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Promotion effect of apical tooth germ 
cell‑conditioned medium on osteoblastic 
differentiation of periodontal ligament stem 
cells through regulating miR‑146a‑5p
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Abstract 

Background:  MicroRNAs (miRNAs) play an important role in gene regulation that controls stem cells differentiation.
Periodontal ligament stem cells (PDLSCs) could differentiate into osteo-/cementoblast-like cells that secretes cemen-
tum-like matrix both in vitro and in vivo. Whether miRNAs play key roles in osteoblastic differentiation of PDLSCs trig-
gered by a special microenviroment remains elusive. In this study, we aimed to investigate potential miRNA expres-
sion changes in osteoblastic differentiation of PDLSCs by the induction of apical tooth germ cell-conditioned medium 
(APTG-CM).

Methods and results:  First, we analyzed the ability of APTG-CM to osteogenically differentiate PDLSCs. The results 
exhibited an enhanced mineralization ability, higher ALP activity and increased expression of osteogenic genes in 
APTG-CM-induced PDLSCs. Second, we used miRNA sequencing to analyze the miRNA expression profile of PDLSCs 
derived from three donors under 21-day induction or non-induction of APTG-CM. MiR-146a-5p was found to be up-
regulated miRNA in induced PDLSCs and validated by RT-qPCR. Third, we used lentivirus-up/down system to verify 
the role of miR-146a-5p in the regulation of osteoblastic differentiation of PDLSCs.

Conclusions:  In conclusion, our results demonstrated that miR-146a-5p was involved in the promotion effect of 
APTG-CM on osteoblastic differentiation of PDLSCs, and suggested that miR-146a-5p might be a novel way in decid-
ing the direction of PDLSCs differentiation.
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Introduction
The periodontal ligament (PDL) is a soft connective tis-
sue embedded between the cementum and the inner wall 
of the alveolar bone socket. PDL contains heterogeneous 

cells which are a population of multipotential cells that 
can self-renewing and differentiate into bone-forming 
cells, cementum-forming cells or other cell lines [1]. 
These multipotent postnatal stem cells are called peri-
odontal ligament stem cells (PDLSCs) [2]. They have 
some features, involving the capacity to form mineralized 
nodules in vitro, response to bone-inductive factors, and 
the expression of the bone-associated markers alkaline 
phosphatase and bone sialoprotein, the so-called osteo-
blast-like properties [3, 4]. Previous studies reported that 
PDLSCs could differentiate into osteo-/cementoblast-like 
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cells which secreted cementum/PDL-like matrix both 
in vitro and in vivo as triggered appropriately [5, 6]. Tooth 
development relies on reciprocal and reiterated molecu-
lar signal activity between epithelium and mesenchyme 
to control morphogenesis and development. The recipro-
cal and sequential natures of these inductions has been 
found to be the basis for advancing differentiation of den-
tal tissues [7, 8]. Tooth germ cell-conditioned medium 
(TGC-CM) could transform dental pulp stem cells and 
generated a regular-shaped dentin-pulp complex con-
taining distinct dentinal tubules and predentin in  vivo 
[9]. Apical tooth germ cells (APTGs) consisting of both 
epithelial and mesenchymal cells could provide a specific 
microenvironment for tooth root regeneration. Besides, 
apical tooth germ cell conditioned medium (APTG-CM) 
was demonstrated to provide a cementogenic microen-
vironment and induced the differentiation of PDLSCs 
toward cementoblastic lineage [10]. However, the effect 
of APTG-CM on the osteoblastic differentiation and 
molecular interaction among PDLSCs is not well known. 
MicroRNAs (miRNAs) are a kind of 20- to 22- nucleo-
tide-long small non-protein-coding RNAs that negatively 
regulate gene expression at the post-trancriptional level 
[11]. Many microRNAs play functions in stem cells dif-
ferentiation [12]. It has been reported that microRNAs 
played a crucial role in the osteogenic differentiation of 
human bone marrow mesenchymal stem cells [13]. It has 

also been reported that miR-146a promoted the differen-
tiation of PDL cells [14]. In this study, we investigated the 
effect of induction of APTG-CM on the osteogenic dif-
ferentiation of PDLSCs and the potential role of regula-
tion of miR-146a during osteogenesis of PDLSCs (Fig. 1).

Methods and materials
Immunomagnetic sorting of PDLSCs and PDLSCs 
identification
PDLs were isolated from normal premolars extracted 
from four patients (aged from 13–14  years, 2 for males 
and 2 for females) who sought orthodontic treatment. 
Written informed consent were provided by all patients 
and their guardians, and ethical approval had been 
obtained from the Ethics Committee of Stomatological 
Hospital of Guangzhou Medica University. PDLs were 
seperated from the middle third of the roots gently and 
digested in 3 mg/ml Type I Collagenase as well as 4 mg/
ml Dispase for 1 h at 37 °C. Single-cell suspensions were 
seeded into 25 cm2 flask with a-MEM supplemented with 
10% fetal calf serum, 100  μmol/l ascorbic acid 2-phos-
phate, 2  mmol/l glutamine, 100U/ml penicillin, and 
100 μg/ml streptomycin. The cultures were incubated in 
a humidified atmosphere of 5% carbon dioxide and 95% 
air at 37 °C. To isolate putative periodontal ligament stem 
cells, subconfluent secondary cultures of periodontal 
ligament cells were separated by using immunomagnetic 

Fig. 1  An overview of the study procedures and design
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cell sorting technique as previously reported [15]. 
According to the manufacturer’s instructions, single-cell 
suspensions of PDLCs were incubated with mouse anti-
human STRO-1 IgM primary antibody (Life technolo-
gies, USA) on a rotator for 1  h at 4  °C, as STRO-1 was 
the best-known mesenchymal stem cell marker. Wash 
the cells by using phosphate buffered saline containing 
0.1% bovine serum albumin (BSA) and 2 mM EDTA, and 
resuspended with Dynabeads rat anti-mouse IgM for 
45 min on a rotator at 4 °C. All bead-positive cells were 
isolated with Dynamag 15 magnetic particle concentra-
tor and cultured in Nutristem MSC Basal Medium sup-
plemented with Nutristem MSC XF Supplement Mix 
MSC (Biological Industries, Israel), while the bead-neg-
ative cells were incubated in a-MEM medium. To assess 
colony-forming efficiency, after 12  days, subconfluent 
cultures (second passage) of MSC positive and nega-
tive cells were fixed with 70% ethanol and then stained 
with 0.1% Crystal Violet. Aggregates of over 50 cells were 
counted as a colony under microscopic observation. To 
analyze the expression of relative markers of PDLSCs, 
subconfluent secondary cultures of bead-positive and 
bead-negative cells were seeded at 1 × 103 cells per well 
on a eight-chambered slide. All the cells were fixed in 
4% paraformaldehyde for 20  min at room temperature 
and blocked with phosphate buffered saline containing 
1% BSA as well as 0.3%Triton-100X for 30 min at room 
temperature. Then the samples were incubated with pri-
mary antibodies at 4 °C overnight. The primary antibod-
ies were as follows, mouse anti-human STRO-1 IgM, 
mouse anti-human CD146, mouse anti-human vimen-
tin, mouse anti-human cytokeratin (Life Technologies, 
USA). The cells were incubated with donkey anti-mouse 
secondary antibodies of IgG-FITC (Jackson, USA) for 

45  min at 37  °C subsequently. Cell nuclei were stained 
with 0.25  μg/l Hoechst 33342 (Life Technologies, USA) 
for 5 min at room temperature. Cell staining was evalu-
ated using the fluorescence microscope (Leica CTR6000, 
Germany).

APTG‑CM preparation
APTG-CM was made as previously reported [2]. The use 
of Sprague-Dawley rats (Laboratory Animal Center of 
Sun Yat-sen University) and the experimental protocols 
were approved by Animal Care Committee of Guang-
dong Province. Eight-day postnatal Sprague-Dawley rats 
were killed by cervical dislocation. Twenty molar germs 
were removed from mandibles under a stereomicro-
scope, and Hertwigs epithelial root sheath (HERS) asso-
ciated with apical mesenchyme was carefully dissected 
from the apical root of molar germs (Fig. 2A). The apical 
portions of tooth germ were minced into < 1  mm3, and 
digested in 3 mg/ml Type I Collagenase as well as 4 mg/
ml Dispase for 1 h at 37 °C. Single-cell suspensions were 
seeded into 75cm2 flask at 1 × 105 cells/ml with a-MEM 
supplemented with 10% fetal calf serum, 100  μmol/l 
ascorbic acid 2-phosphate, 2  mmol/l glutamine, 100  U/
ml penicillin, and 100 μg/ml streptomycin. The cultures 
were incubated in a humidified atmosphere of 5% carbon 
dioxide and 95% air at 37 °C. The culture medium of pri-
mary apical tooth germ cells containing both epithelial 
and mesenchymal cells was changed every 48 h until full 
confluence (Fig. 2B). The medium was collected and cen-
trifuged at 2000g for 15 min 3 days after the last medium 
changed. Then the supernatants, which were mixed with 
an equal volume of fresh a-MEM medium, were used as 
APTG-CM and stored at − 20 °C for PDLSCs culture.

Fig. 2  Isolation and culture of APTGs. A mandibular developing first molar germ of a 8-day-old Sprauge-Dawley rat (A). The cultured epithelial and 
mesenchymal apical tooth germ-derived stem cells. EC and MC refer to epithelial and mesenchymal cells respectively (B)
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Alkaline phosphatase (ALP) activity assay
PDLSCs were inoculated into 12-well culture dish 
(2 × 103 cells/well) and cultured with or without APTG-
CM for 4, 8, 12 and 16  days. The ALP activity was 
detected with an assay kit (Jiancheng Co, Nanjing, China) 
according to the manufacture’s instructions. Briefly, 
cells were harvested using protein lysis buffer contain-
ing 50 mM Tris–HCl, 150 mM NaCl as well as 1%NP-40. 
Then, cells were incubated with the applied phenol stand-
ard liquid, buffer and the substrate solution for 15 min at 
37  °C. After adding the color-substrate solution, all the 
experiments were performed in triplicate in three dif-
ferent experiments using the same cells and tested at 
520 nm wavelength by a enzyme micro-plate reader.

Mineralization assay
The mineralization assay in  vitro were operated as pre-
vious described [16]. The PDLSCs (1 × 105/well) were 
cultured to confluence in Nutristem MSC Basal Medium 
supplemented with Nutristem MSC XF Supplement Mix 
MSC in six-well cuture dishes. Then, the cells were cul-
tured in two different medium conditions. The induced 
cells were grown in APTG-CM, while the non-induced 
cells were cultured in Nutristem MSC Basal Medium. 
After 14 and 21 days, the cells were fixed with 4% para-
formaldehyde for 20  min, and stained with 2% Alizarin 
Red Solution for 30 min at room temperature. The min-
eralized nodules were imaged by microscope (Zeiss, Ger-
many). Then added 1.5 ml 0.5 N HCl into each well for 
30 min and collected the supernatent. The absorbance of 
each supernatent was measured by spectrophotometer at 
405 nm wavelength (Thermo, USA).

Real time q‑PCR analysis for osteoblastic gene
Total RNAs were isolated from 21-day APTG-CM-
induced and non-induced PDLSCs derived from four 
individual donors (Sample A, B, C and D) using mirVa-
naTM miRNA isolation kit (Life Technologies, USA) 
according to the manufacture’s instructions. The quantity 
and purity of the total RNA were verified by spectropho-
tometer. Reverse transcription reaction was performed 
using reverse transcriptase M-MLV (Takara, Japan), and 
mRNA expression levels were quantified using Light 
Cycler 480 SYBR Green I Master (Takara, Japan). The 
primers of osteoblastic target genes were listed as in 
Table  1. Relative quantification presented qPCR data of 
target genes relying on internal control gene GAPDH as 
reference. PCR conditions of Light Cycler 480 (Roche, 
Switzerland) were as follows: pre-denaturation at 95  °C 
for 5 min, followed by 40 cycles of denaturation at 95 °C 
15 s, primer annealing at 56 °C for 15 s, and extension at 
72 °C for 25 s.

Illumina miRNA sequencing
Total RNAs of 21-day APTG-CM-induced and non-
induced PDLSCs derived from three individuals (Sam-
ple A, B and C) were isolated by using mirVana™ 
miRNA isolation kit (Life Technologies, USA) and 
sequenced for analysis, which were sent to Shanghai 
Biotechnology Corporation. Briefly, 3’ and 5’ adapters 
were sequentially ligated to small RNA, and single-
stranded RNA molecules with adapters at both ends 
were amplified for 11 cycles using a common primer 
and a primer index. Then the cDNA was purified in 6% 
Novex TBE PAGE Gel, and the gel slice correspond-
ing to the DNA size was excised and eluted in 1 × gel 
elution buffer. DNA High Sensitivity Chip of Aglient 
2100 (Aglient Technologie, USA) was used in the qual-
ity control. After that, the purified cDNA was used for 
cluster generation and sequencing analysis using Agi-
lent Technologies 2100 Bioanalyzer ( Agilent Technolo-
gie, USA).

miRNA qRT‑PCR analysis
Total RNAs of 21-day APTG-CM-induced and non-
induced PDLSCs derived from Sample D were isolated 
using mirVanaTM miRNA isolation kit (Life Technolo-
gies, USA). The designed miR-146a-5p-specific primer 
and U6B internal control primers were listed in Table 2, 
Quantitative RT-PCRs for miRNA were performed 
with SYBRe PrimeScript miRNA RT-PCR Kit (Takara, 
Japan). The PCR reaction were conducted utilizing 
LightCycler 480 (Roche, Switzerland) as following 

Table 1  Primers used for Real-time RT-PCR are listed

Name Primer

ALP 5ʹ-TTC​AAA​CCG​AGA​TAC​AAG​CACT-3ʹ
5ʹ-GGG​CCA​GAC​CAA​AGA​TAG​AG-3ʹ

BSP 5ʹ-GAA​CCA​CTT​CCC​CAC​CTT​TTG-3ʹ
5ʹ-ATT​CTG​ACC​ATC​ATA​GCC​ATCT-3ʹ

PLAP-1 5ʹ-CGA​TAC​AAG​AAC​TAC​AAA​GGCT-3ʹ
5ʹ-TGC​ATT​TCC​CAG​TAT​TTC​ACCG-3ʹ

GAPDH 5ʹ-AGG​TCG​GAG​TCA​ACG​GAT​TTG-3ʹ
5ʹ-AGG​CTG​TTG​TCA​TAC​TTC​TCAT-3ʹ

Table 2  Primers used for qRT-PCR

Name Primer

U6B F CTC​GCT​TCG​GCA​GCACA​

U6B R AAC​GCT​TCA​CGA​ATT​TGC​GT

miR-146a-5p UGA​GAA​CUG​AAU​UCC​AUG​GGUU​
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conditions: 1 cycle of pre-denaturation at 95 °C for 30 s, 
followed by 40 cycles of: 5 s at 95 °C and 20 s at 60 °C.

miRNA transfection
In order to validate the regulatory effects of miR-
146a-5p on osteoblast differentiation of PDLSCs 
in  vitro, recombinant lentivirus miR-146-5p (Lenti-
miR-146-5p) and lentivirus anti-miR-146-5p (Lenti-
anti-miR-146-5p), along with lentivirus miR negative 
control (Lenti-miR-NC) and lentivirus anti-miR nega-
tive control (Lenti-anti-miR-NC), designed and pro-
vided by Genechem lnc. (Shanghai, China, http://​
www.​genec​hem.​com.​cn), were used to regulate miR-
146a-5p levels in PDLSCs. After the cells reached about 
30 mlnc./" l lowotathey were transfected with lentivirus 
at the desired multiplicity of infection (MOI = 1000) 
with enhanced infection solution (ENI.S) according to 
the manufacturer’s protocol. Stably transfected cells 
were selected with 2  μg/ml puromycin (Sigma, Ger-
man). The expression of stable transformants was 
observed under fluorescence microscopes and identi-
fied by qRT-PCR.

Predicted miRNAs targets
A combination of two online softwares, miRWalk 
(http://​mirwa​lk.​umm.​uni-​heide​lberg.​de/) and TargetS-
can (https://​www.​targe​tscan.​org/​cgi-​bin/​targe​tscan/​
hsa-​miR-​146a-​5p+), was used to predict the potential 
hsa-miR-146a-5p target genes. We selected the identical 
target genes indicated in both softwares and then did bio-
informatics analyses to determine associations between 
hsa-miR-146a-5p and target genes by PubMed (http://​
www.​ncbi.​nlm.​nih.​gov/​pubmed/).

Statistical analysis
Statistical significance was assessed by Student’s t-test. 
The P values of less than 0.05 were considered significant.

Results
Isolation of PDLSCs
In this study, PDLSCs were isolated and purified by mag-
netic-activated cell sorting (MACS). On the twelfth day, 
the cultures were stained with 0.1% crystal violet, and 
the numbers of colonies were statistically evaluated. The 
isolated PDLSCs were capable of forming adherent colo-
nies, and majority of the cells retained their fibroblastic 

Fig. 3  Characteristics of human PDLSCs. MACS positive cells were stained with 0.1% crystal violet and showed several colony-forming units 
exhibiting typical PDLSCs characteristics (A). Aggregates containing more than 50 cells were counted as a colony unit (B). MACS negative cells were 
stained with 0.1% crystal violet and showed no colony-forming unit (C, D). Scale bar: 400 μm (B, D)

http://www.genechem.com.cn
http://www.genechem.com.cn
http://mirwalk.umm.uni-heidelberg.de/
https://www.targetscan.org/cgi-bin/targetscan/hsa-miR-146a-5p+
https://www.targetscan.org/cgi-bin/targetscan/hsa-miR-146a-5p+
http://www.ncbi.nlm.nih.gov/pubmed/
http://www.ncbi.nlm.nih.gov/pubmed/
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spindle shape (Fig.  3A–B). Aggregates containing more 
than 50 cells were counted as colonies under the micro-
scope, and several colony-forming units exhibiting typi-
cal PDLSCs characteristics were observed. While MACS 
negative cells were stained with 0.1% crystal violet also 
and showed no colony-forming unit (Fig. 3C, D).

Immunocytochemical staining of PDLSCs
Immunocytochemical staining was carried out to further 
identify the PDLSCs. The results showed that all peri-
odontal ligament stem cells could express vimentin but 
no cytokeratin, which indicated that all cells were iso-
lated from mesenchymal cells without the involvement 
of epithelial cells (Fig. 4E–G). PDLSCs were fluorescently 

labeled to confirm the expression of STRO-1 and CD146 
using immunocytochemical staining when isolating and 
purifying cells by MACS. The results showed that the 
MACS positive cells were fluorescent, whereas the nega-
tive cells were free of fluorescence (Fig. 4A–D).

ALP activity and mineralization formation 
of APTG‑CM‑induced PDLSCs
APTG-CM-induced PDLSCs showed significantly higher 
ALP activity than the non-induced PDLSCs after 4, 8, 12, 
16  days in culture (Fig.  5). The ALP activity from both 
groups increased gradually during 0–12-day period and 
reached the highest level of the ALP activity, and then 
gradually declined during the 12–16-day period. After 

Fig. 4  Immunocytochemical staining of PDLSCs. The MACS positive cells showed the expression of STRO-1 (A) and CD146 (C) by 
immunocytochemical fluorescent staining, whereas the negative cells didn’t show the expression of STRO-1 (B) and CD146 (D). PDLSCs could 
express mesenchymal cell marker vimentin (E) but no epithelial cell marker cytokeratin (F). Scale bar; 50 μm (A–D), 100 μm (E–G)
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14 and 21 days in culture, APTG-CM-induced and non-
induced PDLSCs were stained with 2% Alizarin Red 
Solution (Sigma, USA), which showed calcium deposits 
in the induced PDLSCs but few calcium deposits in the 

non-induced PDLSCs (Fig.  6). The statistical analysis 
showed that results of absorbance values were the same 
as above mentioned ones. Taken together, our results 
indicated that APTG-CM could promote the ALP activ-
ity of PDLSCs and enhance mineralization formation.

Expression levels of osteoblastic genes
To evaluate a differentiated and mineralizing tissue type, 
quantitative real-time PCR was carried out at 7 and 
21  days in culture of PDLSCs. Real-time PCR results 
showed that the ALP expression level of APTG-CM-
induced PDLSCs were significantly higher than non-
induced cells after a period of 7-day, but there was no 
significant difference between two groups after a period 
of 21-day (Fig. 7A). The expression of Bone Sialoprotein 
(BSP), which was the essential marker of mineralized 
tissue formation and osteogenesis, increased remark-
ably after 7 and 21  days in co-culture with APTG-CM 
(Fig.  7B). Besides, the crucial marker Periodontal Liga-
ment-Associated Protein-1 (PLAP-1) of PDL cells, which 
was proved to be a negative regulator of periodontal 

Fig. 5  ALP activity of APTG-CM-induced and non-induced PDLSCs. 
ALP activities of PDLSCs increased gradually during 4–16 day period 
and were significantly different between induced PDLSCs and 
non-induced PDLSCs. Data were as mean ± S.D. (n = 3). **P < 0.01; 
***P < 0.001

Fig. 6  Mineralization formation investigated by Alizerin Red Solution staining. PDLSCs cultured in complete MSC Nutristem medium supplied with 
2 mmol/l β-glycerophoshate for a period of 2 (A) and 3 weeks (C) showed few mineralized nodules. PDLSCs co-cultured with APTG-CM for a period 
of 2 (B) and 3 weeks (D) showed the abundance of nodules. Nodule areas were significantly higher in APTG-CM-induced PDLSCs than non-induced 
PDLSCs (E). *P < 0.05; ** P < 0.01; ***P < 0.001. Scale bar: 100 μm (A–D)
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ligament mineralization, presented a significant reduc-
tion of expression after 7 and 21 days in co-culture with 
APTG-CM (Fig. 7C).

Expression profile analysis of microRNAs
To evaluate expression profile of microRNAs dur-
ing the differentiation process of PDLSCs, we com-
pared the expression of 1227 known miRNAs between 
APTG-CM-induced and non-induced cells, and verified 
that the expression of microRNAs was differentially 
regulated. After statistical procedures and condi-
tion screening (Student’s t test. P < 0.05, average Log2 
(fold change) > 1 and counts of exact matched miR-
NAs > 5), we found 7 up-regulated microRNAs and 4 

Fig. 7  Real-time PCR analysis of osteoblast differentiation-related gene expression. The mRNA expression of ALP (A) and BSP (B) was significantly 
increased after 7 days in co-culture with APTG-CM, while the mRNA expression of PLAP1 (C) was significantly decreased after 7 days in co-culture 
with APTG-CM. Data were as mean ± S.D. (n = 3). **P < 0.01; ***P < 0.001

Table 3  Differentially expressed microRNAs (student t-test)

microRNA Mean log (fold change) P value

miR-1247-5p 5.062395619 0.026890418

miR-146a-5p 4.087799757 0.037931894

miR-335-3p 3.91309911 0.004134101

miR-549a 3.10425452 0.023287718

miR-224-5p 2.768368535 0.0108813

miR-584-5p 1.902453044 0.018774097

let-7i-5p 1.456603377 0.007094014

miR-182-5p  − 1.690468832 0.013192304

miR-378a-3p  − 2.180100201 0.01663069

miR-582-3p  − 3.043195747 0.047480095

miR-10a-5p  − 3.398687753 0.01183256

Fig. 8  Expression profile analysis of microRNAs. The microRNAs expression profile of APTG-CM-induced and non-induced PDLSCs at 21 days of 
culture was analyzed by microRNAs sequencing (A is Volcano plot and B is heat map). Graphs displayed the Log2 fold chang (induced versus 
non-induced). Red dots represented significantly up-regulated microRNAs; green dots represented down-regulated microRNAs; blue dots were 
counts microRNAs with exact matched < 5
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down-regulated microRNAs in PDLSCs co-cultured 
with APTG-CM (Table  3, Fig.  8). We used small RNA 
sequencing to identify putative novel microRNAs that 
were never reported before among any species, and 
found that there were 5 mature microRNA-selective 
sequences which could be readily tested from sample 
A, B and C. Five microRNA sequences were GGG​GAT​
GTA​GCT​CAG​TGG​TAGA,  TGC​AAA​AAT​AAT​TGT​
GGT​TTTG,  GCT​TGA​CTA​GCT​TGC​TGT​TT,  AGG​
ATG​GCC​GAG​TGG​TCT​AAG and GCA​TTG​GTG​GTT​
CAG​TGG​TAG. They might be a kind of specific micro-
RNAs which played a crucial role in regulating cell 
differentiation of PDLSCs. Then, we sought to predict 
target genes and found that miR-146a-5p was involved 
in the regulation of mineralization.

Hsa‑miR‑146a‑5p expression level by by qRT‑PCR
To validate the expression of hsa-miR-146a-5p, we used 
quantitative real-time PCR to assess the expression 
level of hsa-miR-146a-5p in sample D. The expression 
of hsa-miR-146a-5p was compared between APTG-
CM-induced and non-induced PDLCs of sample D 
and significantly up-regulated in APTG-CM-induced 
PDLCs (Fig.  9), which showed the same results as the 
miRNA sequencing ones from sample A, B, and C.

Hsa‑miR‑146a‑5p involvement in the regulation 
of APTG‑CM‑induced osteogenic differentiation of PDLSCs
To investigate the potential pathways regulated by hsa-
miR-146a-5p in APTG-CM-induced osteogenic dif-
ferentiation of PDLSCs, PDLSCs were transduced with 
recombinant lentivirus miR-146-5p (Lenti-miR-146-5p), 
lentivirus anti-miR-146-5p (Lenti-anti-miR-146-5p), 
lentivirus miR negative control (Lenti-miR-NC) and 
lentivirus anti-miR negative control (Lenti-anti-miR-
NC), respectively (Fig.  10A–C). The relative expres-
sion level of miR-146a-5p was detected by qRT-PCR in 
these four groups. The results showed that the expres-
sion of miR-146a-5p was increased in cells transduced 
with Lenti-miR-146, while the expression was decreased 
in cells transduced with Lenti-anti-miR-146 (Fig.  10D). 
Then, we detected the expression level of OCN, ALP and 
BSP by RT-qPCR in APTG-CM-induced PDLSCs. The 
results showed that the expression of ALP and BSP was 
increased in cells transduced with Lenti-miR-146 after 
7, 14, 21  days in culture. The results also showed the 
expression of BSP was decreased in cells transduced with 
Lenti-anti-miR-146 after 7, 14, 21 days in culture, and the 
expression of ALP was decreased after 7 days in culture. 
The expression of OCN was increased and decreased 
in cells transduced with Lenti-miR-146-5p and Lenti-
anti-miR-146-5p after 21  days in culture, respectively 
(Fig.  10E–G). The results of detection of ALP activity 
showed that the ALP activity was higher in Lenti-miR-
146-5p-treated groups than control-treated groups, while 
the ALP activity was lower in Lenti-anti-miR-146-5p-
treated groups than control-treated groups (Fig. 10H).

Prediction analysis of hsa‑miR‑146a‑5p target genes
To investigate the potential role of has-miR-146a-5p in 
maintaining stemness and osteoblastic differentiation, 
combined bioinformatics analyses were performed in 
the prediction of miR-146a-5p target genes. Several miR-
146a-5p potential target genes were predicted by analyses 
of computational miRNA target prediction—a combina-
tion of miRWalk and miRecord databases. The results 
were displayed as follows: CXCR4, CCNA2, PA2G4, 
FADD, CFH, BRCA1, STAT1 and TBP.

Fig. 9  Hsa-miR-146a-5p expression level by qRT-PCR. The 
expression of hsa-miR-146a-5p was significantly up-regulated in 
APTG-CM-induced PDLCs versus non-induced PDLCs from sample D. 
Data were as mean ± S.D. (n = 3). *P < 0.05

(See figure on next page.)
Fig. 10  Hsa-miR-146a-5p involvement in the regulation of APTG-CM-induced osteogenic differentiation of PDLSCs. PDLSCs transduced with 
recombinant lentivirus miR-146-5p were examined by phase contrast microscopy (A), fluorescent microscopy (B) and merged images (C). 
MiR-146a-5p expression was validated by qRT-PCR, and the results showed that the expression of miR-146a-5p in cells was significantly increased 
with Lenti -miR-146-5p transduction and decreased with lentivirus anti-miR-146-5p transduction. The expression of OCN, ALP and BSP were 
detected by RT-qPCR. The results showed that the expression of ALP and BSP was increased in cells transduced with Lenti-miR-126 after 7, 14, 
21 days in culture. The results also showed the expression of BSP was decreased in cells transduced with Lenti-anti-miR-126 after 7, 14, 21 days in 
culture, and the expression of ALP was decreased after 7 days in culture. The expression of OCN was increased and decreased in cells transduced 
with Lenti-miR-146-5p and Lenti-anti-miR-146-5p after 21 days in culture, respectively (E–G). Lenti-miR-146-5p-treated groups showed higher ALP 
activity than control-treated groups, while Lenti-anti-miR-146-5p-treated groups showed lower ALP activity than control-treated groups (H). Data 
were as mean control-treated *P < 0.05; **P < 0.01; ***P < 0.001
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Fig. 10  (See legend on previous page.)
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Discussion
PDLSCs exhibit ability of self-renew and show the potenti-
ality to differentiate into ipocytes, osteo/cementoblast-like 
cells and collagen-forming cells. However, differentiation 
of the stem cells may be triggered by specific signals pro-
vided by the local environment [17]. During tooth devel-
opment, after the completion of crown formation, the 
apical mesenchyme develops the periodontium as well as 
the inner and outer enamel epithelia fuse under the level of 
the crown cervical margin to produce a bilayered epithe-
lial sheath termed Hertwig’s epithelial root sheath (HERS).
It has been reported that epithelial–mesenchymal interac-
tions which take place between Hertwig’s sepithelial root 
sheath and underlying root mesenchyme seem to play an 
important role in root/periodontal tissue development 
[18]. Primary APTGs were heterogeneous, containing both 
cobblestone-like epithelial and spindle-shaped mesenchy-
mal cell types, which provide multiple molecular signals 
or growth factors necessary for PDLSCs proliferation and 
differentiation. In this study, primary cultures of human 
PDLSCs from 4 individual donors was established and 
their osteo-differentiation potential were confirmed by co-
culture with APTG-CM. And then we determined Osteo-
genic differentiation by mineralization in vitro, osteoblast 
marker gene expression, and alkaline phosphatase activity. 
And it was evidenced that APTG-CM-induced PDLSCs 
exhibited significantly increased calcified nodule forma-
tion and enhanced osteogenic gene expression and high 
ALP activity. The expression of osteogenic differentiation 
marker genes ALP and BSP was significantly up-regulated, 
and the expression of PLAP1, which is a negative regulator 
of periodontal ligament mineralization, was remarkably 
down-regulated. In contrast, non-induced PDLSCs exhib-
ited low ALP activity and reduced mineralization forma-
tion. The results mentioned above showed that PDLSCs 
had the potentiality to differentiate into osteoblast with 
APTG-CM induction and exhibited stem cell characteris-
tics similar to that of normal human osteoblast-like cells.

MicroRNAs (miRNAs) are an integral part of this regu-
latory network with essential roles in pluripotent mainte-
nance, proliferation and differentiation. The role of miRNA 
in osteogenic differentiation of MSCs has been indicated 
by several studies [19, 20]. However, few studies investigate 
the mechanism of miRNA in osteoblast differentiation of 
PDLSCs. It has been reported that ibandronate promote 
the proliferation of PDLSCs and enhance the expression of 
alkaline phosphatase (ALP), type I collagen (COL-1), oste-
oprotegerin (OPG), osteocalcin (OCN), and Runx2. The 
expression of miRNAs, including miR-18a, miR-133a, miR-
141 and miR-19a, was significantly altered in the PDLSCs 
cultured with ibandronate [21]. Some results indicate that 
the 3D granules, in contact with hPDLSCs, showed not 

only osteoconductive properties, evaluated through the 
adhesion and proliferation process, but also the ability to 
stimulate VEGF secretion in hPDLSCs via miR-210 involve-
ment. And miR- 2861, are involved in osteogenic differen-
tiation and open a new scenario in the study of biomaterial 
performance [22, 23]. In this study, we applied miRNA 
sequencing to investigate the profile of miRNA expres-
sion in APTG-CM-induced and non-induced PDLSCs 
from 3 individual donors. Eleven miRNAs were signifi-
cantly expressed in PDLSCs co-cultured with APTG-CM, 
and then miR-146a-5p was identified by computational 
miRNA target prediction analyses, which was up-regulated 
during miRNA expression profile. Using RT-qPCR, we 
validated the expression of miR-146a-5p, and the results 
of the expression level of miR-146a-5p were highly consist-
ent with the results of miRNA sequencing. MiR-146a-5p 
differed from those highly expressed in human multipo-
tent mesenchymal stromal cells (MSCs), such as hsa-miR-
30c, hsa-miR-15b, and hsa-miR-130b, and the pattern of 
its expression in PDLSCs also differed from MSCs during 
osteogenic differentiation [24, 25]. Several previous stud-
ies have showed that miR-146a play a key regulatory role 
in MSC differentiation. They showed that miR-146a were 
significantly up-regulated in neuronally differentiated bone 
marrow-derived mesenchymal stem cells (BMSCs) [26]. 
Expression levels of miR-146a were dynamically changed 
during differentiation of hESCs to CD34+ hematopoietic 
cells, and in subsequent differentiation of the CD34+ cells 
into the erythroid lineage [27]. They also showed that miR-
146a was up-regulated in differentiation of PDL cells with 
the help of ascorbic acid treatment and promoted the dif-
ferentiation in PDL cells through the down-regulation of 
NF-kβ signaling [14]. The present study showed that the 
expression of miR-146a-5p was up-regulated in PDLSCs 
co-cultured with APTG-CM, and miRNA sequencing 
results were validated by RT-qPCR, which demonstrated 
that miR-146a-5p was involved in the promotion effect of 
APTG-CM on osteoblastic differentiation of PDLSCs. Our 
results suggested that miR-146a-5p might be a novel way in 
deciding the direction of PDLSCs differentiation.

Conclusion
PDLSCs co-cultured with APTG-CM showed the osteo-
blastic differentiation of PDLSCs. MiRNA expression pro-
filing and RT-qPCR results revealed that miR-146a-5p was 
up-regulated in APTG-CM-induced-PDLSCs compared 
with non-induced PDLSCs, which demonstrated that miR-
146a-5p was involved in the promotion effect of APTG-
CM on osteoblastic differentiation of PDLSCs. Our results 
suggested that miR-146a-5p might be a novel way in decid-
ing the direction of PDLSCs differentiation.



Page 12 of 13Xie et al. BMC Oral Health          (2022) 22:541 

Abbreviations
PDLSCs: Periodontal ligament stem cells; APTG-CM: Apical tooth germ cell-
conditioned medium; HERS: Hartwig’s epithelial root sheath; MACS: Magnetic-
activated cell sorting.

Acknowledgements
The authors would like to appreciate all the parents and children who partici-
pated in this study.

Author contributions
YX and YZ designed the study and have taken an active role in data collection, 
analysis and drafting and revising the manuscript. LC contributed to data 
analysis and drafting the manuscript. All the authors have read and approved 
the final manuscript.

Funding
The present study was supported by the Stomatological Hospital of South-
ern Medical University (Scientific Research Cultivation Project, Grant No. 
PY2019027).

Availability of data and materials
Data used in this study is available from the corresponding author upon 
reasonable request. The datasets generated and/or analysed during the cur-
rent study are available in miRwork databases: (http://​mirwa​lk.​umm.​uni-​heide​
lberg.​de/​human/​mirna/​MIMAT​00004​49/) and TargetScan databases (https://​
www.​targe​tscan.​org/​hsa-​miR-​146a-​5p). Both mentioned weblinks above are 
direct persistent weblinks.

Declarations

Ethics approval and consent to participate
Written informed consent were provided by all patients and their guardians 
before participation, and ethical approval had been obtained from the Ethics 
Committee of Stomatological Hospital of Guangzhou Medical University. All 
methods involving animals were performed in accordance with the relevant 
guidelines and regulations. The experimental protocols involving animals 
were approved by Animal Care Committee of Guangdong Province. All meth-
ods were carried out in accordance with relevant guidelines and regulations 
suggested in the Helsinki Declaration of ethical principles for animal research 
and the study was reported in accordance with ARRIVE guidelines.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Orthodontics, Stomatological Hospital, Southern Medical 
University, Guangzhou 510140, Guangdong, China. 2 Department of Ortho-
dontics Division I, Stomatological Hospital of Xiamen Medical College; 
Xiamen Key Laboratory of Stomatological Disease Diagnosis and Treatment, 
Xiamen, Fujian, China. 3 Department of Orthodontics, Stomatological Hospital 
of Guangzhou Medical University, Guangzhou, China. 4 Department of Ortho-
dontics, Shenzhen Stomatological Hospital of Southern Medical University, 
Shenzhen 518000, Guangdong, China. 

Received: 17 July 2022   Accepted: 6 October 2022

References
	1.	 Moshaverinia A, Xu X, Chen C, et al. Application of stem cells derived 

from the periodontal ligament or gingival tissue sources for tendon tis-
sue regeneration. Biomaterials. 2014;35(9):2642–50.

	2.	 Seo BM, Miura M, Gronthos S, et al. Investigation of multipotent 
postnatal stem cells from human periodontal ligament. Lancet. 
2004;364(9429):149–55.

	3.	 Lekic P, Rojas J, Birek C, Tenenbaum H, et al. Phenotypic comparison 
of periodontal ligament cells in vivo and in vitro. J Periodontal Res. 
2001;36(2):71–9.

	4.	 Liu W, Konermann A, Guo T, et al. Canonical Wnt signaling differently 
modulates osteogenic differentiation of mesenchymal stem cells derived 
from bone marrow and from periodontal ligament under inflammatory 
conditions. Biochim Biophys Acta. 2014;1840(3):1125–34.

	5.	 Yamada S, Tomoeda M, Ozawa Y, et al. PLAP-1/asporin, a novel nega-
tive regulator of periodontal ligament mineralization. J Biol Chem. 
2007;282(32):23070–80.

	6.	 Torii D, Konishi K, Watanabe N, et al. Cementogenic potential of multi-
potential mesenchymal stem cells purified from the human periodontal 
ligament. Odontology. 2014 Jan 8. [Epub ahead of print].

	7.	 Thesleff I. Epithelial mesenchymal signalling regulating tooth morpho-
genesis. J Cell Sci. 2003;116(9):1647–8.

	8.	 Thesleff I, Mikkola M. The role of growth factors in tooth development. Int 
Rev Cytol. 2002;217:93–135.

	9.	 Yu J, Deng Z, Shi J, et al. Differentiation of dental pulp stem cells into 
regular-shaped dentin pulp complex induced by tooth germ cell condi-
tioned medium. Tissue Eng. 2006;12(11):3097–105.

	10.	 Yang ZH, Zhang XJ, Dang NN, et al. Apical tooth germ cell-conditioned 
medium enhances the differentiation of periodontal ligament stem 
cells into cementum/periodontal ligament-like tissues. J Periodont Res. 
2009;44(2):199–210.

	11.	 Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function. 
Cell. 2004;116(2):281–97.

	12.	 Inose H, Ochi H, Kimura A, et al. A microRNA regulatory mechanism of 
osteoblast differentiation. Proc Natl Acad Sci. 2009;106(49):20794–9.

	13.	 Zhou Q, Zhao ZN, Cheng JT, Zhang B, Xu J, Huang F, Zhao RN, Chen YJ. 
Ibandronate promotes osteogenic differentiation of periodontal ligament 
stem cells by regulating the expression of microRNA. Biochem Biophys 
Res Commun. 2011;404(1):127–32.

	14.	 Hung PS, Chen FC, Kuang SH, et al. miR-146a induces differentiation of 
periodontal ligament cells. J Dental Res. 2010;89(3):252–7.

	15.	 Sumita Y, Honda MJ, Ohara T, et al. Performance of collagen 
sponge as a 3-D scaffold for tooth-tissue engineering. Biomaterials. 
2006;27(17):3238–48.

	16.	 Fangfang X, Qiao L, Yumei Z, et al. The potential application of concen-
trated growth factor in pulp regeneration: an in vitro and in vivo study. 
Stem Cell Res Ther. 2019;10(1):134.

	17.	 Anderson AC, Robey EA, Huang YH. Notch signaling in lymphocyte devel-
opment. Curr Opin Genet Dev. 2001;11(5):554–60.

	18.	 Ten Cate AR. The role of epithelium in the development, structure and 
function of the tissues of tooth support. Oral Dis. 1996;2(1):55–62.

	19.	 Mizuno Y, Yagi K, Tokuzawa Y, et al. miR-125b inhibits osteoblastic differ-
entiation by down-regulation of cell proliferation. Biochem Bio-Phys Res 
Commun. 2008;368(2):267–72.

	20.	 Li Z, Hassan MQ, Volinia S, et al. A microRNA signature for a BMP2-induced 
osteoblast lineage commitment program. Proc Natl Acad Sci USA. 
2008;105(37):13906–21391.

	21.	 Zhou Q, Zhao ZN, Cheng JT, et al. Ibandronate promotes osteogenic dif-
ferentiation of periodontal ligament stemcells by regulating the expres-
sion of microRNAs. Biochem Biophys Res Commun. 2011;404(1):127–32.

	22.	 Pizzicannella J, Cavalcanti M, Trubiani O, Diomede F. MicroRNA 210 medi-
ates VEGF upregulation in human periodontal ligament stem cells cul-
tured on 3DHydroxyapatite ceramic scaffold. Int J Mol Sci. 2018;19:3916.

	23.	 Diomede F, Merciaro I, Martinotti S, Cavalcanti MF, Caputi S, Mazzon E, 
Trubiani O. miR-2861 is involved in osteogenic commitment of human 
periodontal ligament stem cells grown onto 3D scaffold. J Biol Regul 
Homeost Agents. 2016;30(4):1009–18.

	24.	 Oskowitz AZ, Lu J, Penfornis P, Ylostalo J, et al. Human multipotent 
stromal cells from bone marrow and microRNA: regulation of differentia-
tion and leukemia inhibitory factor expression. Proc Natl Acad Sci USA. 
2008;105(47):18372–7.

	25.	 Baglìo SR, Devescovi V, Granchi D, Baldini N. MicroRNA expression 
profiling of human bone marrow mesenchymal stem cells during 
osteogenic differentiation reveals Osterix regulation by miR-31. Gene. 
2013;527(1):321–31.

	26.	 Matysiak M, Fortak-Michalska M, Szymanska B, et al. MicroRNA-146a 
negatively regulates the immunoregulatory activity of bone marrow 

http://mirwalk.umm.uni-heidelberg.de/human/mirna/MIMAT0000449/
http://mirwalk.umm.uni-heidelberg.de/human/mirna/MIMAT0000449/
https://www.targetscan.org/hsa-miR-146a-5p
https://www.targetscan.org/hsa-miR-146a-5p


Page 13 of 13Xie et al. BMC Oral Health          (2022) 22:541 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

stem cells by targeting prostaglandin E2 synthase-2. J Immunol. 
2013;190(10):5102–9.

	27.	 Jin HL, Kim JS, Kim YJ, et al. Dynamic expression of specific miRNAs dur-
ing erythroid differentiation of human embryonic stem cells. Mol Cells. 
2012;34(2):177–83.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Promotion effect of apical tooth germ cell-conditioned medium on osteoblastic differentiation of periodontal ligament stem cells through regulating miR-146a-5p
	Abstract 
	Background: 
	Methods and results: 
	Conclusions: 

	Introduction
	Methods and materials
	Immunomagnetic sorting of PDLSCs and PDLSCs identification
	APTG-CM preparation
	Alkaline phosphatase (ALP) activity assay
	Mineralization assay
	Real time q-PCR analysis for osteoblastic gene
	Illumina miRNA sequencing
	miRNA qRT-PCR analysis
	miRNA transfection
	Predicted miRNAs targets

	Statistical analysis
	Results
	Isolation of PDLSCs
	Immunocytochemical staining of PDLSCs
	ALP activity and mineralization formation of APTG-CM-induced PDLSCs
	Expression levels of osteoblastic genes
	Expression profile analysis of microRNAs
	Hsa-miR-146a-5p expression level by by qRT-PCR
	Hsa-miR-146a-5p involvement in the regulation of APTG-CM-induced osteogenic differentiation of PDLSCs
	Prediction analysis of hsa-miR-146a-5p target genes

	Discussion
	Conclusion
	Acknowledgements
	References


