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Abstract
Background: This study aimed to investigate the potential roles of miR-217 and EZH2 in the osteogenic
differentiation of PDLSCs.

Methods: The expression pattern of miR-217 and EZH2 in PDLSCs during osteogenesis was detected by
qRT-PCR. Then gain-and loss-of-function was performed to con�rm the roles of miR-217 and EZH2 in the
osteogenic differentiation of PDLSCs. Alkaline phosphatase and alizarin red S staining were used to
detect the activity of osteoblasts and mineral deposition. Western blot and qRT-PCR were performed to
detected osteogenic markers to conform osteogenesis phenotype. Furthermore, dual luciferase reporter
assay was conducted to analyze the binding of miR-217 to EZH2. Chromatin immunoprecipitation
analysis were performed to explore the mechanism of EZH2 and miR-217 on Wnt pathway.

Results: miR-217 was signi�cantly upregulated during the osteogenic differentiation, whereas EZH2 was
signi�cantly downregulated. Moreover, knockdown of miR-217 and overexpression of EZH2 inhibited the
ALP activity, ARS staining, and expression of osteogenic genes. Furthermore, overexpression of EZH2
partially reversed the effects of miR-217 overexpression on osteoblast differentiation. Finally, miR-217
overexpression promoted the expression of Wnt genes, resulting in the activation of the Wnt/β-catenin
signaling pathway by targeting EZH2.

Conclusion: Our results demonstrated that miR-217 is induced by osteogenic stimuli and promotes
osteogenic differentiation partly by targeting the EZH2/Wnt1/β-Catenin signaling pathway. This study
provides a novel understanding of the mechanisms of osteogenic differentiation, and suggests a
potential method for promoting bone formation.

Introduction
Periodontitis is a infectious chronic in�ammatory disease, which could enhance progressive damage to
periodontal support tissue and result in tooth loss in adults(Joshi et al., 2016). Periodontal ligament stem
cells (PDLSCs), possessing a high proliferative, self-renewal and multi-differentiation abilities features,
has been reported to be applied to restoration and regeneration(Son et al., 2019, Nagata et al., 2017,
Menicanin et al., 2014). Treatment using PDLSCs could restore the damaged or diseased periodontal
tissues. Hence, better understanding of the potential mechanisms on PDLSCs differentiation could be
helpful for the treatment of periodontitis.

MicroRNAs (miRNAs), small non-coding RNAs consisting of approximately 21–23 nucleotides, plays an
important role in regulating gene expression, cell cycle, and cell differentiation(Xu et al., 2019). During
stem cell differentiation, large amounts of miRNAs have been reported to execute its functions in in
mesenchymal stem cell osteogenesis(Eskildsen et al., 2011). For instance, miR-138(Eskildsen et al.,
2011), miR-132(Xu et al., 2019) and miR-23a(Zhang et al., 2019) were reported to regulate osteogenesis
of mesenchymal stem cells. MiR-223, miR-146a, miR-203, miR-155 and miR-142 were considered as
potential biomarkers for periodontal disease(Schmalz et al., 2016). MiR-217 was involved in multiple
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diseases, such as chronic heart failure(Nie et al., 2018), membranous nephropathy(Li et al., 2017),
neuropathic pain(Jiang et al., 2019) and malignant tumor(Zhu et al., 2016, Nishioka et al., 2014, Zhao et
al., 2010). However, the role of miR-217 on the osteogenesis differentiation of PDLSCs is unknown.

In this study, we �rstly reported that miR-217 is highly expressed in PDLSCs after osteogenic induction.
We also found that miR-217 promoted the osteogenesis differentiation of PDLSCs through targeting the
3’UTR of EZH2, resulting in activating Wnt/β-catenin signaling pathway.

Materials And Methods
Isolation and primary culture of PDLSCs

Healthy premolars were collected from four donors who underwent extractions for orthodontic reasons.
This study was approved by the Ethics Committee of the Fifth Central Hospital of Tianjin. Periodontal
ligament tissues were isolated and were digested with collagenase and trypsin (Gibco) for 60 min. Single-
cell suspensions then incubated in growth medium (GM) containing α-modi�ed Eagle’s medium (α-MEM)
supplemented with 10% fetal bovine serum (Gibco) and 1% penicillin/streptomycin in a humidi�ed 5%
CO2 atmosphere at 37 °C.

PDLSCs of the 3 passage were inoculated into 6-well culture plates at 2 × 105 cells/well. The osteogenic
induction medium was standard GM supplemented with 100 nM dexamethasone, 200 μM l-ascorbic acid,
and 10 mM β-glycerophosphate (Sigma-Aldrich, USA). Osteogenic differentiation medium was replaced
every 3 days.

RNA preparation and quantitative real-time PCR (qRT-PCR)

Trizol reagent (Life Technologies, USA) and a miRNeasy Mini Kit (Qiagen, Germany) was used to isolate
total RNA according to the manufacturer’s protocol. For mRNA detection, the �rst-strand cDNA was the
high-capacity cDNA reverse transcription kit (Applied Biosystems, USA) and QuantiTect SYBR Green PCR
kit (Qiagen, Germany) were employed. For miRNAs detection, real-time PCR was performed using
miDETECT A Track™ miRNA qRT-PCR Starter Kit (RIBOBIO, China). GAPDH and U6 were used as the
normalization for mRNA and miRNA. The primer sequences for the miR-217 and U6(Dai et al., 2019),
RUNX2, OPN, OCN, EZH2 and β-actin(Wang et al., 2016), Wnt1(Zhang et al., 2015) and β-catenin(Shan et
al., 2017) were previously described.

Western blot analysis

RIPA lysis buffer was used to extract total protein. Equal quantities of proteins were separated by SDS-
PAGE and transferred onto polyvinylidene di�uoride (PVDF) membranes (Millipore). Primary antibodies
against RUNX2 (ab23981, Abcam, USA), OCN (ab93876), OPN (ab69498), β-actin (ab179467), EZH2
(ab195409), Wnt1 (ab15251), β-catenin (ab16051), and H3K27me3 (ab6002) were selected. After
washing, peroxidase-conjugated goat anti-rabbit or goat anti-mouse were used as the secondary
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antibody. The protein blots were visualized using the enhanced chemiluminescence (ECL) luminol
reagent (Millipore, USA) and exposed to X-ray �lm (Fuji�lm, Japan). The signal of each target band was
normalized to that of the β-actin band.

Alkaline phosphatase (ALP) assays

ALP enzyme activity was measured using an alkaline phosphatase detection kit (Biyuntian Biotech Co.,
China) following the manufacturer’s instructions. ALP staining was performed using a NBT/BCIP staining
kit (CoWin Biotech, China) following the manufacturer’s instructions.

Alizarin Red Staining

The matrix mineralization was measured by Alizarin Red staining (Sigma, USA) following the
manufacturer’s instructions. To quantitatively evaluate the mineralized nodules, the staining solution was
dissolved in 1 mL 10% cetylpyridinium chloride (Sigma-Aldrich) for 1 h and the absorbance at 570 nm was
detected by spectrophotometric methods.

Cell transfection

EZH2 overexpression vector, miR-217 mimic, miR-217 inhibitor, miR mimic control (NC-mimic), and
miRNA inhibitor control (NC-inhibitor) all purchased from GenePharma (Shanghai, China) and were
transfected into PDLSCs using Lipofectamine 3000 reagent (Invitrogen, USA), with all procedures
following the manufacturer’s protocol.

Dual luciferase reporter gene assay

PmirGLO vectors (Promega, USA) containing wild-type (wt) or mutation-type (mut) sequences of EZH2 3’-
untranslated region (3’-UTR) were constructed by GenePharma (Shanghai, China). PmirGLO luciferase
reporter gene vector was introduced into PDLSCs cells with co-transfection of miR-217 mimic or mimic-
NC using Lipofectamine 3000 reagent (Invitrogen). Relative luciferase activity was assessed with Dual-
luciferase Reporter Assay Kit (Promega) following the manufacturer’s protocol.

Chromatin immunoprecipitation assays

ChIP was carried out using an anti-EZH2 and anti-H3K27me3 antibody (Abcam) and the EZ CHIP KIT
(Millipore, USA) following the manufacturer’s protocol as described previously(Deng et al., 2018). The
results were normalized relative to the input control.

Statistical analysis

SPSS software (version 16.0; SPSS, Inc., Chicago, IL, USA) was used for statistical analyses. All data are
expressed as the mean ± SD of at least three independent experiments. Student’s t test was used to
analyze differences between groups. One-way analysis of variance (ANOVA) was employed for multiple
group testing. A two-tailed p < 0.05 was considered statistically signi�cant.
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Results
MiR-217 was involved in regulating the osteogenic differentiation of PDLSCs

To investigate the role of miR-217 in regulating osteogenic differentiation, PDLSCs were cultured in
osteogenic differentiation medium. The levels of osteoblastic marker genes including RUNX2, OPN and
OCN were signi�cantly increased at day 7 and 14 after osteogenic induction (Fig 1A). Consistently, ALP
and Alizarin Red staining experiments con�rmed the osteoblast phenotype (Fig. 1B-D). Next, we found
that miR-217 were signi�cantly increased at day 7 and 14 after osteogenic induction (Fig. 1E). These
results indicated that miR-217 might be involved in regulating the osteogenic differentiation of PDLSCs.

MiR-217 promotes the osteogenic differentiation of PDLSCs

Firstly, PDLSCs were transfected with miR-217 mimic, miR-217 inhibitor and corresponding negative
control each three days for total four times during osteogenic differentiation. miR-217 mimic obviously
enhanced miR-217 levels and miR-217 inhibitor signi�cantly decreased miR-217 levels (Fig. 2A). miR-217
overexpression apparently promoted osteogenic differentiation, as indicated by the up-regulated
osteogenic marker genes RUNX2, OPN and OCN. On the contrary, miR-217 knockdown by miR-217
inhibitor signi�cantly inhibited osteogenic differentiation as indicated by the down-regulated osteogenic
marker genes (Fig. 2B). Furthermore, ALP activity and the matrix mineralization levels were signi�cantly
promoted after miR-217 mimic treatment and were obviously inhibited after miR-217 inhibitor treatment
(Fig. 2C-E). In short, we con�rmed the promotion of miR-217 on the osteogenic differentiation of PDLSCs.

MiR-217 promotes the osteogenic differentiation of PDLSCs by targeting EZH2

In order to further explore the mechanism of miR-217 on osteogenic differentiation of PDLSCs, EZH2 was
selected as EZH2 was reported to be a target gene of miR-217 and was closely related to osteogenic
differentiation(Xue et al., 2017, Wei et al., 2011). Luciferase reporter assay results suggested that miR-217
could target EZH2 3’-UTR (Fig. 3A). Furthermore, miR-217 overexpression substantially decreased the
expression of EZH2 while miR-217 knockdown increased EZH2 mRNA and protein levels (Fig. 3B-C).
These results indicated that EZH2 was a direct target of miR-217. Importantly, we found that EZH2 mRNA
were signi�cantly decreased at day 7 and 14 after osteogenic induction (Fig. 3D). Next, we explore role of
EZH2 in miR-217-regulated osteogenic differentiation. EZH2 overexpression obviously downregulated
osteogenic marker genes including RUNX2, OCN and OPN expression. We restored the expression of
EZH2 in miR-217-overexpressing PDLSCs by transfecting the cells with EZH2 overexpression plasmids
and found that the expression of EZH2 and osteogenic marker genes including RUNX2, OCN and OPN,
were inhibited by EZH2 rescue in the miR-217-overexpressing PDLSCs (Fig. 3E). The overexpression of
EZH2 also decreased ALP activity and matrix mineralization (Fig. 3F-H). EZH2 overexpression impaired
the effect of miR-217 in the osteogenic differentiation of PDLSCs (Fig. 3F-H). Taken together, these
results indicated that EZH2 was a functional target of miR-217 on osteogenic differentiation of PDLSCs.
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MiR-217 promotes the osteogenic differentiation ofPDLSCs through EZH2 mediated-inactive of Wnt/β-
catenin pathway

EZH2 was found to inhibit Wnt/β-catenin signaling (Wang et al., 2016), which may explain the reason of
EZH2 on osteogenic differentiation to a certain extent. During osteogenesis, Wnt1 and β-catenin was
upregulated while the enrichment of the active H3K4me3 modi�cation was decreased (Fig. 4A-C). EZH2
and H3K27me3 also found to be decreased on the transcription start site of Wnt 1 and β-catenin (Fig. 4D-
E). To address these issues, the levels of Wnt 1 genes and β-catenin were detected in the context of miR-
217 overexpression or EZH2 overexpression. miR-217 overexpression increased Wnt 1 genes and β-
catenin expression while EZH2 overexpression decreased Wnt 1 genes and β-catenin expression.
Specially, EZH2 overexpression rescued the promotion effect of miR-217 on Wnt/β-catenin signaling
(Fig. 4F-G). Based on the epigenetic regulation function of EZH2 through methylation on H3K27, we then
explored whether EZH2 was involved in the silencing of Wnt-related genes in PDLSCs. Firstly, we
conformed that the total H3K27me3 was decreased after miR-217 overexpression while total H3K27me3
was increased after EZH2 overexpression (Fig. 4F-G). Furthermore, ChIP-PCR assay to con�rm that EZH2
and H3K27me3 were highly enriched in the promoters of β-catenin and Wnt1 in osteogenic PDLSCs (Fig.
4H-I), which indicated that EZH2 was directly bound to Wnt gene promoters. MiR-217 overexpression
signi�cantly downregulated the enrichment of EZH2 and H3K27me3 in the promoters of β-catenin and
Wnt1 in osteogenic PDLSCs. However, EZH2 overexpression signi�cantly upregulated the enrichment of
EZH2 and H3K27me3 in the promoters of β-catenin and Wnt1 in osteogenic PDLSCs (Fig. 4H-I). Our
results indicated that miR-217 promoted the osteogenic differentiation of PDLSCs through
downregulating EZH2 expression and eliminating the inhibition function on transcription of Wnt 1 and β-
catenin.

Discussion
PDLSCs with multilineage differentiation, are considered key candidates for bone regenerative
applications(Tassi et al., 2017). Therefore, it is essential to understand the mechanisms on PDLSCs
multilineage differentiation potential. In this study, miR-217 was demonstrated to promote the osteogenic
differentiation of PDLSCs. Similarly, miR-217 was reported to promote cell proliferation and osteogenic
differentiation of bone marrow-derived mesenchymal stem cells by inhibiting DKK1 during the
development of steroid-associated osteonecrosis(Dai et al., 2019). Gu et al. indicated that miR-217 was
upregulated in the process of 1, 25-dihydroxyvitamin D3-induced osteogenic differentiation of human
adipose-derived Mesenchymal stem cells(Gu et al., 2017). In our study, we indicated that miR-217
promoted PDLSCs osteogenesis by targeting EZH2 and activating Wnt/β-catenin axis.

The epigenetic modi�er enhancer of zeste homolog 2 (EZH2) was a subunit of polycomb repressor
complex 2 (PRC2) and was a histone three lysine 27 (H3K27) methyltransferase(Sparmann and van
Lohuizen, 2006). EZH2 is required for bone formation and anterior/posterior skeletal patterning in mice
during development(Wyngaarden et al., 2011, Schwarz et al., 2014). EZH2 was found to inhibit
osteogenic differentiation potential in vitro and in vivo(Hemming et al., 2014). Inhibition of EZH2

https://pubmed.ncbi.nlm.nih.gov/?size=50&term=Gu+H&cauthor_id=29218085
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enzymatic activity and knockdown of EZH2 gene expression promoted osteogenic differentiation by
MSC(Chen et al., 2016). Chromatin immunoprecipitation analysis has revealed that the presence of EZH2
and its H3K27me3-associated modi�cation is reduced at the transcription start site (TSS) of key
osteogenic transcription factor RUNX2 during osteogenic differentiation(Wei et al., 2011, Hemming et al.,
2014). ZBTB16, MX1, and FHL1 was identi�ed to be EZH2 targets regulating osteogenic differentiation in
mesenchymal stem cells(Hemming et al., 2016). In our study, EZH2 and its H3K27me3-associated
modi�cation was found to be present along the transcription start site of Wnt1 and β-catenin
promoters. During osteogenesis, Wnt1 and β-catenin was upregulated coinciding with the disappearance
of EZH2 and H3K27me3 on the transcription start site of these genes and the enrichment of the active
H3K4me3 modi�cation. Overexpression of EZH2 downregulated the transcript levels and protein levels
of Wnt1 and β-catenin during osteogenesis.

In summary, our �ndings indicate that miR-217 and EZH2 play an important role in the osteogenesis of
PDLSCs. The decrease of EZH2 and H3K27me3 activated Wnt1/β-catenin signaling pathway. These
results help to determine the possible mechanism of miR-217 and EZH2 in regulating PDLSCs
differentiation. Our results provide new insight indicating that miR-217 possesses great potential as a
novel class of therapeutic targets for bone regeneration.
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miR-217 is upregulated during the osteogenic differentiation of PDLSCs. (A) The mRNA levels of the
osteoblastic marker genes RUNX2, OPN and OCN were analyzed by qRT-PCR at day 1, 7 and 14, with
GAPDH as a control. (B) ALP staining was measured at day 14. (C) ALP activity was measured at day 14.
(D) Alizarin Red staining was measured at day 14. (E) The miR-27 levels were analyzed by qRT-PCR at
day 1, 7 and 14 after osteogenic induction, with U6 as a control. **p < 0.01 versus the non-induced group.

Figure 2

miR-217 promotes the osteogenic differentiation of PDLSCs. During osteogenic differentiation, PDLSCs
were transfect miR-217 mimic, miR-217 inhibitor and corresponding negative control each three days for
total four times. (A) miR-217 levels in PDLSCs. (B) The osteoblastic marker genes RUNX2, OPN and OCN
were analyzed by western blot with β-actin as a control. (C) ALP staining was measured at day 14. (D)
ALP activity was measured at day 14. (E) Alizarin Red staining was measured at day 14 and
quanti�cation was shown at right. *p < 0.05, **p < 0.01 versus NC-inhibitor; #p < 0.05, ##p < 0.01 versus
NC-mimic.
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Figure 3

miR-217 promotes the osteogenic differentiation of PDLSCs targeting EZH2. During osteogenic
differentiation, PDLSCs were transfect with miR-217 mimic or EZH2 overexpression plasmids each three
days for total four times. (A) Schematic representation of the miR-217 site in the EZH2 3’-UTR. Luciferase
assays were performed to con�rm the target relationship between miR-217 and EZH2 in PDLSCs. Fire�y
luciferase activity was standardized to a Renilla luciferase control. (B) EZH2 mRNA expression in
PDLSCs. (C) EZH2 protein expression in PDLSCs. (D) EZH2 mRNA expression at day 1, 7 and 14 after
osteogenic induction. (E) EZH2, RUNX2, OPN and OCN protein expression in PDLSCs. (F) ALP staining
was measured at day 14 after indicated treatment. (G) ALP activity was measured at day 14 after



Page 13/14

indicated treatment. (H) Alizarin Red staining was measured at day 14 after indicated treatment and
quanti�cation was shown at right. *p < 0.05, **p < 0.01 versus NC-mimic+vector; #p < 0.05, ##p < 0.01
versus miR-mimic+vector.

Figure 4

Downregulated EZH2 activated the Wnt signaling pathway via the process of H3K27 trimethylation.
During osteogenic differentiation, PDLSCs were transfect with miR-217 mimic or EZH2 overexpression
plasmids each three days for total four times. (A) The mRNA levels of Wnt1 were analyzed by qRT-PCR at
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day 1, 7 and 14, with GAPDH as a control. (B) The mRNA levels of β-catenin were analyzed by qRT-PCR at
day 1, 7 and 14, with GAPDH as a control. (C) The protein levels of H3K27me3 was analyzed at day 14,
with GAPDH as a control. (D) ChIP assays showed the enrichment of EZH2 and H3K27me3 to Wnt 1
promoters in PDLSCs with or without osteogenic induction. (E) ChIP assays showed the enrichment of
EZH2 and H3K27me3 to β-catenin promoters in PDLSCs with or without osteogenic induction. (F) The
expression of Wnt 1 and β-catenin were evaluated by qRT-PCR with osteogenic induction for 14d. (G) The
expression of Wnt 1 and β-catenin were evaluated by western blot analysis with osteogenic induction for
14d. (H) ChIP assays showed the enrichment of EZH2 and IgG to Wnt 1 and β-catenin promoters in
PDLSCs. (I) Enrichment of H3K27me3 in promoters of Wnt 1 and β-catenin promoters in PDLSCs. *p <
0.05, **p < 0.01 versus NC-mimic+vector; #p < 0.05, ##p < 0.01 versus miR-mimic+vector.


