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Abstract: Periodontitis, as a chronic inflammatory disease, remains unsolved, and the pathogenesis of this disease has not

been fully elucidated. In this study, the effect of miR-4262 was investigated in tumor necrosis factor-α (TNF-α) induced

human periodontal stem cells (hPDLSCs) for the first time. The gene expression involved in this study was determined

using polymerase chain reaction (PCR), the expressions of relevant proteins were determined by western blot analysis,

and the levels of IL-1β, IL-6, and MCP-1 were estimated by enzyme-linked immunosorbent assay (ELISA) assay. The

luciferase reporter assay was performed for verification of the target gene, alkaline phosphatase (ALP) activity

detection was used for differentiation capacity, and alizarin red staining assay was used for mineralization capacity.

The inhibition of miRNA-4262, which resulted in the upregulation of suppressor of cytokine signaling 4 (SOCS4),

showed protective effects, including anti-inflammation and promotional effects on osteogenesis as well as

differentiation in TNF-α induced hPDLSCs. These results provided insights into the roles of miRNAs in regulating

the inflammatory response, differentiation, and osteogenesis in hPDLSCs, which may promote the understanding of

the mechanisms of periodontitis and find out a better therapeutic application.

Introduction

Periodontitis, the main cause of tooth loss in adults, has
gained widespread attention. Damage of tooth-supporting
tissues is one of the main features of periodontitis
(Gaudilliere et al., 2019). As a chronic infectious disease
induced by bacteria, periodontitis is difficult to cure, and the
therapeutic efficacy is not satisfactory. Periodontitis often
results in different inflammatory responses that depend on
the individual (Bartold, 2018). Therefore, there is a pressing
need to elucidate the disease mechanisms and discovering
new treatments with better therapeutic efficacy for
periodontitis.

hPDLSCs connect the tooth to the alveolar bone socket,
aiding in the regeneration of the injured tissue and
homeostasis (Bojic et al., 2014; Nagata et al., 2017; Sedgley

and Botero, 2012). The regeneration of destroyed tissues
plays an important role in the treatment of periodontitis, so
it is of high value to explicitly identify the regeneration
mechanism of hPDLSCs to repair the damaged tissues (Feng
et al., 2012). However, the regeneration mechanism of the
cells is still not fully clear. Previous studies have reported
many vital endogenous substances, including key regulators,
molecular markers, and related signaling pathways, that are
involved in the regeneration mechanism. For example, the
Runt-related transcription factor 2 (RUNX2) induced by
fibrinogen has been found to play a pivotal role in
osteogenic differentiation (Kidwai et al., 2016). Moreover,
osteoprotegerin (OPG) has been found to mediate the
inhibitory effect of TSH on osteoclast differentiation (Ma et
al., 2011). ALP activity has been found to serve as the
marker of early osteogenic stem differentiation (Wang et al.,
2017; Wu et al., 2018).

Similarly, collagen I, as the vital natural matrix
component, has also been used as the biomarker for
osteogenesis evaluation. All the relevant endogenous
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substances described above were evaluated herein to
illuminate the relevant mechanisms.

Inflammation is the focus of periodontitis in many studies.
TNF-α, a pro-inflammatory cytokine, has been the primary
focus of the research (Fredriksson et al., 2002; Noh et al., 2013).
TNF-α is considered to have an inhibitory effect on osteogenic
differentiation and is involved in the development of
periodontitis (Ding et al., 2014; Lacey et al., 2009; Li et al.,
2010). Furthermore, the vital biomarker miRNAs have been
widely studied in diabetes, inflammatory diseases, cardiovascular
diseases, and various cancers (Ambs et al., 2008; Feng et al.,
2014; Feng et al., 2012; Yuan et al., 2011). They mainly regulate
gene expression at the post-translational level, which illuminates
the regulatory mechanism of many fields at the gene level.
MiRNAs not only serve as the regulators in many physiological
processes but also act as predictive markers and therapeutic
targets. For instance, miRNA-128 has been found to regulate
the secretion of inflammatory cytokines, which could be applied
to periodontitis therapy (Na et al., 2016). Similarly, miRNA-203
has been reported to play an important role in the pathogenesis
of Porphyromonas gingivalis-challenged gingival epithelial cells
(Moffatt and Lamont, 2011). MiR-4262 has been found to be
related to osteoarthritis, gastric cancer, and colon cancer cells
(Sun et al., 2018; Weng et al., 2018; Zhang et al., 2019). It
regulates the apoptosis and autophagy of chondrocytes;
however, the role of miR-4262 in periodontitis remained largely
unknown. In this study, we aimed to investigate the effect of
miR-4262 in TNF-α-induced hPDLSCs and explore the
underlying mechanism.

Materials and Methods

Cell culture and treatment
hPDLSCs were purchased from iCell Bioscience Inc
(Shanghai, China) and cultured in α-MEM medium
containing 10% FBS (Gibco; Thermo Fisher Scientific, Inc.),
100 U/mL of penicillin, 100 mg/mL of streptomycin, and 2
mmol of glutamine. Cells were maintained in an atmosphere
of 5% CO2 at 37°C in saturated humidity. The medium was
refreshed every three days. hPDLSCs were treated with
TNF-α (10 ng/mL) for 0 d, 3 d, 7 d, and 14 d, respectively.

Cell transfection
MiR-4262 mimic (chemical synthesis of mature miRNA double
chain), miR-4262 inhibitor (chemical modification of mature
miRNA complementary single chain), and corresponding
negative control (mimic-NC or inhibitor-NC) were purchased
from RiboBio (Guangzhou, China). Cells were seeded into a
six-well plate and transfected with mimic or inhibitor at 70–
80% confluence according to the manufacturers’ instruction
for 48 h. shRNA-SOCS4-1, shRNA-SOCS4-2, and shRNA-
NC (GenePharma, Shanghai, China) were generated to
interfere with the expression of SOCS4. The shRNA was
transfected into cells by Lipofectamine 3000 (Thermo Fisher
Scientific) and incubated for 48 h.

ELISA assay
The cells in different groups lysed by pancreatin were
subjected to centrifugation (500×g, 8 min). The levels of IL-
1β, IL-6, and MCP-1 in the supernatants for each group

were detected using the ELISA kits (Beyotime, Jiangsu,
China). The absorbance values at 450 nm were obtained to
determine the levels of IL-1β, IL-6, and MCP-1 using a
spectrophotometer (Bio-Rad, CA, USA).

Quantitative real-time PCR
The gene expressions involved in this study were detected using
quantitative real-time PCR (qRT-PCR). QRT-PCR was
performed as follows: 95°C for 15 min, 40 cycles of 94°C for
15 s, 55°C for 30 s, and 70°C for 30 s. The primers of
miRNA 4262 and U6 (internal control) were purchased from
Applied Biosystems (Foster City, CA, USA). The remaining
primers for DNA synthesis were as follows: RUNX2: Forward
5’-TCAACGATCTGAGATTTGTGGG-3’, Reverse 5’-TCAA
CGATCTGAGATTTGTGGG-3’; OPG: Forward 5’-TGCTGT
TCCTACAAAGTTTAC-3’, Reverse 5’- CTTTGAGTGCT
TTAGTGCGTG-3’; Col1a1 Forward 5’-ACGTCCTGGTGA
AGTTGGTC-3’, Reverse: 5’-CAGGGAAGCCTCTTT
CTCCT-3’; GAPDH (internal control): Forward: 5’-GAAGG
TGAAGGTCGGAGTC-3’, Reverse: 5’-GAAGATGGTG
ATGGGATTTC-3’; 2−ΔΔCt methods was used to calculate
the relative gene expression level.

Western blot analysis
The total proteins in each group were collected. Then, the
samples were transferred to SDS-PAGE for separation and
transferred onto polyvinylidene difluoride membranes.
Furthermore, 5% fat-free milk in the Tris-buffered saline-
Tween-20 solution (TBST) was used to block the
membranes. Next, the primary antibodies, including the
anti-RUNX2 antibody, anti-OPG antibody, collagen I
antibody, anti-SOCS4 antibody, and anti-GAPDH antibody,
were incubated with polyvinylidene difluoride membranes.
The GAPDH level was detected as an internal reference. All
the antibodies described above were purchased from the
Abcam Company. After the membrane was washed with
TBST, it was incubated with the secondary antibody for 1 h.
Image Quant_LAS500 (GE, Japan) was used to obtain
the images.

Luciferase reporter assay
SOCS4 was considered to be a target gene of miR-4262
through searching the MicroRNA Target Prediction
Database. The 3’-UTR of SOCS4 was found to be the
binding site of miR-4262. The gene sequence of the binding
site at 3’-UTR of SOCS4 was mutated using the site-directed
mutagenesis kit (TransGen, Beijing, China). The mutated
and wild type of SOCS4 were individually cloned into the
pGL3-Basic Luciferase reporter vector (Promega, Madison,
WI, USA). Then, SOCS4 (mutated or wild) were co-
transfected with either the miR-4262 mimic or negative
control, individually. The Luciferase Reporter Gene Assay
Kit (Abnova, Taibei, China) was used to determine the
luciferase activity.

ALP activity detection
ALP activity was evaluated using an ALP activity assay kit
(Sigma-Aldrich, St. Louis, Missouri US). The cell lysate was
collected and incubated with detection buffer for 5 min at
37°C, the absorbance was measured at 405 nm according to
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the manufacturer's protocol. For the ALP staining assay, cells
were seeded in a six-well plated at a density of 3 × 104 under
the same conditions described above. After a week, the
medium was removed, and the cells were washed three times,
with 1 mL of PBS. Then, 10% neutral formalin was used to fix

the cells. Next, 50 μL of the chromogenic substrate (Boppard,
Guangzhou, China) was added into each well of the cells, and
the cells were incubated at 37°C for 30 min. After that, the
cells were washed with deionized water. The images of the cells
were obtained using a light microscope (Nikon Corporation).

FIGURE 1. A. The levels of IL-1β, IL-6, and MCP-1 in hPDLSCs were estimated on 0, 3, 7, 17 d by ELISA kits. B. The relative activity of ALP
was determined by an ALP activity assay kit. C. The mRNA levels of RUNX2, OPN and Col1a1 were evaluated by qRT-PCR. #p < 0.05, ##p <
0.01, ###p < 0.001 vs. control group (0 day). *p < 0.05, **p < 0.01, ***p < 0.001 vs. TNF-α group (0 day).

FIGURE 2. A. The protein levels of RUNX2, OPN, and collagen I in hPDLSCs were determined by western blot analysis on 0, 3, 7, 17 d. B. The
protein levels of RUNX2, OPN, and collagen I in TNF-α-induced hPDLSCs were determined by western blot analysis on 0, 3, 7, 17 d. *p < 0.05,
**p < 0.01, ***p < 0.001 vs. 0 days.
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Alizarin red staining assay
The mineralization capacity for the cells in each group after
transfection with inhibitor-NC, miR-4262 inhibitor, miR-
4262 inhibitor + shRNA-NC, and the miR-4262 inhibitor +
shRNA-SOCS4-1 was evaluated by using an Alizarin red
staining assay. The cells without transfection were shown as
the control group. The cells in the groups described above
were fixed with 10% formalin and then incubated with 1%
Alizarin red S solution (Sigma-Aldrich) for 10 min. After
washed with distilled water, the cells were examined under a
microscope (Olympus, Shanghai, China).

Statistical analysis
The data were processed using the GraphPad Prism 6.0. All
the data are presented as mean ± SD. One-way or two-way
variance analyses were used to determine the significant

differences between groups, and p-value < 0.05 was
considered to be statistically significant.

Results

Effects of TNF-α on inflammation, ALP activity, and relevant
protein expressions of bone formation in hPDLSCs
TNF-α was used to stimulate hPDLSCs for 0 d, 3 d, 7 d, and
14 d, respectively. The inflammatory cytokines were
determined by ELISA kits. As shown in Fig. 1A, the levels
of IL-1β, IL-6, and MCP-1 in hPDLSCs without TNF-α
treatment remained unchanged during 0–14 d, and there
was no significance between groups. However, the levels of
IL-1β, IL-6, and MCP-1 were increased over time following
treatment of TNF-α. The ALP activity increased with the
time in the control group without TNF-α treatment,

FIGURE 3. A. The level of miR-4262 was evaluated by qRT-PCR. *p < 0.05, **p < 0.01, ***p < 0.001 vs. TNF-α group (0 day). B. The binding
sites were predicted via Starbase V2.0. C. The transfection efficiency of miR-4262 mimic was evaluated by qRT-PCR. ***p < 0.001 vs. mimic-
NC group. D. Luciferase reporter gene assay was conducted to validate the association between miR-4262 and SOCS4. ***p < 0.001 vs. SOCS4
MUT group. E. The transfection efficiency of miR-4262 inhibitor was evaluated by qRT-PCR. ***p < 0.001 vs. inhibitor-NC group. F. The
protein levels of SOCS4 in hPDLSCs transfected with miR-4262 inhibitor or inhibitor-NC were determined by western blot analysis. **p <
0.01 vs. inhibitor-NC group. G-H, The protein and mRNA levels of SOCS4 in hPDLSCs were determined on 0, 3, 7, 17 d. ###p < 0.001 vs.
control group (0 day). *p < 0.05, **p < 0.01, ***p < 0.001 vs. TNF-α group (0 day).
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whereas hPDLSCs treated with TNF-α exhibited a decrease
of ALP activity at 7 d (Fig. 1B). Moreover, the mRNA
levels of RUNX2, OPG, and Col1a1 in hPDLSCs of the
control group increased in a time-dependent manner.
Compared with the original level (0 d), the expressions of
RUNX2, OPG, and Col1a1 in the TNF-α-induced
hPDLSCs were increased on the third day and then
decreased until 14 d (Fig. 1C). The protein levels of them,
estimated via western blot analysis, exhibited a similar
trend (Figs. 2A and 2B), confirming that the activity of

ALP and the expressions of bone formation-associated
proteins were inhibited by TNF-α after 3 d.

SOCS4 was confirmed as the target gene of MiR-4262
In order to clarify the effect of miR-4262 in hPDLSCs, the
miR-4262 expression in cells was estimated. Results
indicated that miR-4262 in hPDLSCs without TNF-α
treatment remained nearly unchanged during the 14 d, and
there was no significance between groups of cells without
TNF-α treatment. In contrast, the level of miR-4262 was

FIGURE 4. A-B. The transfection
efficiency of shRNA-SOCS4-1 or
shRNA-SOCS4-2 was evaluated by
western blot analysis and qRT-PCR.
**p < 0.01, ***p < 0.001 vs. shRNA-
NC group. C-E. The levels of IL-1β,
IL-6, and MCP-1 in different groups
were estimated by ELISA kits. ###p <
0.001 vs. TNF-α + inhibitor-NC
group, **p < 0.01, ***p < 0.001 vs.
TNF-α+miR-4262 inhibitor +
shRNA-NC group.
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increased over time in the TNF-α group (Fig. 3A).
Subsequently, the target gene of miR-4262 was predicted via
Starbase V2.0 (Fig. 3B). Luciferase reporter gene assay was
performed to further validate the association between them.
The expression of miR-4262 in hPDLSCs transfected with
miR-4262 mimic was elevated, indicating the transfection
was successful (Fig. 3C). Luciferase activity in the SOCS4
WT + miR-4262 mimic group was significantly decreased,
confirming that SOCS4 was the target gene of miR-4262
(Fig. 3D). The transfection efficiency of the miR-4262
inhibitor was verified by PCR (Fig. 3E). hPDLSCs
transfected with miR-4262 inhibitor presented higher
protein expression of SOCS4 (Fig. 3F). Furthermore, the
level of SOCS4 in hPDLSCs was monitored during 0–14 d,
as shown in Figs. 3G and 3H, the SOCS4 expression was
downregulated in TNF-α-induced hPDLSCs in comparison
with the cells without TNF-α treatment. Taken together,
these results suggested that SOCS4 may serve as a target
gene of miR-4262.

Inhibition of miR-4262 expression protected against the
inflammation effect via targeting SOCS4 in TNF-α-induced
hPDLSCs
To specify the role of SOCS4 in TNF-α-induced hPDLSCs, the
SOCS4 expression was interfered with by shRNA. Results

revealed that the protein and mRNA levels of SOCS4 were
downregulated by shRNA-SOCS4-1 more significantly than
by shRNA-SOCS4-2 (Figs. 4A and 4B). Therefore, shRNA-
SOCS4-1 was chosen for the following experiment. It was
found that inflammatory response was relieved by miRNA-
4262 inhibitor, indicating that the downregulation of miR-
4262 can suppress the inflammation induced by TNF-α in
hPDLSCs (Figs. 4C–4E). In addition, this anti-inflammatory
effect of miRNA-4262 inhibitor was weakened following the
downregulation of SOCS4 by shRNA-SOCS4-1, indicating
that the anti-inflammatory effect of miR-4262 inhibitor was
realized via targeting SOCS4.

Inhibition of miR-4262 expression enhanced ALP activity and
mineralization capacity via targeting SOCS4 in TNF-α-
induced hPDLSCs
The activity of ALP in TNF-α-treated cells was increased
obviously following the transfection of the miR-4262
inhibitor. However, co-transfected with shRNA-SOCS4-1
weakened the effect of miR-4262 inhibitor, indicating that
the inhibition of miR-4262 expression enhances ALP
activity via upregulating the expression of SOCS4 (Fig. 5A),
which was consistent with the results of ALP staining assay
(Fig. 5B). Moreover, compared with the TNF-α group, the
mineralization capacity in the miR-4262 inhibitor group was

FIGURE 5. A. The relative activity of ALP was determined by an ALP activity assay kit. B. The expression of ALP was stained by an ALP
staining kit. C. Alizarin red staining assay was performed to estimate the mineralization capacity. D. The protein levels of RUNX2, OPN, and
collagen I were determined by western blot analysis. ###p < 0.001 vs. TNF-α + inhibitor-NC group, *p < 0.05, **p < 0.01, ***p < 0.001 vs. TNF-α
+ miR-4262 inhibitor + shRNA-NC group.
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increased obviously, as shown by the red-stained area
(Fig. 5C), whereas this effect was impeded by co-
transfected with shRNA-SOCS4-1. As shown in Fig. 5D,
the protein levels of RUNX2, OPG, and collagen I were
upregulated significantly following the transfection of the
miR-4262 inhibitor. Whereas, this effect was partially
reversed by shRNA-SOCS4-1, suggesting that miR-4262
modulated the bone mineralization and bone formation via
targeting SOCS4.

Discussion

Periodontitis is an inflammatory disease that is the main cause
of alveolar bone loss (Hienz et al., 2015). Much research has
been conducted on the inflammation regulatory proteins
and regeneration of destroyed tissues, but because of poor
clinical prediction, the outcomes of current methods for
periodontal disease are limited (Hu et al., 2018). Thus, there
is a pressing need to illuminate the mechanism of
inflammation in periodontitis and identify new avenues for
prediction and treatment in periodontitis. hPDLSCs induced
by TNF-α, which is the main inflammatory mediator of
periodontitis, served as the model of periodontitis for a
series of experiments in this study.

MiRNAs, promising functional biomolecules, have been
the focus in many fields for the prediction and treatment of
various diseases. In this study, we found that miR-4262 was
highly expressed in TNF-α-induced hPDLSCs. An in-depth
study was conducted on the effects of miR-4262 in
hPDLSCs. The level of inflammatory factors, including IL-
1β, IL-6, and MCP-1, increased with the treatment time of
TNF-α. Meanwhile, the ALP activity and bone formation
proteins were inhibited by TNF-α. The pro-inflammatory
effect and the suppression of bone formation induced by
TNF-α were consistent with previous studies, confirming
that the model of periodontitis was successfully constructed
(Kim et al., 2017).

The expression of miR-4262 was enhanced in TNF-α-
induced hPDLSCs. SOCS4, as a target gene of miR-4262,
was investigated in this study. SOCS4 was found to have an
anti-inflammatory effect on the influenza infection
(Kedzierski et al., 2015; Kedzierski et al., 2014). In this
study, the downregulation of miR-4262 enhanced the ALP
activity and mineralization in TNF-α-induced hPDLSCs,
indicating important regulatory effects of miR-4262 on the
differentiation and bone formation in hPDLSCs. However,
the effects of the miR-4262 inhibitor were weakened by
shRNA-SOCS4.

Conclusion

In this study, it was found that miR-4262 was upregulated in
TNF-α-treated hPDLSCs, while the downregulation of
miRNA-4262 could promote differentiation and
mineralization. Moreover, the facilitation of miRNA-4262
inhibitor on osteogenesis was abrogated partially following
the SOCS4 knockdown. Taken together, miRNA-4262
knockdown promoted differentiation and mineralization of
hPDLSCs via elevating the expression of SOCS4. However,
further in vivo study is required to illustrate whether

miRNA-4262 or SOCS4 could act as a potential target for
periodontitis.

Availability of Data and Materials: The datasets analyzed
during the current study are available from the
corresponding author on reasonable request.

Funding Statement: The authors received no specific funding
for this study.

Conflicts of Interest: All authors have no conflicts of interest
to declare.

References

Ambs S, Prueitt RL, Ming Y, Hudson RS, Howe TM, Petrocca F,
Wallace TA, Liu CG, Volinia S, Calin GA (2008). Genomic
profiling of microRNA and messenger RNA reveals
deregulated microRNA expression in prostate cancer.
Cancer Research 68: 6162–6170. DOI 10.1158/0008-5472.
CAN-08-0144.

Bartold PM (2018). Lifestyle and periodontitis: The emergence of
personalized periodontics. Periodontology 2000 78: 7–11.
DOI 10.1111/prd.12237.

Bojic S, Volarevic V, Ljujic B, Stojkovic M (2014). Dental stem cells—
characteristics and potential. Histology & Histopathology 29:
699–706.

Ding C, Ji X, Chen X, Xu Y, Zhong L (2014). TNF-α gene promoter
polymorphisms contribute to periodontitis susceptibility:
Evidence from 46 studies. Journal of Clinical Periodontology
41: 748–759. DOI 10.1111/jcpe.12279.

Feng B, Chen S, Cao Y, Ruiz M, Chakrabarti S (2014). miRNA-1
regulates endothelin-1 in diabetes. Life Sciences 98: 18–23.
DOI 10.1016/j.lfs.2013.12.199.

Feng B, Zhang L, Chakrabarti S (2012). Role of miRNA in wound
healing in diabetes. Canadian Journal of Diabetes 36: S50.
DOI 10.1016/j.jcjd.2012.07.374.

Fredriksson M, Bergström K, Asman B (2002). IL-8 and TNF-alpha
from peripheral neutrophils and acute-phase proteins in
periodontitis. Journal of Clinical Periodontology 29: 123–
128. DOI 10.1034/j.1600-051x.2002.290206.x.

Gaudilliere DK, Culos A, Djebali K, Tsai AS, Ganio EA, Choi WM,
Han X, Maghaireh A, Choisy B, Baca Q, Einhaus JF, Hedou
JJ, Bertrand B, Ando K, Fallahzadeh R, Ghaemi MS, Okada
R, Stanley N, Tanada A, Tingle M, Alpagot T, Helms JA,
Angst MS, Aghaeepour N, Gaudilliere B (2019). Systemic
immunologic consequences of chronic periodontitis.
Journal of Dental Research 98: 985–993. DOI 10.1177/
0022034519857714.

Hienz SA, Paliwal S, Ivanovski S (2015). Mechanisms of bone
resorption in periodontitis. Journal of Immunology Research
2015: 1–10. DOI 10.1155/2015/615486.

Hu L, Liu Y, Wang S (2018). Stem cell-based tooth and periodontal
regeneration. Oral Diseases 24: 696–705. DOI 10.1111/
odi.12703.

Kedzierski L, Clemens EB, Bird NL, Kile BT, Belz GT, Nicola NA,
Kedzierska K, Nicholson SE (2015). SOCS4 is dispensable
for an efficient recall response to influenza despite being
required for primary immunity. Immunology & Cell Biology
93: 909–913. DOI 10.1038/icb.2015.55.

Kedzierski L, Linossi EM, Kolesnik TB, Day EB, Bird NL, Kile BT,
Belz GT, Metcalf D, Nicola NA, Kedzierska K, Nicholson

MIR-4262 REGULATES DIFFERENTIATION AND OSTEOGENESIS BY TARGETING SOCS4 637

http://dx.doi.org/10.1158/0008-5472.CAN-08-0144
http://dx.doi.org/10.1158/0008-5472.CAN-08-0144
http://dx.doi.org/10.1111/prd.12237
http://dx.doi.org/10.1111/jcpe.12279
http://dx.doi.org/10.1016/j.lfs.2013.12.199
http://dx.doi.org/10.1016/j.jcjd.2012.07.374
http://dx.doi.org/10.1034/j.1600-051x.2002.290206.x
http://dx.doi.org/10.1177/0022034519857714
http://dx.doi.org/10.1177/0022034519857714
http://dx.doi.org/10.1155/2015/615486
http://dx.doi.org/10.1111/odi.12703
http://dx.doi.org/10.1111/odi.12703
http://dx.doi.org/10.1038/icb.2015.55


SE (2014). Suppressor of cytokine signaling 4 (SOCS4)
protects against severe cytokine storm and enhances viral
clearance during influenza infection. PLoS Pathogens 10:
e1004134. DOI 10.1371/journal.ppat.1004134.

Kidwai F, Edwards J, Zou L, Kaufman DS (2016). Fibrinogen induces
RUNX2 activity and osteogenic development from human
pluripotent stem cells. Stem Cells 34: 2079–2089. DOI
10.1002/stem.2427.

Kim JH, Kim AR, Choi YH, Jang S, Woo GH, Cha JH, Bak EJ, Yoo YJ
(2017). Tumor necrosis factor-α antagonist diminishes
osteocytic RANKL and sclerostin expression in diabetes
rats with periodontitis. PLoS One 12: e0189702. DOI
10.1371/journal.pone.0189702.

Lacey DC, Simmons PJ, Graves SE, Hamilton JA (2009).
Proinflammatory cytokines inhibit osteogenic
differentiation from stem cells: Implications for bone repair
during inflammation. Osteoarthritis and Cartilage 17: 735–
742. DOI 10.1016/j.joca.2008.11.011.

Li M, Yang PS, Yan W (2010). Culture of human cells from the apical
papilla in vitro and effect of TNF-α on these cells. Shanghai
Journal of Stomatology 19: 525–529.

Ma R, Morshed S, Latif R, Zaidi M, Davies TF (2011). The influence
of thyroid-stimulating hormone and thyroid-stimulating
hormone receptor antibodies on osteoclastogenesis. Thyroid
21: 897–906. DOI 10.1089/thy.2010.0457.

Moffatt CE, Lamont RJ (2011). Porphyromonas gingivalis induction
of microRNA-203 expression controls suppressor of cytokine
signaling 3 in gingival epithelial cells. Infection and Immunity
79: 2632–2637. DOI 10.1128/IAI.00082-11.

Na HS, Park MH, Song YR, Kim S, Kim HJ, Lee JY, Choi JI, Chung J
(2016). Elevated miR-128 in periodontitis mitigates tumor
necrosis factor-alpha response via P38 signaling pathway in
macrophages. Journal of Periodontology 87: e173–e182.
DOI 10.1902/jop.2016.160033.

Nagata M, Iwasaki K, Akazawa K, Komaki M, Morita I (2017).
Conditioned medium from periodontal ligament stem cells
enhances periodontal regeneration. Tissue Engineering Part
A 23: 367–377. DOI 10.1089/ten.tea.2016.0274.

Noh MK, Jung M, Kim SH, Lee SR, Park KH, Kim DH, Kim HH,
Park YG (2013). Assessment of IL-6, IL-8 and TNF-α levels
in the gingival tissue of patients with periodontitis.
Experimental and Therapeutic Medicine 6: 847–851. DOI
10.3892/etm.2013.1222.

Sedgley CM, Botero TM (2012). Dental stem cells and their sources.
Dental Clinics of North America 56: 549–561. DOI 10.1016/j.
cden.2012.05.004.

Sun W, Li Y, Wei S (2018). miR-4262 regulates chondrocyte viability,
apoptosis, autophagy by targeting SIRT1 and activating
PI3K/AKT/mTOR signaling pathway in rats with
osteoarthritis. Experimental & Therapeutic Medicine
15: 1119.

Wang T, Kang W, Du L, Ge S (2017). Rho-kinase inhibitor Y-27632
facilitates the proliferation, migration and pluripotency of
human periodontal ligament stem cells. Journal of Cellular
and Molecular Medicine 21: 3100–3112. DOI 10.1111/
jcmm.13222.

Weng L, Ma J, Jia YP, Wu SQ, Liu BY, Cao Y, Yin X, Shang MY, Mao
AW (2018). MiR-4262 promotes cell apoptosis and inhibits
proliferation of colon cancer cells: involvement of
GALNT4. American Journal of Translational Research 10:
3969–3977.

Wu Z, Dai W, Wang P, Zhang X, Tang Y, Liu L, Wang Q, Li M, Tang
C (2018). Periostin promotes migration, proliferation, and
differentiation of human periodontal ligament
mesenchymal stem cells. Connective Tissue Research 59:
108–119. DOI 10.1080/03008207.2017.1306060.

Yuan YL, Jian GC, Dua P, Pogue AI, Lukiw WJ (2011). Differential
expression of miRNA-146a-regulated inflammatory genes
in human primary neural, astroglial and microglial cells.
Neuroscience Letters 499: 109–113. DOI 10.1016/j.
neulet.2011.05.045.

Zhang H, Jiang H, Zhang H, Liu J, Hu X, Chen L (2019). miR-4262,
low level of which predicts poor prognosis, targets proto-
oncogene CD163 to suppress cell proliferation and invasion
in gastric cancer. OncoTargets and Therapy 12: 599–607.
DOI 10.2147/OTT.S187881.

638 ZIMING WEI et al.

http://dx.doi.org/10.1371/journal.ppat.1004134
http://dx.doi.org/10.1002/stem.2427
http://dx.doi.org/10.1371/journal.pone.0189702
http://dx.doi.org/10.1016/j.joca.2008.11.011
http://dx.doi.org/10.1089/thy.2010.0457
http://dx.doi.org/10.1128/IAI.00082-11
http://dx.doi.org/10.1902/jop.2016.160033
http://dx.doi.org/10.1089/ten.tea.2016.0274
http://dx.doi.org/10.3892/etm.2013.1222
http://dx.doi.org/10.1016/j.cden.2012.05.004
http://dx.doi.org/10.1016/j.cden.2012.05.004
http://dx.doi.org/10.1111/jcmm.13222
http://dx.doi.org/10.1111/jcmm.13222
http://dx.doi.org/10.1080/03008207.2017.1306060
http://dx.doi.org/10.1016/j.neulet.2011.05.045
http://dx.doi.org/10.1016/j.neulet.2011.05.045
http://dx.doi.org/10.2147/OTT.S187881

	MiR-4262 regulates differentiation and osteogenesis of human periodontal stem cells by targeting suppressor of cytokine signaling 4 ...
	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusion
	References


