbit antibody were
added and incubated at the room temperature for 1 hour,
then PBS washed three times. Cell nuclei were stained with
DAPI, and laser confocal microscopy was used for observa-
tion and photographing.

The 2™ generation DPSCs were taken, digested by tryp-
sin, washed by PBS three times, suspended, and counted.
The cells were divided into several flow tubes according to
the requirement of 1 x 10 cells for each antibody. The cells
were incubated with antibodies CD34, CD44, CD45, CD90,
and STRO-1 at the room temperature for 45 minutes. Cell
surface markers were identified by the flow cytometry after
PBS washing and suspension.

2.3. Isolation of Osteogenic-Induced DPSC-Derived Exosomes
(OI-DPSC-Ex). Exosomes secreted by DPSCs during the star-
vation of 48h without FBS, which were marked as EXO.
Other groups of DPSCs were cultured in the osteogenic
induction medium (100 nm dexamethasone, 10 mM b-glyc-
erophosphate, and 200 mM ascorbate phosphate in DMEM
+10%) with 15% exosome-free FBS (VivaCell, China); exo-
somes secreted by these osteogenic-induced DPSCs at days
5 and 7 were extracted and marked as EX5 and EX7. The exo-
somes of EX0, EX5, and EX7 were sent for high-throughput
transcriptome sequencing (Guangzhou RiboBio Co., Lt.
China) and applied to coculture with homotypic DPSCs.
The isolation of exosomes was done followed by the ultracen-
trifugation method [18]. Briefly, the collected culture
medium was centrifugated at 3000g for 20 minutes, and the
supernatant was collected. Then, centrifugation at 16500g
for 20 minutes, the supernatant was collected again. The
supernatant was filtered with a 0.2-micron filter to collect
the filtrate. After that, the filtrate was centrifuged at
100,000g for 70 minutes (CP 100WX, Hitachi, Japan), dis-
carded the supernatant, and resuspended the precipitate with
PBS. Finally, the precipitation was resuspended with 200 uL
PBS.

2.4. BCA Test for Exosomes. For quantification and normali-
zation of exosome-containing PBS solutions, the protein in
the solutions was quantified by protein BCA Assay Kit
(Solarbio, China). The test was performed following the
instruction. The finial exosome-containing PBS solutions
for next experiments had the protein contained 1 mg/mL.

2.5. Transmission Electron Microscopy (TEM). The EX0, EX5,
and EX7 were loaded onto the formvar carbon-coated grids
(Ted Pella Inc.), fixed in 2% formaldehyde, and washed.
The exosomes were postfixed in 2.5% glutaraldehyde,
washed, contrasted with 2% uranyl acetate, and air-dried
before TEM examination (Jem 2100, Jeol, Japan).
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2.6. Nanoparticle Tracking Analysis (NTA) and Flow
Cytometry Assay for Exosomes. The exosome particle size of
EXO0, EX5, and EX7 was verified by analysis of ZETASIZER
Nanoseries-Nano-ZS (Malvern, UK) according to the opera-
tions manual. For the flow cytometry assay, the EX0, EX5,
and EX7 were stained with CD63-FITC and CD81-FITC flow
cytometry antibodies (BD Biosciences, San Jose, USA). Then,
the nonstained EX0, EX5, and EX7 samples as negative con-
trol were marked as NC. The flow cytometry assay was per-
formed according to instrument (BD accuri C6 flow
cytometer) operation rules.

2.7. DPSCs Cocultured with EX0 and EX7. In this study, the
exosomes EX0, EX5, and EX7 were collected and sequenced.
EX7 showed higher expression of circLPARI than EX5.
Therefore, we chose EX7 for subsequent experiments instead
of EX5. The 3™ generation of DPSCs was inoculated into 6-
well plates with 2 x 10° cells per well density after the cell
counting. All wells were randomly divided into EX0-treated
group, EX7-treated group, the osteogenic induction medium
group as a positive control (PC) group, and normal-cultured
group as a negative control (NC) group. For EX0- and EX7-
treated groups, DPSCs were cocultured with exosome con-
tained medium (20 uL EX0 or EX7 in 1mL DMEM+10%
exosome-free FBS) without the osteogenic induction
medium for 14 days. For PC group, osteogenic differentiation
of DPSCs was induced by the osteogenesis induction
medium (abovementioned) with 15% exosome-free FBS for
14 days. The NC group was normal-cultured DPSCs
(DMEM+15% exosome-free FBS). All the culture medium
was replaced, and morphological changes were observed
under the microscope every 3 days.

2.8. Exosome Phagocytosis. Phagocytosis of exosomes was
detected by the following method: DPSCs were inoculated
into 12-well plates with 3x10* cells per well (15%
exosome-free FBS+DMEM were used for culture). The
20 uL exosome solution with protein contained 1 ug/uL was
mixed to 4 uL. PKH67 and 200 yL diluent, and incubated at
the room temperature for 5min. Next, 200 uL exosome-free
FBS was added to terminate the reaction; then, the exosomes
were extracted. DPSCs were inoculated into 12-well plates
with 10% exosome-free FBS+DMEM and divided into the
control group and experimental group. The control group
was added with the exosomes no marking of PKH67 and
15% exosome-free FBS+DMEM. The experimental group
was added with the exosomes marked by PKH67 and 15%
exosome-free FBS, incubating at 37°C and 5% CO, for 24
hours. Then, the original culture medium was removed,
washed twice with PBS, fixed with 4% paraformaldehyde at
the room temperature for 30 min, washed twice with PBS,
and stained with DAPI. The phenomenon of phagocytosis
of exosomes was observed by a fluorescence microscope
(TE2000U, Nikon, Japan).

2.9. Alkaline Phosphatase (ALP) Staining and Alizarin Red
Staining (ARS). ALP staining was performed for all groups
on day 0, day 7, and 14 incubation. The ALP dye solution
was prepared according to the instructions of alkaline phos-

phatase kit (Colorimetric, abcam, US). The positive results
of ALP staining were blue. Secondly, ARS was performed
on day 0, day 7, day 14, and 21 for all groups. Briefly, 0.1%
alizarin red staining solution was incubated at 37°C for 30
minutes; then, the cells were rinsed by distilled water gently.
After drying, mineralized nodules were observed under the
microscope and photographed.

2.10. Western Blotting. WB assay was performed in the miR-
31 knockdown group (si-miR-31), circ lysophosphatidic acid
receptor 1- (circLPAR1-) overexpressed group (circLPARI),
EXO0-, and EX7-treated groups. Equal amounts of total sam-
ple protein were separated by SDS-PAGE and blotted onto
PVDF membranes (Millipore). Then, the membranes were
immunoblotted with the primary antibody at 4°C for 16 h.
The primary antibodies of special AT-rich sequence-
binding protein 2 (SATB2) (abcam, ab92446), RUNX2
(abcam, ab76956), col-1 (abcam, ab138492), and OCN
(abcam, ab13420) were used. Next, the membrane was
washed and incubated with an HRP-conjugated secondary
antibody (abcam) at RT for 2 h. All protein signals were ana-
lyzed with the ECL Kit (Pierce, US).

2.11. Reverse Transcription PCR. The expression level of cir-
cLPARI1, hsa-miR-31, and osteogenesis-related genes was
detected by reverse transcription PCR (RT-PCR). The Trizol
kit (Thermo, US) was used to extract total RNA, and reverse
transcriptase (Takara, US) was used to synthesize DNA tem-
plate. The primers were synthesized from Sangon Biotech
(Shanghai, China), and the sequence of PCR primers was as
follows: RUNX2 (F: TGGTTACTGTCATGGCGGGTA; R:
TCTCAGATCGTTGAACCTTGCTA), col-1 (F: GAGGGC
CAAGACGAAGACATC; R: CAGATCACGTCATCGC
ACAAC), OCN (F: AGCCCATTAGTGCTTGTAAAGG; R:
CCCTCCTGCTTGGACACAAAG), CircLPARI (F: GGAA
TCGGGATACCATGATGAGTCT; R: CAGGTACTCAG
ATAGGTGGATGGGG), and GAPDH (F: CAGGGCTGC
TTTTAACTCTGG; R: TGGGTGGAATCATATTGGA
ACA). The fluorescence quantitative PCR experiment was
carried out with MX300p quantitative PCR instrument, and
the CT values of each template were detected. Relative quan-
tification was carried out by detecting CT values, and the
contents of RUNX2, col-1, OCN, circLPAR1 (hsa_circ_
0003611), and GAPDH genes in samples were detected.
MiR-31 was reverse transcribed into cDNA using TagMan®
microRNA Reverse Transcription Kit and detected by The
TagMan Universal PCR Master Mix II (Applied Biosystems).
U6 and GAPDH were used as endogenous control.

2.12. Vector Construction and Cell Transfection. The genomic
region of circLPARI (hsa_circ_0003611) was synthesized by
Sangon Biotech (Shanghai, China) and subcloned into a
pcDNA3.1 vector. hsa-miR-31 inhibitor was supplied by
Sangon Biotech. Transfection of circPLAR1-PCDNA plas-
mid and hsa-miR-31 inhibitor was used Lipofectamine
3000 (Thermo) reagent according to the instructions and cul-
tured for 14 days. The hsa-miR-31 inhibitors were repeatedly
transfected every 3 days.
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Figure 1: Characterization of DPSCs by (a) immunofluorescence staining and (b) flow cytometry assay. (a) DPSCs were stained with
vimentin (red) and cytokeratin (green). Nucleus was stained by DAPI (blue). (b) DPSCs were stained with endothelial-specific markers
(CD34 and CD45) and mesenchymal-specific markers (CD44, CD90, and STRO-1).

2.13. Luciferase Reporter Assay. For luciferase assays, wild-
type circLPARI (hsa_circ_0003611) and mutant type of the
binding site genomic region fragments were synthesized by
Sangon Biotech (Shanghai, China) and inserted into Pmir-
GLO vector. hsa-miR-31 mimics were supplied by Sangon
Biotech. The activity of Firefly luciferase and Renilla lucifer-
ase was detected with Dual-Luciferase® Reporter Assay Sys-
tems (Promega). Every analysis was performed three times.

2.14. Statistical Analysis. All experiments were performed at
least three times. The data were represented as the mean +
standard deviation (mean + SD). Data were analyzed using
the Student’s two-tailed ¢-test to compare the means of two
groups or a one-way ANOVA for comparison of the means
of more than two groups using SPSS 17.0 (IBM, Chicago,
IL, USA). P < 0.05 was considered statistically significant.

2.15. Ethics Statement. This study was approved by the Med-
ical Ethics Committee of Kunming Medical University. The
patients who donated pulp tissues during the tooth removal
surgeries signed the informed consent.

3. Results

3.1. Isolation and Characterization of DPSCs. Immunofluo-
rescence staining of DPSCs showed positive expression of
mesenchymal marker vimentin (red) and negative expression
of cytokeratin (green) (Figure 1(a)). Flow cytometry assay
showed that mesenchymal-specific markers CD44, CD90,
and STRO-1 were expressed positively, and the expression
rate of cell surface antigen was close to 85%. Hematopoietic

and endothelial specific antigens CD34 and CD45 were
expressed negatively (Figure 1(b)).

3.2. Identification of Exosomes. Exosomes were isolated from
starvation of DPSCs’ culture medium marked as EXO0, from
DPSCs’ osteogenic-induced culture medium at days 5 and 7
marked as EX5 and EX7. All groups of exosomes showed cir-
cular structures with a size range of 20-120 nm under TEM
scanning (Figure 2(a)). Nanoparticle tracking analysis
revealed that the average particle size and main peak of par-
ticle size were within the range of exosome particle size
(Figure 2(b)). The detected particle distribution coefficient
(PDI) was between 0.08 and 0.7, which proved the moderate
dispersion of the system and high confidence of the results.
The expression of CD63 and CD81 in EX0, EX5, and EX7
was detected by flow cytometry instrument. Compared with
the NC group, both two tested markers had highly expressed
signals (Figure 2(c)).

3.3. Osteogenic-Induced DPSC-Derived Exosomes (OI-DPSC-
Ex) Induced Osteogenic Differentiation of Recipient
Homotypic DPSCs. The fluorescence microscope demon-
strated that the exosomes were phagocytized by DPSCs
(Figure 3(a)). Subsequently, we tested the osteogenic effects
of EX0 and EX7 on homotypic DPSCs. ALP activity in PC
groups at days 7 (D7) and 14 (D14) was significantly higher
than that at the initial time point day 0 (DO0). The exosome
induction group EX7 also showed similar staining results
(Figure 3(b)). ARS confirmed that the EX7 group produced
the calcium deposit by recipient DPSCs (Figure 3(d)). The
highly expressed level of osteogenic induction genes RUNX2,
col-1, and OCN further confirmed that EX7 promoted
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F1GURE 2: Identification of exosomes by (a) transmission electron microscopy, (b) nanoparticle tracking analysis, and (c) flow cytometry
assay. (a) Electron micrographs showed that all exosomes detected were circular structures with a size range of 20-120 nm. (b) The
average particle size and main peak of particle size were within the range of exosome particle size. (c) The exosome-specific marker (CD63
and CD81) in EX0, EX5, and EX7 was detected by flow cytometry. The NC group was exosomes with no stain.

osteogenic differentiation of recipient homotypic DPSCs
(Figure 3(c)). In contrast to EX7 group, EX0 group showed
similar results in ALP staining, ARS, and level of osteogenic
induction gene expression, which was considered had no
osteogenic effect on DPSCs.

3.4. CircLPARI Was Obviously Upregulated in Osteogenic-
Induced DPSC-Derived Exosomes. To investigate the mecha-
nism of OI-DPSC-Ex on promoting osteogenic differentia-
tion of DPSCs, we performed high-throughput sequencing
of circRNA in EXO0, EX5, and EX7. Through bioinformatics
analysis of the sequencing result, we found that there were

11 circRNAs raised steadily from EX5 to EX7 (Figure 4(a)).
By fluorescence quantitative PCR detection, we confirmed
that LPAR1 (hsa_circ_0003611) expression level in exosomes
was increased gradually with the extension of induction time
(Figure 4(b)). Therefore, we listed LPARI] as a research
object, hoping to explore the physiological role of cir-
cLPARP1 in exosomes.

3.5. hsa-miR-31 Was the Target of circLPARI. It was pre-
dicted by online tools (https://circinteractome.nia.nih.gov/)
that circLPAR1 (hsa_circ_0003611) bound to hsa-miR-31,
a miRNA that showed significant inhibitory effect on
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FI1GURE 3: Evaluation of osteogenic differentiation of DPSCs after exosome treatment. (a) PKH67-stained exosomes were phagocytosed by
DPSCs (green); no PKH67-stained signal was found in the negative control; nucleus was stained by DAPI (blue). (b) ALP assay of
osteogenesis induction medium groups (PC) and exosome-treated group (EX0 and EX7) cultured at days 0 (DO0), 7 (D7), and 14 (D14).
(c) The expression levels of RUNX2, col-1, and OCN before and after exosome induction were detected by qRT-PCR. (d) Alizarin red
staining of PC group and exosome-treated groups (EX0 and EX7) cultured at days 0 (D0), 7 (D7), 14 (D14), and 21 (D21). NC was the
negative control. *P < 0.05, **P < 0.01, and ***P < 0.001 indicated significant differences.

osteogenic differentiation [19, 20] (Figure 5(a)). In order to
confirm the accuracy of this prediction, verified experiments
were conducted. First, we detected the expression levels of
hsa-miR-31 and circLPARIgenes in EX7- and EXO-treated
DPSCs. The results showed that circLPARI expression level
was upregulated in EX7-treated DPSCs, while hsa-miR-31
was decreased significantly (Figure 5(b)). There was a nega-
tive correlation between the two RN As. Furthermore, we ver-
ified whether circPLAR] was a direct hsa-miR-31 target
using luciferase reporter assays. DPSCs cotransfected with
the hsa-miR-31 mimics, and circPLAR1 plasmid suppressed
the activity of a luciferase reporter, but did not affect the
mutant circLPAR1 group. This result demonstrated that cir-
cLPARI would be the target of hsa-miR-31 (Figure 5(c)).

3.6. Exosomal circLPARI Induced Osteogenic Differentiation
via Downregulation of hsa-miR-31. Based on above results,
we hypothesized that circLPARI induced osteogenic differ-
entiation of DPSCs through competitively binding to hsa-
miR-31. To verify this hypothesis, we transfected hsa-miR-
31 inhibitor and circLPARI overexpression vector into
DPSCs. ALP activity detection and alizarin red staining were
performed on the 14" day and 21°" day after the transfection.
We found that both downregulation of hsa-miR-31 and
upregulation of circLPAR1 promoted osteogenic differentia-
tion of DPSCs by the ALP assay and ARS (Figures 6(a) and
6(b)). The WB assay was used to detect the expression of
SATB2, RUNX2, col-1, and OCN in si-miR-31, circLPAR1
overexpression, and EX7-treated groups for 14 days. Com-
pared with the NC group, the expression of osteogenic

differentiation-related proteins in the three experimental
groups was all elevated (Figure 6(c)).

4. Discussion

Decoding the mystery of osteogenic differentiation would be
the cardinal step for archiving predictable bone regeneration
outcomes. However, due to various trigger factors, the com-
plex of signaling pathways, etc., osteogenic differentiation
remains many unanswered questions. In recent decades,
DPSC has been chosen as a promising cell source for regen-
erative medicine [3]. However, the clinical application of
DPSC is still far from ideal [21]. It might be due to a major
reason of unclear mechanism of osteogenic differentiation
of DPSCs.

The discovery of exosome has opened a new direction of
cell research, particularly the cell-cell communications [22].
Moreover, the exosome played important roles in cellular
differentiation [23]. On the one hand, the biomolecular mes-
sages inside of exosomes altered synchronously to the stages
of osteogenic differentiation. Xu et al. reported the alteration
of exosomal miRNA expression during the osteogenic differ-
entiation and the different expression correlated to the
degrees of osteogenic differentiation [7]. On the other hand,
the altered biomolecular messages loaded in exosomes had
specific biological effects closely related to its ongoing osteo-
genic differentiation. Wang et al. not only showed the change
of exosomal miRNA expression during the osteogenic differ-
entiation, but they also demonstrated the exosomes from var-
ious stages of osteogenic differentiation that had different



BioMed Research International

L =

EX5

i

hsa_circ:chr1:1747196-1770677
hsa_circ:chr1:7867220-7838229
hsa_circ:chr5:170610203-170632616
hsa_circ:chr20:30954187-30956926
hsa_circ:chr:38287200-38287466
hsa_circ:chr20:17936009-17937681

B e g,

sa_circ:chr3: - .
scrcao1sosoyssss CircLPART
sa_circ:chr6:73005640-73043638

15

10

Relative expression of circLPAR1

hsa_circ:chr15:63850305-63852169
hsa_circ:chr15:28477124-28477630
hsa_circ:chr17:76388557-76394432
irc:chrl:55340766-5341720

s :chr21:16386665-16415895
hsa_circ:chr2:200233328-200298237
hsa_circ:chr17:39983678-39985204
he hr1:155408118-155429689
irc:chr13:99890681-99896878
hs irc:chr20:34302107-34314369
hsa_circ:chr4:81216713-81284038
hsa_circ:chr3:47139445-47144913
hsa_circ:chr6:13472298- 136476896
hsa_circ:chr6:29858041-29912393
hsa_circ:chr5:41840553-41861506
hsa_circ:chr1:16528277-16529069
hsa_circ:chr4:2626989-2628304
hsa_circ:chr3:171965323-171969331
hsa_circ:chr21:38792601-38845182
hsa_circ:chr9:140637823-140648743
hsa_circ:chrX:139865340-139866824
hsa_circ:chr16:85667520-85667738

P

circLPAR1
EXO0

hsa_circ:chrY:13688616-13851691
hsa_circ:chrl1:33307959-33309057
hsa_circ:chr6:73005640-73043538

[hsa_circ:chrd:113734353-113735838)
hsa_circ:chr16:85667520-85667738

circLPAR1

hsa_circ:chrY:13688616-13851691

(has_circ_0003611)

(a)

EX0

1 T
EX5 EX7

()

FIGURE 4: Exosomal circRNA profiles during osteogenic differentiation of DPSCs. (a) Altered circRNA profiles of exosomes during osteogenic
differentiation time intervals (EX0, EX5, and EX7). Red color represented an expression level above the mean, and green color represented
expression lower than the mean. (b) The expression level of exosomal circLPARI during osteogenic differentiation time intervals (EXO,
EX5, and EX7) was detected by qRT-PCR. *P < 0.05, **P < 0.01, and ***P < 0.001 indicated significant differences.

osteogenic effects on the homotypic recipient cells [6]. In
addition, it was found that the exosomes from osteogenic-
induced stem cells from human exfoliated deciduous teeth
contained mRNA and proteins of Wnt3a and BMP2, which
showed osteogenic effects on periodontal ligament stem cells
(PDLSCs) [24]. However, those are the researches of exoso-
mal miRNA, mRNA, and proteins related to osteogenic
differentiation.

Recently, circRNA has showed the impact on osteogenic
differentiation. Lloret-Llinares et al. found different expres-
sion of certain circRNAs during osteogenic differentiation
of MC3T3-E1 cells by RNA sequencing (RNA-seq), and they
demonstrated a circ19142/circ5846-targeted miRNA-
mRNA axis [25]. A thorough analysis of circRNA expression
profiles during osteogenic differentiation of PDLSCs revealed
that more than one hundred circRNAs changed expression
significantly and showed a stage-specific change of circRNA
expression [26]. 43 circRNAs were found to change expres-
sion during osteogenic differentiation of mouse adipose-
derived stromal cells, of which two circRNAs (mmu_cir-
cRNA_013422 and mmu_circRNA_22566) were upregu-

lated and showed the miRNA-sponge effect to miR-338-3p
[27]. Zhang et al. had verified a link between circIGSF11
and miR-199b-5p, the downregulation of circIGSF11 led to
enhancement of osteogenesis by the upregulation of miR-
199b-5 expression [14]. Those studies were of importance
to show the role of circRNAs in osteogenesis. However, up
to date, very few studies considered the exosomal circRNA,
which is the special cargo of exosome having effects on the
recipient cells for osteogenesis. Hence, our study firstly
reported the altered expression of exosomal circRNA of
DPSCs undergoing osteogenic differentiation and identified
the circLPARI that played a promotive role on osteogenic
differentiation of DPSCs.

We thoroughly examined all exosomal circRNAs by
RNA-seq at days 5 (EX5) and 7 (EX7) after osteogenic induc-
tion and day 0 (EXO, the exosomes from starvation of DPSCs
without osteogenic induction). Among upregulated exoso-
mal circRNAs, circLPARI was continuously upregulated
along with induction time as the results of comparing EX5,
EX7 to EXO, respectively. However, EX7 had a higher expres-
sion of circLPAR1 than EX5. Therefore, the EX7 was selected
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***P <0.001 indicated significant differences.

for testing its osteogenic effects. The results of EX7 showed
similar effects as the positive control group, whereas the
EXO0 group showed the null effect on osteogenesis. EX7 con-
tained the high level of circLPARI expression would be the
key point of promotion of osteogenesis of DPSCs. Cir-
cLPARI is a kind of G-protein coupled receptor commonly
expressed in normal human tissues [28], and it has been
studied in cancer field recently [29-31], but its effect on oste-
ogenesis remains mostly unknown. The results from bioin-
formatic prediction and luciferase reporter assay showed
that circLPAR1 had a strong binding capacity with hsa-
miR-31 which was a proved miRNA inhibitor of osteogenic
differentiation [32-34]. Moreover, hsa-miR-31 inhibited the

osteogenic differentiation of mesenchymal stem cells by tar-
geting SATB2 [20, 34, 35], a protein that showed significant
role in bone biology and positively linked to the level of
expression of RUNX2, OPN, OSX, OCN, etc. [12, 19, 20,
35-37]. In this study, the results confirmed that the expression
level of SATB2 and other osteogenic differentiation-related
genes was upregulated in the exosome (EX7) treated, si-miR-
31 transinfected, and circLPAR1-overexpressed groups.

Our study identified that circLPARI was highly
expressed in the exosomes derived from osteogenic-induced
DPSCs. Then, the large number of circLPARI entered the
recipient homotypic DPSCs, then bound to hsa-miR-31
which was the miRNA targeted to gene SATB2. Therefore,
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circLPARI eliminated negative effect of hsa-miR-31 on oste-
ogenic differentiation of DPSCs. Subsequently, the expres-
sion level of SATB2 was increased and led to the
upregulation of its downstream genes which related to osteo-
genic differentiation such as RUNX2. The increased RUNX2
promoted the occurrence and development of osteogenic dif-
ferentiation (Figure 7).

The highlight of this study was to investigate the effects of
OI-DPSC-Ex on homotypic DPSCs, which showed one pos-
sible role of the exosomes played during osteogenic differen-
tiation. We supposedly considered the effect of the exosomes
derived from induced cells further inducing the homotypic
cells as a “re-enhanced” loop or a chain reaction or a
“turbocharger-effect”; these exosomes further amplified the
induction effect on themselves and surrounding cells as a
consequence of a successful completion of differentiation.

5. Conclusion

This study demonstrated the increasing circLPAR1 expres-
sion in the exosomes derived from DPSCs during osteogenic
differentiation. These exosomes had the osteogenic effect on
the recipient homotypic DPSCs via exosomal circLPAR1 that
upregulated SATB2 expression by competitively binding to
hsa-miR-31. Our findings uncovered exosomal circRNA
expression profile during osteogenic differentiation of DPSCs
and revealed a new mode of understanding of the role of exo-
somes played in osteogenic differentiation, providing a novel
way of utilization of exosomes for the treatment of bone
deficiencies.
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