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Abstract 

Purpose: To investigate the potential effect and explore the underlying mechanism of action of miR-558 
in the odontogenic differentiation of human periodontal ligament fibroblasts (hPLFs).  
Methods: Human periodontal ligament fibroblasts were treated with osteogenic induction medium to 
induce odontogenic differentiation. The efficiency of odontogenic differentiation was determined using 
Alizarin red staining and alkaline phosphatase (ALP) activity assays. The expression levels of 
osteogenic markers, including Osterix and Runx2, were determined by Western blotting, while mRNA 
levels of Jagged-1, HES1 and HEY1 were assessed by quantitative real-time polymerase chain reaction 
(qRT-PCR). 
Results: MiR-558 was down-regulated during the odontogenic differentiation of hPLFs. Alizarin red 
staining and ALP activity data indicate that miR-558 significantly inhibited the odontogenic differentiation 
of hPLFs. Osterix and Runx2 expression levels were significantly decreased in the miR-558 mimic 
group but significantly increased in miR-558 inhibitor group compared with those in NC group (p < 0.01). 
Moreover, miR-558 regulated Notch signaling by targeting Jagged-1, while Jagged-1 knockdown 
suppressed the odontogenic differentiation of hPLFs. 
Conclusion: MiR-558 inhibits the odontogenic differentiation of human periodontal ligament fibroblasts 
by negatively regulating Jagged-1/Notch signaling pathway, and thus, could serve as a potential target 
to regulate the odontogenic differentiation of hPLFs. 
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INTRODUCTION 
 
The periodontal ligament is the connective tissue 
embedded between the tooth root and inner wall 
of the alveolar socket bone, anchoring the teeth 
in the jawbone, and buffering mechanical stress 

during chewing [1]. Previous studies have shown 
that human periodontal ligament stem cells are a 
population of multipotent stem cells with a 
potential to differentiate into osteocytes, 
chondrocytes and adipocytes [1]. Human 
periodontal ligament fibroblasts (hPLFs) 
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synthesize and secrete collagen fibers to 
maintain the main morphology and function of 
the periodontal ligament [1]. In addition, hPLFs 
have a potential for osteogenic differentiation that 
contributes to periodontal remolding [2]. The 
present study aimed to investigate the regulation 
mechanism of hPLFs in odontogenic 
differentiation during periodontal remolding. 
 
MicroRNAs (miRNAs) are small non-coding RNA 
that regulate gene expression through post-
transcriptional inhibition of mRNA translation and 
play an important role in various cellular 
processes [3]. MiRNAs not only play an 
important regulatory role in the self-renewal and 
differentiation of stem cells but also maintain the 
undifferentiated state of stem cells [3]. The 
odontogenic differentiation of pulp stem cells is a 
key step in pulp regeneration [4]. MicroRNAs 
play an important regulatory role in the 
odontogenic differentiation of stem cells [5]. MiR-
27a-5p is significantly increased during the 
odontogenic differentiation of dental pulp stem 
cells and promotes odontogenic differentiation by 
inhibiting LTBP1, and miR-143-3p is also 
involved in regulating odontogenic differentiation 
[5]. Moreover, a previous study demonstrated 
that miR-675 promotes osteogenic differentiation 
by targeting the expression of distal-less 
homeobox [6]. However, miR-508-5p inhibits 
osteogenic differentiation because of the 
decreased expression of the target GPNMB [7]. 
We found that the expression of miR-558 in 
hPLFs is down-regulated during osteogenic 
differentiation; however, the role and potential 
mechanism of miR-558 in osteogenic 
differentiation have not yet been reported. 
Therefore, this study aimed to investigate the 
potential effect and explore the underlying 
mechanism of miR-558 in the odontogenic 
differentiation of human periodontal ligament 
fibroblasts. 
 
EXPERIMENTAL 
 
Cell culture and transfection 
 
Human embryonic kidney 293T (HEK-293T) cells 
and hPLFs cells were used in the current study. 

HEK-293T cells were obtained from the Type 
Culture Collection of the Chinese Academy of 
Sciences. Human periodontal ligament 
fibroblasts were purchased from ScienCell 
(California, USA). Human periodontal ligament 
fibroblasts were transfected with an miR-558 
mimic or an miR-558 inhibitor using FuGENE 
(Roche Molecular Biochemicals). The knock-
down of Jagged-1 was performed by transfection 
with short hairpin RNA (shRNA) targeting 
Jagged-1. The sequences of shRNA used in this 
study were from a previous report [8]. 
 
Real-time polymerase chain reaction (qRT-
PCR) 
 
Total RNA was extracted using TRIzol reagent 
(Invitrogen), and 1 μg RNA was transcribed into 
cDNA using a reverse transcription kit (Takara). 
PCR reactions were performed using 2×SYBR 
mix (Takara). The primers for miR-558 and U6 
snRNA were designed and purchased from 
Guangzhou RiboBio Co., Ltd (Guangzhou, 
China). The primer pairs for qRT-PCR are shown 
in Table 1. 
 
Western blotting 
 
Samples were harvested using RIPA buffer 
(Beyotime, Shanghai, China). Total protein 
samples were separated by 8% SDS-PAGE and 
transferred to polyvinylidene fluoride (PVDF) 
membranes. The primary antibodies used were 
all purchased from Abcam and primarily 
contained Jagged-1 (ab7771; 1:1000; abcam, 
MA, USA), Osterix (ab209484; 1:1000; Abcam), 
Runx2 (ab192256; 1:1000; Abcam) and β-actin 
(ab8226; 1:1000; Abcam). 
 
Osteoblastic differentiation study  
 
Human periodontal ligament fibroblasts were 
treated with osteogenic induction medium 
containing 100 nM dexamethasone (Sigma-
Aldrich, St. Louis, MO, USA), 50 μg/mL of 
ascorbic acid (Sigma-Aldrich), and 10 mM β-
glycerophosphate (Sigma-Aldrich). On days 0, 1, 
2, 4, 7 and 14, cell samples were collected for 
further analysis. 

 
           Table 1: Primers used for qRT-PCR 
 

Gene Forward primer (5’-3’) Reverse primer (5’-3’) 

Jagged-1 AATGGCTACCGGTGTGTCTG CCCATGGTGATGCAAGGTCT 

HES1 CTGAGCACAGACCCAAGTGT GAGTGCGCACCTCGGTATTA 

HEY1 TAATTGAGAAGCGCCGACGA TGCTCCATTACCTGCTTCTC 

GAPDH GAAAGCCTGCCGGTGACTAA AGGAAAAGCATCACCCGGAG 
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Alizarin red staining 
 
Mineralized nodules were stained using 1% 
Alizarin red S (Sigma-Aldrich). On day 14 after 
odontogenic differentiation induction, the cells 
were fixed with 4% paraformaldehyde at room 
temperature for 30 min and 1% Alizarin red S 
solution was then added. After incubation for 30 
min, the cells were washed with ddH2O to 
remove unbound dye and photographed. 
 
Alkaline phosphatase (ALP) staining 
 
Human periodontal ligament fibroblasts were 
treated with osteogenic induction medium for 7 
days. Cell samples were then harvested, and 
ALP activity was measured using a commercial 
kit (P0321S, Beyotime) according to the 
manufacturer’s instructions. 
 
Dual-luciferase reporter assay 
 
Human embryonic kidney 293T cells were used 
for the dual-luciferase reporter assay as 
previously described[9]. Briefly, HEK-293T cells 
were co-transfected with the firefly-tagged pGL3 
promoter luciferase vector (Promega) and the 
Renilla control luciferase vector (Promega). 
Forty-eight hours later, luciferase activities were 
determined, and the results were presented as 
the ratio of firefly/Renilla. 
 
Statistical analysis 
 
The data are presented as means ± standard 
deviation (SD) and were analyzed using 
independent Student’s t-test to compare two 
groups using GraphPad Prism 6.0 software. A 
value of p < 0.05 was considered statistically 
significant.  
 
RESULTS 
 
miR-558 is down-regulated during the 
odontogenic differentiation of hPLFs 
 
To investigate the effect of miR-558 on the 
process of odontogenic differentiation, human 
periodontal ligament fibroblasts (hPLFs) were 
treated with osteogenic induction medium for 14 
consecutive days to induce odontogenic 
differentiation. The efficiency of odontogenic 
differentiation was determined using Alizarin red 
staining (Figure 1 A), and the expression of 
osteogenic markers, including Osterix and 
Runx2, were significantly increased in hPLFs at 
day 14 after osteogenic induction (Figure 1 B). 
Alkaline phosphatase (ALP) activity was also 
significantly increased, indicating successful 
odontogenic differentiation (Figure 1 C). MiR-558 

was down-regulated during the odontogenic 
differentiation of hPLFs in a time-dependent 
manner (Figure 1 D). These results suggest that 
miR-558 may be involved in the odontogenic 
differentiation of hPLFs. 
 

 
 
Figure 1: MiR-558 is down-regulated during the 
odontogenic differentiation of human periodontal 
ligament fibroblasts (hPLFs). (A) Mineralized nodules 
were stained using Alizarin red in hPLFs treated with 
osteogenic induction medium (induced) or vehicle 
(non-induced) for 14 consecutive days. (B) The protein 
expression levels of Osterix and Runx2 were 
determined using Western blotting. (C) ALP activity 
was measured in the induced and non-induced 
groups. (D) MiR-558 was measured by qRT-PCR on 
days 0, 1, 2, 4, 7 and 14. *P < 0.05, **p < 0.01 
 
MiR-558 inhibits the odontogenic 
differentiation of hPLFs 
 
Human periodontal ligament fibroblasts were 
transfected with the miR-558 mimic or miR-558 
inhibitor, and the efficiency was confirmed by 
qRT-PCR (Figure 2 A). Next, hPLFs were 
cultured with osteogenic induction medium and 
treated with the miR-558 mimic or miR-558 
inhibitor. Alizarin red staining exhibited fewer 
mineralized nodules following miR-558 
overexpression, but more mineralized nodules 
were observed in the miR-558 inhibitor group 
than in the NC group (Figure 2 B). 
Correspondingly, the expression levels of Osterix 
and Runx2 were significantly decreased in the 
miR-558 mimic group and significantly increased 
in the miR-558 inhibitor group compared with 
those in the NC group (Figure 2 C). Alkaline 
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phosphatase (ALP) activity was significantly 
decreased following miR-558 overexpression but 
was significantly increased in the miR-558 
inhibitor group compared with that in the NC 
group (Figure 2 D). These data indicate that miR-
558 inhibits the odontogenic differentiation of 
hPLFs. 
 

 
 
Figure 2: MiR-558 inhibits the odontogenic 
differentiation of hPLFs. (A) hPLFs were transfected 
with an miR-558 mimic or an miR-558 inhibitor. (B) 
Mineralized nodules were stained using Alizarin red in 
hPLFs with different treatments. (C) The protein levels 
of Osterix and Runx2 were determined using Western 
blotting. (D) ALP activity was measured. **P < 0.01, 
@@p < 0.01. * indicates a group versus the NC mimic; 
@ indicates a group versus the NC inhibitor 
 
MiR-558 regulates Notch signaling by 
targeting Jagged-1 
 
The Targetscan database (http://targetscan.org/) 
was used to predict the underlying targets of 
miR-558, and the complementary sequence of 
miR-558 was observed in the 3’-UTR of Jagged-
1 mRNA (Figure 3 A). Next, the binding site was 
mutated and dual-luciferase reporter assays 
were performed. The luciferase activity of 
Jagged-1 with the wild-type (WT) 3’-UTR was 
significantly decreased by treatment in the miR-
558 mimic group and increased in the miR-558 
inhibitor group, whereas the luciferase activity of 
Jagged-1 with mutant 3’-UTR was not 
significantly changed (Figure 3 B). Additionally, 
the mRNA and protein levels of Jagged-1 were 
significantly decreased in miR-558 mimic group 
and increased in the miR-558 inhibitor group 
compared with that in the NC group (Figure 3 C 
and D). Moreover, downstream targets of Notch 
signaling, such as HES1 and HEY1, were also 

examined. The mRNA levels of HES1 and HEY1 
were significantly decreased in the miR-558 
mimic group and increased in the miR-558 
inhibitor group compared with those in the NC 
group (Figure 3E). These data suggest that miR-
558 regulates Notch signaling by targeting 
Jagged-1. 
 

 
 
Figure 3: MiR-558 regulates Notch signaling by 
targeting Jagged-1. (A) The complementary sequence 
of miR-558 in the 3’-UTR of Jagged-1 mRNA and the 
mutated binding site. (B) The dual-luciferase reporter 
assay was performed, and the luciferase activity of 
Jagged-1 with wild-type (WT) 3’-UTR or mutant (MUT) 
3’-UTR was measured. The mRNA (C) and protein (D) 
levels of Jagged-1 were evaluated in hPLFs treated 
with the miR-558 mimic or miR-558 inhibitor. (E) The 
protein levels of HES1 and HEY1 were determined. *P 
< 0.05, **p < 0.01, @@p < 0.01. * indicates a group 
versus the NC mimic; @ indicates a group versus the 
NC inhibitor 
 
Jagged-1 knockdown suppresses the 
odontogenic differentiation of hPLFs 
 
The mRNA levels of Jagged-1, HES1 and HEY1 
were significantly increased when hPLFs were 
subjected to osteogenic induction medium 
compared with those in the vehicle groups 
(Figure 4 A). To determine the effect of Jagged-1 
during the odontogenic differentiation of hPLFs, 
Jagged-1 knockdown was performed in hPLFs 
(Figure 4 B). Mineralized nodules were stained 
using Alizarin red, and fewer mineralized nodules 
were observed when Jagged-1 was inhibited 
(Figure 4 C). The expression levels of Jagged-1, 
Osterix and Runx2 were significantly decreased 
in the group with Jagged-1 knockdown compared 
with those in the NC group (Figure 4 D). Alkaline 
phosphatase activity was also significantly 
decreased when Jagged-1 was inhibited (Figure 
4 E). Thus, Jagged-1 knockdown suppressed the 
odontogenic differentiation of hPLFs. Taken 
together, these data demonstrate that miR-558 
inhibits the odontogenic differentiation of hPLFs 
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by negatively regulating the Jagged-1/Notch 
signaling pathway. 
 

 
 
Figure 4: Jagged-1 knockdown suppresses the 
odontogenic differentiation of hPLFs. (A) The mRNA 
levels of Jagged-1, HES1 and HEY1 were determined 
by qRT-PCR. (B) Jagged-1 was knocked down by 
short hairpin RNA (shRNA). (C) Mineralized nodules 
were stained using Alizarin red. (D) The expression 
levels of Jagged-1, Osterix and Runx2 were 
determined using Western blotting. (E) ALP activity 
was measured. **P < 0.01 
 

DISCUSSION 
 
Human periodontal ligament fibroblasts (hPLFs) 
have the potential of multidirectional 
differentiation [1]. Under mechanical signals such 
as bite force and orthodontic treatment, hPLFs 
tend to differentiate into osteoblasts and 
participate in periodontal remodeling [2]. Several 
factors are associated with odontogenic 
differentiation, and miRNAs regulate odontogenic 
differentiation [10]. In the current study, we found 
that miR-558 is down-regulated during the 
odontogenic differentiation of hPLFs, and miR-
558 overexpression using an miR-558 mimic 
inhibits the odontogenic differentiation of hPLFs. 
Furthermore, the targetscan database was 
searched to predict the underlying targets of 
miR-558, and the complementary sequence of 
miR-558 was observed in 3’-UTR of Jagged-1 
mRNA. The molecular mechanism was 
subsequently explored, and the results suggest 
that miR-558 regulates Notch signaling by 

targeting Jagged-1 during the odontogenic 
differentiation of hPLFs. 
 
Accumulating studies of miR-558 have mainly 
focused on its role in the tumorigenesis of 
cancers. For example, miRNA-558 acts as an 
oncogene in gastric cancer by targeting Smad4 
[11]. In addition, miRNA-558 promotes the 
tumorigenesis of neuroblastoma by activating 
heparanase [12]. MiRNA-558 is involved in this 
process by recruiting Argonaute 2 [13]. 
Moreover, miRNA-558 promotes the 
radioresistance of A549 cells by targeting 
apoptosis-associated tyrosine kinase [14]. A 
previous study also reported that miR-558 
regulates cartilage homeostasis by targeting 
COX-2 [15]. However, the effect of miR-558 on 
the osteogenic differentiation and underlying 
mechanism have not yet been reported. In the 
current study, miR-558 was down-regulated 
during the odontogenic differentiation of hPLFs, 
and miR-558 showed an inhibitory effect on the 
odontogenic differentiation of hPLFs. The current 
study is the first to show the effect of miR-558 on 
odontogenic differentiation. 
 
The Notch signaling pathway, as an 
evolutionarily conservative cellular mechanism, 
maintains the balance between cell proliferation, 
differentiation and apoptosis, playing a decisive 
role in the fate of cell differentiation [16]. The 
Notch signaling pathway exists widely in 
vertebrates and invertebrates, and Jagged1 is its 
main ligand [17]. Jagged1 activates Notch 
signaling and promotes the odontogenic 
differentiation of hPLFs [18]. The targetscan 
database was searched to predict the underlying 
targets of miR-558, and Jagged1 was identified 
as a potential target of miR-558. Therefore, the 
Notch signaling pathway may be involved in the 
odontogenic differentiation of hPLFs in the 
present study. Further assays suggested that 
Notch signaling was activated by treatment with 
an miR-558 inhibitor and downstream targets of 
Notch signaling, such as HES1 and HEY1, were 
also significantly increased, demonstrating that 
miR-558 regulates Notch signaling by targeting 
Jagged-1 during the odontogenic differentiation 
of hPLFs. Thus, the molecular mechanism of 
miR-558 mediating odontogenic differentiation 
was further clarified in the current study, 
providing a theoretical basis for its clinical 
application. 
 
CONCLUSION 
 
The findings of this study demonstrate the effect 
of miR-558 on the odontogenic differentiation of 
human periodontal ligament fibroblasts. Thus, 
miR-558 may serve as a potential target to 
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regulate the odontogenic differentiation of human 
periodontal ligament fibroblasts. 
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