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Objective. Human adipose-derived stem cells (hADSCs) are ideal seed cells for the regeneration of alveolar bone defects. Platelet-
rich plasma (PRP), which is rich in growth factors, promotes tissue repair. The purpose of the present study was to investigate
whether PRP promotes the osteogenic differentiation of hADSCs and to perform high-throughput sequencing to explore the
possible mechanism. Methods. hADSCs were divided into the three following groups: CON group, OM group, and PRP group.
Osteogenesis was detected by Alizarin Red staining on day 14. Total RNA was extracted from the OM and PRP groups for
high-throughput sequencing. The target genes of the differentially expressed osteogenic-related miRNAs were predicted, and
combined miRNA/mRNA analysis was then performed. The mRNA and protein expression levels of hsa-miR-212-5p, type 1
cannabinoid receptor (CNR1), alkaline phosphatase (ALP), Runx2, osteocalcin (OCN), and collagen 1 Al (COL1Al) in the
OM and PRP groups were detected by QqRT-PCR and Western blot analyses. The binding between hsa-miR-212-5p and CNR1
was detected by a dual-luciferase reporter assay. Results. Both the OM and PRP groups exhibited enhanced proliferation of
hADSCs, and the differences at 48h and 72h were statistically significant (P < 0.05). The PRP group had significantly more
calcium nodules than the CON group (P <0.05). Through high-throughput sequencing analysis, differential miRNA and
mRNA expression profiles were obtained. During hADSC osteogenesis, the expression of hsa-miR-212-5p was downregulated,
and the expression of CNR1 was upregulated. hsa-miR-212-5p was found to bind directly to the 3' UTR of CNRI.
Conclusions. The present findings indicated that downregulation of hsa-miR-212-5p and upregulation of CNR1 may be
involved in the process by which PRP promotes the osteogenic differentiation of hADSCs.

1. Introduction

Alveolar bone defects mainly manifest as thin alveolar bone
plates, “bone windows,” and “bone cracking,” which have a
high prevalence in all types of malocclusion patients [1].
Alveolar bone defects may be further exacerbated with
orthodontic treatment, which not only limits the movement
range of teeth but also affects health and beauty, which are
some of the major challenges for orthodontists. At present,
guided bone regeneration, periodontal accelerated osteo-
genic orthodontics, and other methods are often used in
the clinical treatment of alveolar bone defects. Conventional
surgery for alveolar bone defects is traumatic [2] and may be
a poor strategy in terms of long-term stability [3]. Bone tis-

sue engineering technology has proposed a new scheme for
the treatment of alveolar bone defects, and the experimental
exploration of the regeneration and repair of alveolar bone
defects is of great significance for improving the effect of
orthodontic treatment, expanding the range of tooth move-
ment, and improving the comfort of patients. Bone marrow
mesenchymal stem cells (BMSCs) efficiently facilitate bone
regeneration [4, 5] and are the most widely studied seed cells
in bone tissue engineering [6, 7]. However, the yield of the
extracted stem cells is low, and the extraction process is
painful.

Adipose-derived stem cells (ADSCs) can be obtained in
large quantities from resected adipose-derived tissue or
through liposuction with little damage to the donor site,
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and they are similar to BMSCs in terms of gene expression
and osteogenic ability [8]. The yield and proliferation capac-
ity of ADSCs are also higher than those of BMSCs [9, 10].
ADSCs have gradually attracted attention and have become
a promising stem cell type for bone tissue engineering and
an ideal seed cell type for the treatment of alveolar bone
defects.

Platelet-rich plasma (PRP) is obtained by increasing the
concentration of platelets in plasma by removing red blood
cells [11]. In recent years, the role of PRP in bone defects
has gradually attracted attention [12]. Tajima et al. [13]
demonstrated that 5% PRP significantly induces ADSCs to
secrete growth factors, and the combined use of ADSCs
and PRP significantly promotes the repair of rat skull
defects.

MicroRNAs (miRNAs) are 18- to 26 bp endogenously
initiated noncoding RNAs that regulate posttranscriptional
gene expression through specific base pairing between the
5 end and the 3’ untranslated region of the target gene
[14, 15], and they play important regulatory roles in organ-
isms. For example, miR-26a-5p regulates the osteogenic dif-
ferentiation of ADSCs through the Wnt5a/Ca2+ signaling
pathway [16], and miR-145-5p inhibits the osteogenic differ-
entiation of ADSCs by targeting signaling protein 3A [17].
miR-1249-5p promotes the osteogenic differentiation of
ADSCs by targeting PDX1 through the PI3K/Akt signaling
pathway [18]. The miR-135/HOXA2/Runx2 pathway may
contribute to the regulation of osteogenic differentiation
and bone formation of ADSCs, and miR-135-modified
ADSC and scaffold complexes are effectively used to repair
bone defects of critical size [19]. Studies have shown that a
variety of miRNAs are involved in the osteogenic differenti-
ation of ADSCs, and that the regulatory mechanism is com-
plex. However, many miRNAs in the ADSC osteogenic
regulatory gene network have not yet been discovered.

In the present study, hADSCs were induced with osteo-
genic differentiation medium (OM) supplemented with 5%
PRP to observe the promoting effect of PRP on the osteogen-
esis of hADSCs and detect the expression of Runx2. The
expression profile of differential miRNAs and the mRNA
expression profile associated with PRP promoting hADSC
osteogenesis were explored by high-volume sequencing
technology, and the osteogenic genes were screened out
and verified by qRT-PCR, providing a basis for further
research on the mechanism of miRNAs in PRP-induced
hADSC osteogenesis. The present study provides a prelimi-
nary foundation for the clinical transformation of ADSCs
in the treatment of alveolar bone defects.

2. Materials and Methods

2.1. Preparation of PRP. The whole blood samples used in
this study were collected from volunteers who had no infec-
tious or systemic diseases. After obtaining the approval of
the Ethics Committee of China Medical University and the
informed consent of the volunteers, 400 ml of blood was col-
lected intravenously from each volunteer. At room tempera-
ture, the whole blood was centrifuged for 10 min at 377g,
resulting in the following three layers: upper layer, which
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was plasma; middle layer, which was white blood cells and
platelets; and lower layer, which was red blood cells. The
upper and middle layers were collected. The sample was cen-
trifuged at 1509g for 20min, and the bottom precipitate
(PRP) was collected.

2.2. Identification of Stem Cell Properties

2.2.1. Identification of the Immunophenotype. Third-genera-
tion hADSCs were collected and prepared into cell suspen-
sions after cells reached 80%-90% confluence. Cells were
divided into 6 flow tubes with the number of cells adjusted
to 1 x 10° per tube, and the tubes were divided into the con-
trol group, CD34-PE group, CD45-FITC group, CD73-PE
group, CD90-PE group, and CD105-PE group. Fluorescently
labeled antibodies (Biolegend, USA) were added to each
group except the control group. The samples were incubated
at room temperature in the dark, washed with PBS (Gibco,
USA), resuspended in 500 yl of PBS, and then detected by
flow cytometry.

2.2.2. Multilineage Assay. According to the manufacturer’s
instructions (Cyagen, USA), multiple differentiation capabil-
ities were identified. To verify the osteogenesis ability, when
third-generation hADSCs reached 60%-70% confluence in
serum-free cell culture medium supplemented with 10%
FBS, the OM was replaced every 3 days for a total of 21 days,
and cells were then stained with Alizarin Red. To verify the
adipogenic ability, third-generation hADSCs were cultured
until 100% confluency, and the medium was replaced with
adipogenic differentiation medium A. After 3 days of induc-
tion, liquid A was replaced with liquid B. After 24h of cul-
ture, liquid B was replaced with liquid A. The culture
medium was alternated between liquid A and liquid B five
times. Cells were cultured for 28 days and stained with Oil
Red O. To verify the chondrogenic differentiation ability of
hADSCs, 3.5 x 10° cells were resuspended in 0.5ml of pre-
mixed solution of chondrogenic differentiation medium
and then centrifuged at 150g for 5min. Cells were then
added to 0.5ml of chondroblast induction medium, resus-
pended, and centrifuged. The medium was changed every
3 days, and cells were cultured for 28 days. Cells were then
fixed with formalin and stained with Alcian blue.

2.3. Cell Culture and Grouping. hADSCs were purchased
from Shenyang Cell Therapy Engineering Technology
Research Centre Company. Serum-free cell culture medium
(Lonza, USA) supplemented with 10% foetal bovine serum
(FBS; Gibco, USA) was used to culture cells at 37°C in a
5% CO, incubator. In subsequent experiments, hADSCs
were divided into the following three groups for culture:
CON group (negative control group, which was cultured
with serum-free cell culture medium supplemented with
10% EBS), OM group (positive control group, which was
cultured with hADSC OM), and PRP group (experimental
group, which was cultured with hADSC OM supplemented
with 5% PRP).

2.4. Measurement of hADSC Proliferation Ability by the Cell
Counting Kit-8 (CCK-8) Assay. Third-generation hADSCs
were collected and seeded into 96-well plates at 4000 cells/
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TaBLE 1: Sequences of primers used in this study.

Gene Forward primer (5'-3") Reversed primer (5'-3")
CNRI1 CCTGGTGCTGTGCGTCAT CGTTGCGGCTATCTTTGC
GREM1 ATCATCAACCGCTTCTGT GAGCAGGACTGAAAGGAA
LEP TTGTCACCAGGATCAATGA CATCTTGGATAAGGTCAGGA

hsa-miR-212-5p GTGACGGCTTACTGTCGTATCCA

hsa-miR-204-3p CGTGGGAAGGCAAAGGGAC

hsa-miR-495-3p_R+1 GGAGAGGCACTTCTTTGTCGTAT

COL1A1 CGAAGACATCCCACCAATC
ALP TTGGGCTGTGGAAGGCTCTG
Runx2 TCAGGCATGTCCCTCGGTAT
OCN GAAGAGGAGGGAGAATGTTG
GAPDH TGCACCACCAACTGCTTAGC

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCAC
TGGATACGACAGTAAGCAGTCTAGAGCCAAGGT

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCAC
TGGATACGACACGTCCCTTTGCCTTCCCAGC

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGAT
ACGACAAAGAAGTGCACCATGTTTGTTT

ATCACGTCATCGCACAACA
TTCCTCCTTGTTGGGTTTGG
GGCTTCCATCAGCGTCAA
CACTGAAGGGTCTGGTAGGA
GGCATGGACTGTGGTCATGAG

well in 100 ul of serum-free cell medium containing 10%
FBS. When cells reached 60%-70% confluence, the culture
medium was changed as follows: the CON group medium
was replaced with serum-free cell medium containing 10%
EBS, the OM group medium was replaced with adult ADSC
OM, and the PRP group was replaced with adult ADSC OM
containing 5% PRP. Cells were cultured for 24 h, 48h, and
72h. Then, 10 ul of CCK-8 solution (Solarbio, Beijing) was
added to each well, and the samples were incubated at
37°C for 2h. The absorbance value A at 450 nm was mea-
sured with a microplate analyser.

2.5. Evaluation of hADSC Osteogenic Differentiation Ability
by Alizarin Red Staining. Third-generation hADSCs were
seeded in a 6-well plate at a density of 2 x 10* cells/cm? in
2ml of serum-free cell medium containing 10% FBS. Cells
were divided into the following groups with three replicate
wells per group: CON group, OM group, and PRP group.
After 14 days of induction, Alizarin Red staining was per-
formed to detect osteogenesis. After discarding the superna-
tant, 10% cetylpyridinium chloride solution (Meilun
Biotechnology, China) was added, and the mixture was
placed at room temperature for 30 min. The absorbance
was measured at 562 nm using an ultraviolet (UV) spectro-
photometer. Each sample was assessed three times, and the
mean and standard deviation were calculated.

2.6. miRNA and mRNA Sequencing. hADSCs were seeded
into 10cm petri dishes at a density of 2 x 10* cells/cm?,
and the OM and PRP groups were set up with three repli-
cates per group. After 14 days of osteogenic induction, the
culture medium was aspirated, and 1 ml of TRI Pure was
added to each petri dish to extract total RNA. miRNA
sequencing and mRNA sequencing were performed in a
blinded manner by Hangzhou Lianchuan Biotechnology
Co., Ltd.

Two software programs, TargetScan (v5.0) [20] and
miRanda (v3.3a) [21], were used for target gene prediction

of 43 significantly different miRNAs, and the intersection
of the two software program datasets was used as the final
target gene set for the differential miRNAs. The literature
was searched, and the GO terms and pathway names related
to osteogenesis were sorted. The genes related to osteogene-
sis were screened out followed by enrichment and analysis
using the Lianchuan Biological Cloud Platform with cloud
tools (https://www.omicstudio.cn/login).

According to the sequencing results, the differentially
expressed genes, hsa-miR-204-3p, hsa-miR-212-5p, hsa-
miR-495-3p_r+1, leptin (LEP), gremlin 1 (GREMI1), and
type 1 cannabinoid receptor (CNR1), were selected from
28 reverse regulatory relationships for qRT-PCR verifica-
tion. The primer sequences are listed in Table 1.

2.7. qRT-PCR Detection of the Expression of hsa-miR-212-5p,
CNRI, and Osteogenesis Markers. On day 14 of osteogenic
induction, total RNA of the OM and PRP groups was
extracted using TRI Pure lysis solution (Bioteke, China),
and the RNA concentration was measured using an UV
spectrophotometer (Thermo, USA). According to the
instructions (Biyuntian, China), the RNA samples were
reverse transcribed to obtain ¢cDNA. Quantitative analysis
was performed using an Exicycler 96 quantitative fluores-
cence analyser (Bioneer, Korea), and the relative expression
levels were calculated using the 2"*““T method. The primer
sequences are listed in Table 1.

2.8. Western Blot Analysis. On day 14 of osteogenic induc-
tion, lysis solution was added to the OM and PRP groups
to extract protein, and protein quantification was performed
using a BCA kit (Wanleibio, China). Proteins were isolated
by electrophoresis using an SDS-PAGE gel kit (Wanleibio,
China) and then transferred to a PVDF membrane (Milli-
pore, USA). The membrane was blocked with 5% skimmed
milk powder (Yili, China) for 1h and then incubated with
primary antibody. The following primary antibodies were
used: alkaline phosphatase (ALP) (Abclonal, China), Runx2
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(c)

Ficure 1: Continued.
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(d)

F1GURE 1: Characterization and identification of hADSCs. (a) Third-generation hADSCs (x40 magnification). (b) Third-generation hADSCs
(x100 magnification). (c) Immunophenotypical analysis of hADSCs by flow cytometry. hADSCs were positive for CD73, CD90, and CD105
but negative for CD34 and CD45. (d) Alizarin Red staining showing calcium nodules (stained red). (e) Oil Red O staining showing lipid
droplets (stained red). (f) Alcian blue staining showing the internal acid mucopolysaccharide in cartilage tissue (stained blue).

(Wanleibio, China), OCN (Affinity, China), COL1A1 (Wan-
leibio, China), CNR1 (Abclonal, China), and f-actin (Wanlei-
bio, China). After four washes (5min each), the membrane
was then incubated with secondary antibody. The membrane
was washed six times with Western detergent (Wanleibio,
China), and enhanced chemiluminescence (ECL) solution
(Wanleibio, China) was applied for exposure in a dark room.
The film was scanned, and the optical density of the target
protein was analyzed with Gel-Pro Analyser software.

2.9. Dual-Luciferase Activity Assay. After reaching 90% con-
fluence, 293 T cells (iCell Bioscience Inc., China) were
washed with PBS, digested with trypsin (Sigma, USA), resus-
pended, cultured for 24h, and transfected. Solution A was
prepared by mixing 50 ul of Opti-MEM (Invitrogen, USA)

and 3 pl of Lipofectamine 3000 (Invitrogen, USA). Solution
B was prepared by mixing 50yl of Opti-MEM, 2ul of
P3000, 15pmol sequence, and 0.5 ug of plasmid. Solution
A was mixed with solution B and added dropwise to the
wells. The plate was then shaken, and luciferase activity
was detected 48 h after transfection using a luciferase assay
kit (KaijiBio, China).

2.10. Statistical Analysis. SPSS Statistics 26.0 software was
used for all statistical analyses. Multivariate analysis of vari-
ance was performed to evaluate the results of the CCK-8
assay, and Bonferroni correction was used in pairwise com-
parisons. Statistical analysis of the qQRT-PCR results was
conducted using a ¢-test. P < 0.05 indicated a statistically sig-
nificant difference.
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FI1GURE 2: PRP promotes the proliferation of hADSCs and the formation of calcium nodules. (a) No calcium nodules were formed in the
CON group as indicated by the lack of Alizarin Red staining. (b) Few calcium nodules were formed in the OM group as indicated by
Alizarin Red staining. (c) Many calcium nodules were formed in the PRP group as indicated by Alizarin Red staining. (d) The effect of
the different culture media on the proliferation of hADSCs was evaluated by a CCK-8 assay (* vs. con, P < 0.05, n=5). (e) Change in the
expression of Runx2 (* vs. OM, P <0.05, n=3).
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TaBLE 2: Differential miRNA expression profile.

miRNA FC (PRP/OM) log2 (FC) P value Regulation
hsa-miR-370-3p 2.09 1.06 0.0018 Down
hsa-miR-1248_R-4 0.49 -1.01 0.0026 Up
hsa-miR-212-5p 3.39 1.76 0.0045 Down
hsa-mir-7110-p3_1ss1TC 0.32 -1.64 0.0045 Up
hsa-miR-9901_L+3R-2 0.18 -2.47 0.0071 Up
hsa-miR-496_L-2R+1 221 1.14 0.0075 Down
hsa-miR-5684_L-1R-1_1ss6TC 0.11 -3.16 0.0080 Up
ssc-mir-1285-p3_1ss20TA 0.49 -1.04 0.0089 Up
hsa-miR-4521_R+3 0.30 -1.74 0.0092 Up
hsa-miR-126-3p 3.08 1.62 0.0097 Down
bta-mir-2904-2-p3 0.46 -1.14 0.0126 Up
mmu-mir-8112-p5_1ss13CT 0.34 -1.55 0.0139 Up
hsa-miR-31-3p_R+1 3.63 1.86 0.0162 Down
hsa-miR-337-3p 2.17 1.12 0.0164 Down
hsa-mir-9902-1-p3_1ss13GC 0.38 -1.40 0.0174 Up
hsa-miR-1260a_L+1_1ss10TG 0.46 -1.12 0.0195 Up
mmu-mir-6236-p5_3 0.47 -1.08 0.0200 Up
mmu-mir-6236-p5_2 0.47 -1.08 0.0200 Up
mmu-mir-6236-p5_1 0.47 -1.08 0.0200 Up
mmu-mir-6236-p5_4 0.47 -1.08 0.0200 Up
mmu-mir-6236-p3_4 0.47 -1.08 0.0200 Up
ssc-mir-4332-p5_1ss11CA 0.31 -1.68 0.0217 Up
Hha-miR-4521_R+3 2.55 1.35 0.0217 Down
mmu-mir-6240-p5_1ss12TG_1 0.47 -1.08 0.0280 Up
mmu-mir-6240-p5_1ss12TG_2 0.47 -1.08 0.0280 Up
ssc-mir-4332-p5_1ss12CA 0.32 -1.64 0.0298 Up
hsa-miR-5010-3p_R+1 2.15 1.11 0.0327 Down
bta-miR-2887_L-2R+5 0.33 -1.59 0.0328 Up
bta-mir-2887-1-p5_1ss24AT 0.31 -1.70 0.0350 Up
hsa-miR-4485-5p_L+2R+2 0.18 -2.51 0.0355 Up
hsa-miR-204-3p 0.15 -2.72 0.0370 Up
bta-miR-11987_L-1R-1_1ss8TA 0.43 -1.21 0.0374 Up
ssc-mir-1285-p5_1ss23TC 0.45 -1.16 0.0375 Up
hsa-miR-138-5p 0.21 -2.28 0.0407 Up
hsa-miR-495-3p_R+1 2.30 1.20 0.0429 Down
hsa-miR-146b-3p 2.40 1.26 0.0429 Down
eca-mir-8986a-p5_1ss1GA 0.48 -1.06 0.0430 Up
bta-mir-2887-1-p3_1ss18AT 0.35 -1.50 0.0439 Up
bta-miR-2887_R+2 0.32 -1.64 0.0439 Up
mdo-miR-152-3p_R+3 5.47 2.45 0.0440 Down
hsa-miR-148a-5p 2.92 1.55 0.0441 Down
hsa-miR-618 4.78 2.26 0.0473 Down
hsa-miR-542-5p_R-1 7.90 2.98 0.0497 Down

3. Results

3.1. Characterization and Identification of hADSCs. After
24 h of cell resuscitation and culture, hADSCs were observed
microscopically, and the cells were reticulated or fusiform,

which was consistent with the adherent growth characteris-
tics of mesenchymal stem cells. When cultured to the third
generation, hADSCs grew well with long spindle-shaped,
polygonal, and swirl-shaped growth (Figures 1(a) and 1(b)).
Flow cytometry results showed that the cells were positive
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43 differentially 156 osteogensis-related
expressed miRNAs differential mRNAs
Target genes prediction
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12115 target genes, 106766 20 differentially

miRNA/mRNA regulatory
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expressed osteogensis-
related mRNAs

P <0.05, FC =2 or > 0.05

28 reverse regulatory relationships, namely
miRNA up-regulation/mRNA down-regulation, or
miRNA down-regulation/mRNA up-regulation

Consult

literature
A4

The differentially expressed genes hsa-miR-
204-3p, hsa-miR-212-5p, LEP, GREM1 and CNR1
were selected for QRT-PCR verification.

®

FIGURE 3: Results of miRNA sequencing and mRNA sequencing. (a) Heat map of differentially expressed miRNAs. (b) Histogram for the
GO enrichment analysis of differentially expressed miRNA target genes. (c) Volcano map of differentially expressed genes (P > 0.05). (d)
Histogram of GO enrichment analysis results for 156 osteogenesis-related genes. (e) Scatter plot of KEGG enrichment analysis results for
102 osteogenesis-related genes. In the scatter diagram, the size of the dot represents the number of differentially expressed genes, and the
color of the dot represents the P value of the enrichment analysis. P < 0.05 indicates significant enrichment. (f) Analysis of miRNA and
mRNA sequencing results and flow chart of miRNA/mRNA combined analysis.

for surface markers of mesenchymal stem cells (CD73,
CD90, and CD105) and negative for surface markers of
haematopoietic stem cells (CD34 and CD45) (Figure 1(c)).
The experimental results for multidirectional differentiation
showed that hADSCs induced osteogenic differentiation,
adipogenic differentiation, and chondrogenic differentiation
(Figures 1(d)-1(f)). These results indicated that the cells
used in this study meet the international standards of
ADSCs.

3.2. PRP Promotes the Proliferation of hADSCs and the
Formation of Calcium Nodules. The CCK-8 results showed
that compared to the CON group, both the OM and PRP
groups showed enhanced proliferation ability of hADSCs,
and the differences at 48 h and 72 h were statistically signifi-
cant (P <0.05). However, there was no statistically signifi-
cant difference between the OM and PRP groups (P > 0.05
), indicating that PRP had no cytotoxicity (Figure 2(d)).
Alizarin Red staining showed that both OM and PRP
induced osteogenic differentiation of hADSCs, and the
PRP group had more calcium nodules, which demonstrated
that PRP further promoted the osteogenic differentiation of
hADSCs based on OM induction (Figures 2(a)-2(c)). qRT-

PCR analysis indicated that the expression level of Runx2
in the PRP group was significantly higher than that in the
OM group (P < 0.05) (Figure 2(e)).

3.3. miRNA and mRNA Sequencing Results. The miRNA
sequencing results showed that a total of 816 differential
miRNAs were identified between the PRP and OM groups.
The expression profile of differentially expressed miRNAs is
shown in Table 2, and the heat map of differentially
expressed miRNAs is shown in Figure 3(a). Taking the inter-
section of the prediction results of TargetScan and miRanda,
a total of 12,115 target genes were predicted among 43 miR-
NAs with significant differences (P < 0.05), and there were
106,766 miRNA/mRNA regulatory relationships. The results
of GO enrichment analysis of differential miRNA target
genes are shown in Figure 3(b). The results of mRNA
sequencing showed that a total of 60,612 genes were detected
in the PRP and OM groups, among which 1146 genes were
significantly differentially expressed (P < 0.05), and a volcano
map was generated for all the differentially expressed genes
(Figure 3(c)). According to the GO terms, 156 genes related
to osteogenesis were further screened out from 1146 differen-
tially expressed genes, and GO enrichment analysis was
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TaBLE 3: Differential mRNA expression profile associated with PRP
promoting osteogenic differentiation of hADSCs.

mRNA name FC log2 (FC) P value Regulation
FABP3 6.83 2.77 <0.001 Down
TUBAIA 2.94 1.56 <0.001 Down
MVD 2.90 1.53 <0.001 Down
GPC3 2.71 1.44 <0.001 Down
LEP 2.58 1.37 <0.001 Down
GREM1 2.50 1.32 <0.001 Down
CTHRC1 2.44 1.29 <0.001 Down
LGALS1 2.11 1.07 <0.001 Down
F2R 0.49 -1.02 <0.001 Up
GRB2 0.47 -1.08 <0.001 Up
SPTBN1 0.47 -1.08 <0.001 Up
FOXO1 0.47 -1.09 <0.001 Up
CDC42EP3 0.46 -1.11 <0.001 Up
PLPP3 0.46 -1.12 <0.001 Up
PTK2B 0.46 -1.13 <0.001 Up
GTF3C5 0.43 -1.20 <0.001 Up
DNAJA3 0.42 -1.25 <0.001 Up
KAT2A 0.36 -1.47 <0.001 Up
CNRI1 0.27 -1.90 <0.001 Up
ID1 0.22 -2.21 <0.001 Up

conducted (Figure 3(d)). The KEGG enrichment analysis
results were analyzed by GGplot2 and are presented in a scat-
ter diagram (Figure 3(e)). Taking FPKM > 10 as the limiting
threshold, 20 osteogenic genes were further screened out
from 156 osteogenic genes. The mRNA expression profiles
of PRP promoting the osteogenic differentiation of hADSCs
are shown in Table 3. According to the prediction results of
miRNA target genes, 20 osteogenic genes were selected. A
total of 28 reverse regulatory relationships were obtained.
The regulatory relationships of miRNA/mRNA osteogenesis
are shown in Table 4, and the analysis of miRNA and mRNA
sequencing results and the flow chart of miRNA/mRNA
combined analysis are shown in Figure 3(f).

The qRT-PCR verification results were contrary to the
sequencing results. The qRT-PCR verification results
showed that the expression level of hsa-miR-204-3p was
downregulated (P <0.05), while the sequencing results
showed that the expression level of hsa-miR-204-3p was
upregulated (P <0.05). The qRT-PCR validation results of
hsa-miR-212-5p, hsa-miR-495-3p_r+1, LEP, GREM1, and
CNRI were consistent with the sequencing results (Figure 4).

3.4. hsa-miR-212-5p Is Downregulated, and CNRI Is
Upregulated during Osteogenic Differentiation of hADSCs.
To confirm that PRP promotes the osteogenic differentiation
of hADSCs at the molecular level and to explore the mecha-
nism of action of hsa-miR-212-5p and CNRI, we detected
the expression of hsa-miR-212-5p and CNRI1 in the OM
and PRP groups on day 14 and detected the expression of
the ALP, Runx2, OCN, and COL1A1 osteogenic markers.
The qRT-PCR results showed that the expression of
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osteogenic markers and CNR1 was upregulated but that
the expression of hsa-miR-212-5p was downregulated
(Figure 5(a)). The Western blot results were consistent with
the QRT-PCR results (Figure 5(b)). Therefore, we concluded
that PRP promotes the osteogenic differentiation of
hADSCs, and that hsa-miR-212-5p is downregulated, and
CNR1 is upregulated during this process.

3.5. hsa-miR-212-5p Targets CNRI. We found a hsa-miR-
212-5p-binding site in the 3' UTR of CNR1 (Figure 5(c)).
To assess whether hsa-miR-212-5p directly targets CNRI, a
dual-luciferase assay was performed, which demonstrated
that hsa-miR-212-5p mimics significantly inhibited lucifer-
ase activity in the wild-type (WT) group (P < 0.05) but had
no significant effect on luciferase activity in the mutant
(MUT) group (P> 0.05) (Figure 5(d)). These results sug-
gested that hsa-miR-212-5p directly targets the 3' UTR-
specific binding sites of CNRI.

4. Discussion

In the present study, PRP was selected as a stimulating factor
for the osteogenic differentiation of hADSCs. Alizarin Red
staining and quantitative analysis showed that PRP pro-
moted the formation of calcium nodules. qRT-PCR and
Western blot analyses demonstrated that the expression of
the ALP, Runx2, OCN, and COL1A1 osteogenesis markers
was upregulated. Therefore, these results indicated that
PRP promotes the osteogenic differentiation of hADSCs,
that the expression of hsa-miR-212-5p is downregulated,
and the expression of CNR1 is upregulated during this pro-
cess. The dual-luciferase assay demonstrated that hsa-miR-
212-5p bound to the 3’ UTR-specific site of CNR1. Thus,
these findings suggested that the downregulation of hsa-
miR-212-5p and the upregulation of CNR1 may be involved
in the process by which PRP promotes the osteogenic differ-
entiation of hADSCs. In the present study, total RNA sam-
ples from the OM and PRP groups were sequenced by
high-throughput sequencing on day 14, and the differential
miRNA and mRNA expression profiles were obtained to
identify the miRNAs and genes involved in PRP-induced
osteogenic differentiation of hADSCs.

ADSCs have the advantages of a high proliferation rate
and antifibrotic, antiapoptotic, anti-inflammatory, and
immunoregulatory effects [22], and they have the ability to
differentiate into multiple different cell types. Through para-
crine mechanisms, ADSCs have great potential in wound
healing [23], treatment of cardiovascular diseases [24], nerve
regeneration [25], cartilage repair [26], and other fields.
Many cell experiments and animal studies have shown that
in a specific induction environment, ADSCs can achieve
osteogenic differentiation or form bone tissue in vivo,
thereby providing a new approach for the clinical treatment
of alveolar bone defects. Improving the osteogenic differen-
tiation ability of ADSCs is a research hotspot. Coculture
with other cells, the addition of osteogenic inducible factors
and the modification of ADSCs are all effective ways to pro-
mote the osteogenic differentiation of ADSCs. Studies have
shown that coculture of ADSCs and umbilical vein
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TaBLE 4: miRNA/mRNA osteogenic regulation relationships.
MicroRNA information mRNA information
miRNA EC Regulation P value mRNA FC Regulation P value
hsa-miR-212-5p 3.39 Down <0.001 CNR1 0.14 Up <0.001
hsa-miR-495-3p_R+1 2.30 Down 0.04 CNR1 0.14 Up <0.001
mdo-miR-152-3p_R+3 5.47 Down 0.04 CNR1 0.14 Up <0.001
bta-miR-2887_R+2 0.32 Up 0.04 LEP 2.58 Down 0.02
bta-mir-2887-1-p5_1ss24AT 0.31 Up 0.03 LEP 2.58 Down 0.02
hsa-miR-138-5p 0.21 Up 0.04 MVD 5.48 Down <0.001
hsa-miR-138-5p 0.21 Up 0.04 LEP 2.58 Down 0.02
hsa-miR-204-3p 0.15 Up 0.04 LEP 2.58 Down 0.02
hsa-miR-204-3p 0.15 Up 0.04 GREM1 2.56 Down 0.02
hsa-miR-204-3p 0.15 Up 0.04 CDC42EP3 43.27 Down <0.001
hsa-miR-5684_L-1R-1_1ss6TC 0.11 Up 0.01 LEP 2.58 Down 0.02
hsa-miR-5684_L-1R-1_1ss6TC 0.11 Up 0.01 GREM1 2.56 Down 0.02
hsa-mir-7110-p3_1ss1TC 0.32 Up 0.00 GREM1 2.56 Down 0.02
hsa-miR-9901_L+3R-2 0.18 Up 0.01 FABP3 57.81 Down <0.001
hsa-miR-9901_L+3R-2 0.18 Up 0.01 FABP3 8.50 Down <0.001
hsa-mir-9902-1-p3_1ss13GC 0.38 Up 0.02 LEP 2.58 Down 0.02
hsa-mir-9902-1-p3_1ss13GC 0.38 Up 0.02 GREM1 2.56 Down 0.02
mmu-mir-6236-p3_4 0.47 Up 0.02 GREM1 2.56 Down 0.02
mmu-mir-6236-p3_4 0.47 Up 0.02 CDCA42EP3 43.27 Down <0.001
mmu-mir-6236-p5_3 0.47 Up 0.02 GREM1 2.56 Down 0.02
mmu-mir-6236-p5_3 0.47 Up 0.02 CDC42EP3 43.27 Down <0.001
mmu-mir-6236-p5_4 0.47 Up 0.02 LEP 2.58 Down 0.02
mmu-mir-6236-p5_4 0.47 Up 0.02 CDC42EP3 43.27 Down <0.001
mmu-mir-6240-p5_1ss12TG_1 0.47 Up 0.03 GREM1 2.56 Down 0.02
mmu-mir-6240-p5_1ss12TG_2 0.47 Up 0.03 GREM1 2.56 Down 0.02
mmu-mir-8112-p5_1ss13CT 0.34 Up 0.01 CDC42EP3 43.27 Down <0.001
ssc-mir-4332-p5_1ss11CA 0.31 Up 0.02 GREM1 2.56 Down 0.02
ssc-mir-4332-p5_1ss12CA 0.32 Up 0.03 GREM1 2.56 Down 0.02
hsa-miR-204-3p hsa-miR-212-5p hsa-miR-495-3p_R+1 LEP GREM1 CNR1
2.0 2.0 2.0 5 1.5
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FIGURE 4: The relative expression levels of hsa-miR-204-3p, hsa-miR-212-5p, hsa-miR-495-3p_r+1, LEP, GREM1, and CNR1 were verified
by qRT-PCR (* vs. OM, P <0.05, n =3).

endothelial cells improves the proliferation, osteogenesis,
and angiogenesis of ADSCs [27]. Nel-like protein 1 (NELL1)
induces osteogenic differentiation of ADSCs in vitro and
promotes the expression of osteogenic genes, such as ALP,
COL1AI, OCN, and Runx2. The combined application of
NELLI and ADSCs improves bone microstructure, signifi-
cantly increases the bone volume fraction, significantly
increases the number of bone trabeculae, forms new bone,

and effectively corrects severe bone loss in osteogenic imper-
fection mouse models [28]. circRNA-vGLL3 positively regu-
lates the osteogenic differentiation of ADSCs, and circRNA-
vGLL3-modified ADSCs significantly promote the repair of
cranial defects of critical size in rats and increase new bone
formation [29].

PRP was first reported for cardiac surgery in the late
1980s and later used for treatment in orthopaedic surgery,
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FiGure 5: The downregulation of hsa-miR-212-5p and the upregulation of CNR1 may be involved during the PRP-mediated osteogenic
differentiation process. (a) Relative mRNA expression levels of ALP, Runx2, OCN, COL1A1, CNR1, and has-miR-212-5p. (b) Western
blot analysis of ALP, Runx2, OCN, COL1A1, and CNRI protein expression levels. 5-Actin was used as an internal control (* vs. OM, P <
0.05, n=3). (c) Predicted binding site of hsa-miR-212-5p in the 3’ UTR of CNR1 mRNA. (d) The hsa-miR-212-5p overexpression
inhibited the luciferase activity of WT-CNRI cells compared to NC cells, whereas the luciferase activity of MUT cells was not significantly
altered by the hsa-miR-212-5p overexpression. WT: wild-type; MUT: mutant; NC: negative control (* vs. NC, P < 0.05, n = 3).

gynaecology, urology, sports injuries, and osteoarthritis
[30-33]. PRP is derived from autologous blood in a mini-
mally invasive procedure, avoids immune rejection, and
has the advantages of being easy to obtain and simple to pre-
pare. Platelets, as the main component of PRP, have a con-
centration 3-5 times that in whole blood, contain more
than 1,100 different proteins and produce more than 1,500
bioactive factors [34]. PRP plays an important role in cell
proliferation, migration, and differentiation, and it promotes
wound healing and repairs bone defects.

Different preclinical and clinical studies have confirmed
the biosafety of ADSCs [35], and it may only be a matter
of time before ADSCs are widely used in the treatment of
alveolar bone defects. The osteogenesis regulation mecha-
nism of ADSCs is complex and involves many genes. Draw-
ing a complete gene regulation network map and further
studying the molecular mechanism are helpful to promote
the clinical transformation of ADSCs. At present, there has
been no research on the mechanism by which PRP promotes
the osteogenesis of ADSCs. In the present study, miRNA
sequencing and mRNA sequencing were performed on total
RNA samples from the OM and PRP groups using high-
throughput sequencing technology, aiming to explore the
gene regulation mechanism by which PRP promotes the
osteogenesis of ADSCs.

High-throughput sequencing technology can be used for
in-depth analysis of the genome of species and provides an
effective technical means for the discovery of miRNAs and
the mining of miRNA biological regulatory pathways.
Through miRNA sequencing and mRNA sequencing, 82
differentially expressed miRNAs and 1146 differentially
expressed mRNAs were obtained in the present study. We
performed GO enrichment analysis, KEGG pathway enrich-
ment analysis, selection of osteogenic GO terms/pathways,
and miRNA/mRNA combined analysis. Finally, 28 miRNA/
mRNA reverse regulatory relationships that may be associ-

ated with osteogenesis were obtained (Table 4). In the present
study, the following four relationships were selected for qRT-
PCR verification: (1) downregulation of hsa-miR-212-5p/
upregulation of CNRI, (2) downregulation of hsa-miR-495-
3p_R+1/upregulation of CNR1, (3) upregulation of hsa-
miR-204-3p/downregulation of LEP, and (4) upregulation
of hsa-miR-204-3p/downregulation of GREMI. The results
showed that the expression level of hsa-miR-204-3p was sig-
nificantly downregulated (P < 0.05), which was the opposite
of the sequencing results. However, we could not verify
whether hsa-miR-204-3p upregulation/LEP downregulation
and hsa-miR-204-3p upregulation/Grem1 downregulation
are involved in the osteogenic differentiation of hADSCs.
The human bone morphogenetic protein antagonist,
GREMI, was the focus of this study. GREM1 belongs to
the DNA family of secretory BMP antagonists [36] and plays
an important role in kidney and bone development [37, 38].
Grem1-MUT mice develop severe limb bone deformities
[39]. GREM1 inhibits the activity and osteogenic differenti-
ation of human BMSCs, and inhibition of the GREM1
expression improves cell viability and osteogenic differentia-
tion induced by BMP-2 [40]. The specific overexpression of
Greml in mouse bone tissue leads to severe symptoms of
osteoporosis. The removal of GREMI1 in bone tissue
increases bone formation and trabecular volume [41]. Liu
et al. showed that the overexpression of GREM1 in ADSCs
reduces the activity of alkaline phosphatase and inhibits
the expression of Runx2, OCN, and other osteogenic genes.
Knockout of Greml1 in ADSCs enhances alkaline phospha-
tase activity and promotes the expression of osteogenic
genes. Therefore, these findings suggest that GREM1 inhibits
the osteogenic differentiation of ADSCs [36]. The above
results are consistent with the conclusion of this study; that
is, the reduced expression of GREM1 is conducive to osteo-
genic differentiation and bone formation of stem cells.
According to the regulatory relationship in Table 4, GREM1



16

may be negatively regulated by hsa-miR-204-3p and play a
role in the osteogenic differentiation of hADSCs, which will
be our future research direction, aiming to lay a foundation
for the preclinical study of GREM1 combined with hADSCs
in the treatment of alveolar bone defects.

The qRT-PCR verification results of hsa-miR-212-5p,
hsa-miR-495-3p_r+1, and CNR1 were consistent with the
sequencing results; that is, hsa-miR-212-5p was downregu-
lated, and CNR1 was upregulated (P < 0.05). The results of
miRNA/mRNA combined analysis and dual-luciferase
assays indicated that the downregulation of hsa-miR-212-
5p and the upregulation of CNR1 are involved in the process
by which PRP promotes the osteogenic differentiation of
hADSCs. miR-212-5p plays an important role in the occur-
rence, development, treatment, and prognosis of renal can-
cer [42], lung cancer [43], breast cancer [44], rectal cancer
[45], and aneurysms [46]. To date, however, there has been
no report on the role of miR-212-5p in osteogenesis. The
endocannabinoid system plays an important role in physio-
logical processes, such as appetite control, energy balance,
pain perception, and immune response [47]. Several studies
have shown that the endocannabinoid system is involved in
bone metabolism [48, 49]. Human osteoclasts also express
CNRI1 and type 2 cannabinoid receptor (CNR2) [50], and
the regulation of CNRI in the endocannabinoid system
may be an important therapeutic tool for human bone dis-
eases. CNRI1 is necessary for the survival of bone marrow
mesenchymal stem cells and is upregulated during osteo-
genic differentiation [51]. Idris et al. showed that CNR1 drug
blockade stimulates the differentiation of adipocytes and
inhibits the differentiation of bone cells, and they reported
that age-related osteoporosis occurs in CNR1-deficient mice
[52]. Other studies have shown that CNRI signaling posi-
tively regulates bone growth through upregulation of bone
formation and downregulation of bone absorption, and
CNRI-deficient mice show a low bone mass phenotype with
reduced trabecular density and bone volume fraction [53].
Together, these studies confirm the important role of
CNRI in bone formation, which is consistent with the con-
clusion of the present study, namely, the increased expres-
sion of CNRI is conducive to the osteogenic differentiation
and bone formation abilities of stem cells.

In conclusion, the present study demonstrated that PRP
is noncytotoxic and promotes the osteogenic differentiation
of hADSCs by downregulating hsa-miR-212-5p and upregu-
lating CNRI. The differentially expressed miRNA profiles
and mRNA profiles of PRP promoting the osteogenic differ-
entiation of hADSCs were identified listed, and the targeting
relationship between hsa-miR-212-5p and CNR1 was veri-
fied. The present study explored the mechanism by which
PRP promotes the osteogenic differentiation of hADSCs,
thereby contributing to the improvement of the gene net-
work map of hADSC osteogenic differentiation, providing
a reference for related studies and laying a preliminary foun-
dation for the clinical application of hADSCs in the treat-
ment of alveolar bone defects.

Stem cells play an increasingly important role in regen-
erative medicine. PRP regulates the proliferation and differ-
entiation of stem cells. The combination of hADSCs and
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PRP is an attractive approach for periodontal tissue regener-
ation, but research in this area is still in its infancy [54, 55].
Although collection and treatment techniques for ADSCs
have been standardized and clinical applications are being
reported [56], the mechanisms are not fully understood.
Due to the difference in material form and preparation tech-
nology, the published results for PRP are often contradictory
[57], and a consensus has not been reached for the optimal
PRP purification protocol [58], which will be the focus of
our future research. In addition, PRP regulates the key
growth factors of stem cell proliferation and differentiation,
and the signaling pathways involved will be studied. The
benefits and risks in the field of stem cell regeneration need
to be fully studied and validated in a large number of
patients before they can be clinically utilized.

5. Conclusion

PRP promotes the osteogenic differentiation of hADSCs,
and the downregulation of hsa-miR-212-5p and the upregu-
lation of CNR1 may be involved in this process. hsa-miR-
212-5p binds to the 3 UTR-specific site of CNR1.
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