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Periodontitis is the main cause of adult tooth loss. Stem cell-based tissue engineering has become a promising therapy for
periodontitis treatment. To date, human periodontal ligament stem cells (hPDLSCs) have been shown to be a favorable source
for tissue engineering, but modulatory mechanisms of hPDLSCs remain unclear. Approximately 60% of mammalian genes are
the targets of over 2000 miRNAs in multiple human cell types, and miRNAs are able to influence various biological processes in
the human body, including bone formation. In this study, we found that after osteogenic induction, miR-214 was significantly
decreased in hPDLSCs; therefore, we examined the effects of miR-214 on osteogenic differentiation. Computational miRNA
target prediction analyses and luciferase reporter assays revealed that activating transcription factor 4 (ATF4) is a direct target of
miR-214. We prepared cells overexpressing miR-214 and found that miR-214 negatively regulates osteogenic differentiation of
hPDLSCs. For the target of miR-214, ATF4 protein expression level was decreased after induction. In conclusion, we found that
miR-214-ATF4 axis is a novel pathway for regulating hPDLSC osteogenic differentiation.

1. Introduction

Periodontitis is one of the most widespread infectious
diseases, and the main cause of adult tooth loss, and even
matter with some high prevalence diseases such as diabetes,
pulmonary infections, and chronic kidney diseases [1–4].
Although current periodontal therapies are incapable of
regenerating normal structure and functionality, stem cell-
based tissue engineering offers a promising strategy for the
regeneration of lost or damaged periodontal tissue [5, 6].
Human periodontal ligament stem cells (hPDLSCs) are more
accessible than human bone marrow stem cells and possess
great potential as a source for tissue engineering [7–11].
hPDLSCs were shown to possess superior abilities for differ-
entiating into bone, cementum, and periodontal ligament
[11–13]. A clinical autologous hPDLSC treatment for cell-
based periodontal therapy was shown to be safe and effective
[14], but modulating the biological functions of hPDLSCs
requires further examination.

MicroRNAs (miRNAs) are single-stranded noncoding
RNAs that bind complementary sequences of target mRNAs
in the 3′untranslated regions (3′UTRs). They alter the levels
of gene expression after transcription in various cellular pro-
cesses [15, 16] since approximately 60% of mammalian genes
are the targets of over 2000 miRNAs in multiple types of
human cells [17]. miRNAs contribute to various steps of
bone remodeling [18, 19], and various miRNAs have been
demonstrated to regulate the complicated processes of osteo-
genic differentiation in hPDLSCs [20–25].

Numerous studies have examined the role of miR-214
in bone formation [26–28]. One study demonstrated that
miR-214 targeted Osterix to inhibit osteogenic differentia-
tion in C2C12 myoblast cells [26]. One study showed that
miR-214 inhibited osteoblast activity by targeting activating
transcription factor 4 (ATF4) [27]. Another study sug-
gested that osteoblast activity was suppressed by exosomal
miR-214-3p derived from osteoclast in vitro and bone forma-
tion was inhibited in vivo [28]. However, it remains unclear
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whether the expression of miR-214 changes after osteogenic
induction in hPDLSCs and, if so, what its regulation function
may be.

In this study, we found changes in the miR-214 expres-
sion levels before and after osteogenic induction in hPDLSCs
and used miRbase bioinformatic analysis to predict the direct
target of miR-214. Among the candidates, ATF4 was selected
for further analysis. This study found a regulatory role for
miR-214 in the osteogenic differentiation of hPDLSCs by
targeting ATF4.

2. Materials and Methods

2.1. Isolation of hPDLSCs and Cell Culture.Human periodon-
tal ligament tissues were obtained from premolars from 20
donors (aged 13–24 years, 10 men and 10 women, without
oral or systematic diseases) during orthodontic procedures
under informed consent. Ethics Committee approval was pro-
vided by the School of Stomatology, Sun Yat-sen University.

hPDLCs were harvested and cultured as previously
reported [29]. Tissues attached to the middle third of tooth
root was collected and cut into small pieces (1mm3)
followed by digestion with 3mg/mL type 1 collagenase (Life
Technologies, Carlsbad, CA, USA) and 4mg/mL dispase
(Life Technologies) at 37°C for 1 h. The tissues were cultured
in complete α-minimum essential medium (Gibco, Grand
Island, NY, USA) containing 10% (v/v) fetal bovine serum
(Gibco), 100U/mL penicillin, 100μg/mL streptomycin
(HyClone, Logan, UT, USA), and 5mML-glutamine (Gibco).
The medium was changed every 3 days. When the human
periodontal ligament cells reached 80% confluence, they
were subcultured.

2.2. Colony-Forming Efficiency Assessment. Colony-forming
efficiency was assessed as previously reported [29]. Briefly,
hPDLSCs were seeded into 10 cm culture dishes at a density
of 1× 103 cells per dish. After culturing for 12 days, 4% para-
formaldehyde was added to the dishes for 20min to fix the
cells, followed by staining with 0.1% (w/v) crystal violet
(Sigma-Aldrich, St. Louis, MO, USA). Aggregates of 50 or
more cells were counted as a colony unit.

2.3. Immunofluorescence Staining. hPDLSCs were fixed with
4% paraformaldehyde in phosphate-buffered saline (PBS)
for 20min, washed with PBS three times, and blocked with
5% bovine serum albumin/ PBS for 1 h. hPDLSCs were incu-
bated with primary antibodies (mouse antivimentin and
mouse anticytokeratin, 1 : 100; Life Technologies) overnight
at 4°C. The cells were washed with PBS three times and then
incubated with goat anti-mouse IgG antibody (1 : 300; Alexa
Fluor 488; Life Technologies) for 45min at 25°C in the dark.
After staining with Hoechst 33342 (Life Technologies),
images were recorded using a Zeiss Axio Observer Z1 (Cael
Zeiss, Oberkochen, Germany).

2.4. Surface Marker Expression. A total of 5× 105 cells was
collected and washed three times with PBS and then incu-
bated with the antibodies of PE-labeled anti-CD44, anti-
CD90, anti-CD105, anti-CD166, anti-CD34, anti-CD45,
and anti-HLA-DR (1 : 10; BD Biosciences, Franklin Lakes,

NJ, USA). Marker fluorescence was detected immediately
using a BD Accuri C6 (BD Biosciences). Data were analyzed
using CF Low Plus Software (BD Biosciences).

2.5. Osteoblast and Adipocyte Differentiation. For osteoblastic
differentiation, hPDLSCs were seeded in 6-well plates at a
density of 1× 105 per well. After cell adhesion, the culture
medium was replaced with osteogenic medium containing
10% fetal bovine serum, 10mM β-glycerophosphate, 10 nM
dexamethasone, and 50μg/mL ascorbic acid. The osteogenic
medium was changed every 3 days.

For adipocyte differentiation, hPDLSCs were seeded as
described above. Cells were cultured in adipogenic medium
(Cyagen Biosciences, Santa Clara, CA, USA). Two weeks
later, the cells were fixed as described above. Oil red O solu-
tion was added and incubated for 15min and then washed
extensively with PBS. The images were recorded.

2.6. Alizarin Red Staining. hPDLSCs and hPDLSCs-miR-
214/hPDLSCs-control were collected and fixed using 4%
paraformaldehyde after 21 days of culture in osteogenic
medium and then incubated with 40mM Alizarin red S
(Sigma) for 15min with gentle shaking. The cells were
washed three times to remove the unstained color with
PBS. The red positions were recognized as mineralized nod-
ules. After images were recorded, nodules were dissolved
using 10% (w/v) cetylpyridinium chloride (Sigma-Aldrich),
and absorbance was evaluated spectrophotometrically at
562 nm.

2.7. Alkaline Phosphatase Activity Assay. hPDLSCs-miR-214/
hPDLSCs-control was lysed after 7 and 14 days of culture
in osteogenic medium, and the alkaline phosphatase (ALP)
activity of the groups was measured using an ALP assay
kit (Beyotime Biotech, Shanghai, China) according to the
manufacturer’s instructions. Absorbance was evaluated
spectrophotometrically at 405nm.

2.8. Transfection of hsa-miR-214 Inhibitor (Inhibitor-214).
Inhibitor-214 (micrOFF™ miRNA inhibitor, Ribobio,
Guangzhou, China) was transfected into hPDLSCs by Lipo-
fectamine LTX (Life Technologies) according to the manu-
facturer’s protocol. The medium was changed to osteogenic
medium after 24 h.

2.9. Quantitative Real-Time Reverse Transcription Polymerase
Chain Reaction (qRT-PCR).Total RNAwas isolated from cells
using Trizol (Life Technologies), and the concentration was
determined by spectrophotometry. For mRNA quantifica-
tion, 1μg of total RNA was reverse-transcribed to cDNA
using the Reverse Transcriptase M-MLV Kit (Takara, Shiga,
Japan). Gene expression was quantified by qPCRwith a SYBR
Green kit (Roche, Basel, Switzerland) and gene-specific
primers. Amplification conditions were set as follows: 95°C
for 10min, 40 cycles of denaturation at 95°C for 15 s, anneal-
ing at 60°C for 20 s, and final extension at 72°C for 20 s. The
GAPDH gene was used to normalize the mRNA data. Next,
1μg of total RNA was reverse-transcribed using Bulge-
LoopTM miRNA RT Primer (Ribobio) specific for human
miR-214, and qPCR was performed on a Roche Light Cycler
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System using Bulge-Loop miRNA qRT-PCR starter kit
(Ribobio). Human small nuclear RNA U6 was used to
normalize mature miRNA data. For microRNA absolute
quantification, miDETECT™ miRNA qRT-PCR Standard
RNA of miR-214 and U6 (Ribobio) was used to create
standard curves following the manufacturer’s protocol, and
copy numbers were calculated according to the standard
curves. The sequences of primers are listed in Table 1.

2.10. Prediction of Target Gene. We conducted computa-
tional miRNA target prediction analyses to identify potential
targets, including the programs miRanda, PicTar, and
TargetScan. Among the candidates, a miR-214 binding site
was detected in the 3′UTR of ATF4.

2.11. Plasmid Construction. The 3′UTR of ATF4 was pro-
duced by PCR with primers (5′-TCGAAGATCTTTTCTA
CTTTG-CCCG-3′ and 5′-TGGCGAGCTCTACTTTCCCTA
CAAA-3′) inserted into the pMIR-REPORT-luciferase vector
(provided by Dr. Yan Yuan, University of Pennsylvania) and
named as ATF4-3′UTR-WT. A suitable mutant type (with
seed sequence deletion) was prepared using primers
(5′-CGCGACGCGTGATAGTCAGGAGCGTCAATG-3′ and
5′-AGCTTTGTTTAAACACTTTC-CCTACAAAATAAT-3′)
and inserted into the same report vector and named as ATF4-
3′UTR-Mut.

A miR-214 minigene was produced by PCR with primers
(5′-GCGCGGATCCTTTTCTCCCTT-TCCCCTTACTCT-3′
and 5′-CCGGAATTCCGAGCCCCTCATTTTGGTTGTAG-3′)
and inserted into the pSIF-neo-IRES-GFP plasmid (provided
by Dr. Yan Yuan, University of Pennsylvania) between EcoRI
and BamHI sites; this plasmid was referred to as pSIF-miR-
214. The empty plasmid served as a control.

2.12. Luciferase Reporter Assay.HEK-293T cells were cotrans-
fected with hsa-miR-214 mimic (mimic-214, micrON™
miRNA mimic, Ribobio) and ATF4-3′UTR-WT/Mut (and
their controls) by Lipofectamine LTX (Life Technologies)

according to the manufacturer’s protocol. pRL-TK renilla
served as the luciferase internal control. The activity of
luciferase/renilla was evaluated at 36h posttransfection using
GloMax 96 Microplate Luminometer (Promega, Madison,
WI, USA). The mean value of the group of cells transfected
with controls was confirmed as 1.0.

2.13. Establishment of Stable Cell Line. First, 4.5μg pSIF/
pSIF-miR-214 microRNA expression vector or control
vector, 4.5μg pFIV-34N lentiviral gag-pol packaging vector,
and 0.57μg pVSV-G envelope vector were transfected into
HEK293T cells using the calcium phosphate transfection
method. Three days later, lentiviral particles were gathered
and filtered through a 0.45μm filter. hPDLSCs were infected
with lentivirus and spinoculated at 2500 rpm for 1 h at room
temperature with 8μg/mL polybrene and then incubated in a
5% CO2 incubator at 37°C for 4 h. The inocula were then
removed and replaced with fresh media. At 48h postinfec-
tion, cells were selected by G418 treatment. Successfully
infected cells were named as hPDLSCs-miR-214, while
control cells were named as hPDLSCs-control.

2.14. Western Blotting. RIPA buffer (50mM Tris-HCl pH7.5,
150mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, and
0.1% SDS with complete protease inhibitor cocktail) was
used for cell lysis. Total protein concentrations were evalu-
ated using a protein assay kit (Pierce). Total protein (40μg)
was separated by electrophoresis on 8% sodium dodecyl sul-
fate polyacrylamide gels and then transferred to a nitrocellu-
lose membrane. Subsequently, the membranes were blocked
for 1 h at room temperature by incubation in PBS containing
5% (w/v) nonfat milk and 0.1% (v/v) Tween-20 followed by
overnight incubation in the blocking buffer at 4°C with
primary antibodies against ATF4 (Sigma), RUNX2 (Boster
Bio, Pleasanton, CA, USA), and β-actin (Sigma). Finally,
the membranes were incubated with secondary antibodies
for 30min and analyzed with an Odyssey two-color infrared
laser imaging system (LI-COR Biosciences, Lincoln, NE,
USA). Three separate experiments were performed. The
relative density of labeled protein bands was analyzed
with Image-ProPlus 5.0 software (Media Cybernetics Inc.,
Rockville, MD, USA).

2.15. Statistics. All data are presented as the mean± standard
error from at least three independent experiments. The SPSS
20.0 software package (SPSS Inc., Chicago, IL, USA) was used
for the statistical tests. Student’s t-test was used for compar-
ison among groups. In this study, p < 0 05 was considered
to indicate statistical significance.

3. Results

3.1. Characterization of hPDLSCs. hPDLSCs were collected
from the root surface of healthy premolars and mixed to
decrease individual differences (Figure S1a available online
at https://doi.org/10.1155/2017/3028647). The cells showed
plastic-adherent characteristic and clearly formed colonies
after 12 days of culture (Figure 1(a)). Immunocytochemical
staining was used to detect markers for mesenchymal cells
and epithelial cells. Cells subcultured to passage 3 showed

Table 1: Primer sequences used in quantitative real-time reverse
transcription polymerase chain reaction.

Gene
target

Sequence

ALP
Forward: 5′-TTCAAACCGAGATACAAGCACT-3′
Reverse: 5′-GGGCCAGACCAAAGATAGAG-3′

RUNX2
Forward: 5′-TGGTTACTGTCATGGCGGGTA-3′
Reverse: 5′-TCTCAGATCGTTGAACCTTGCTA-3′

OCN
Forward: 5′-GCAGCCACCGAGACACCAT-3′
Reverse: 5′-AGAGCGACACCCTAGACCG-3′

GAPDH
Forward: 5′-AGGTCGGAGTCAACGGATTTG-3′
Reverse: 5′-AGGCTGTTGTCATACTTCTCAT-3′

LPL
Forward: 5′-TCATTCCCGGAGTAGCAGAGT-3′
Reverse: 5′-GGCCACAAGTTTTGGCACC-3′

PPARγ
Forward: 5′-ATGGTGGACACGGAAAGCC-3′

Reverse: 5′-CGATGGATTGCGAAATCTCTTGG-3′

U6
Forward: 5′-CGCTTCACGAATTTGCGTGTCAT-3′

Reverse: 5′-GCTTCGGCAGCACATATACTAAAAT-3′
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positive expression of vimentin, a marker of mesenchymal
stem cells (MSCs), and negatively expressed CK18, an epithe-
lium marker (Figure 1(b)). Next, hPDLSCs were cultured in
osteogenic and adipogenic induction medium for 21 days.
These cells exhibited Alizarin red-positive calcium deposition
(Figure 1(c)) and Oil red O-positive lipid accumulation in the
cytoplasm (Figure 1(d)), and adipogenesis was confirmed
by qRT-PCR (Figure S1b). We detected surface markers
of hPDLSCs by flow cytometry. Our results demonstrated
that hPDLSCs express the markers of MSCs, including
CD105 (99.24%), CD166 (99.51%), CD44 (98.94%), and
CD90 (99.28%), and were negative for the cell markers

CD34 (0.68%), CD45 (0.94%), and HLA-DR (0.16%)
(Figure 1(e)). Taken together, these results demonstrate that
isolated hPDLSCs are stem cells of mesenchymal origin with
powerful multipotency.

3.2. miR-214 Is Downregulated after Osteogenic Induction. To
evaluate the differences in miRNA expression during osteo-
genesis in hPDLSCs, we performed miRNA array assays
(unpublished data). We found that during osteogenic differ-
entiation, miR-214 was significantly downregulated. To con-
firm the array results, hPDLCSs were osteogenic-induced
in vitro, and induction was observed as the strong expression
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Figure 1: Characteristics of human periodontal ligament stem cells (hPDLSCs). (a) Representative images of a single colony-forming unit of
hPDLSCs at 12 days. (b) Immunocytochemical staining of the 3rd passage of hPDLSCs expressing vimentin but not CK18. (c-d) Multiple
differentiation ability of hPDLSCs. hPDLSCs demonstrated by Alizarin red (c) and (d) Oil red O staining under specific differentiation
conditions for osteoblasts or adipocytes. (e) Cell surface markers of hPDLSCs were detected by flow cytometry. Scale bar, 100 μm.
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level of RUNX2, ALP, and OCN (Figure 2(a)). Alizarin red
staining was conducted on day 21 to visualize the charac-
teristic mineralized nodules (Figure 2(b)). We also assessed
the absolute and relative expression level of miR-214 by
qRT-PCR, which was reduced after induction (Figure 2(c)).
The results showed that the expression level of miR-214
was decreased after osteogenic induction. Next, we evaluated
the influence of transfection with inhibitor-214 in hPDLSCs,
and the osteogenic marker genes such as RUNX2, ALP, and
OCN showed stronger expression levels after inhibited miR-
214 (Figure 2(d)). These data indicate that after osteogenic
induction, miR-214 expression level decreased markedly,
which agreed with the results of our miRNA array analysis.

3.3. Identification of miR-214 Target. To gain further insight
into howmiR-214 influences the osteogenic differentiation of
hPDLSCs, computational miRNA target prediction analyses
were conducted. This analysis revealed a potential miR-214
binding site in 3′UTR of ATF4. To confirm that ATF4 binds
miR-214 at this site, the 3′UTR containing the recognition
sequence of ATF4 was cloned into a luciferase reporter
vector (pMIR), and the suitable mutant type with its seed
sequence deletion was inserted into the same reporter vector
(Figure 3(a)). Mimic-214, a chemically modified double-
stranded RNA that mimics endogenous miR-214, was trans-
fected into HEK293T cells, and qPCR was performed at 36 h
posttransfection. The miRNA-214 level was approximately
340-fold higher in mimic-214-transfected cells than in
mimic-NC-transfected cells (Figure 3(b)). We cotrans-
fected the reporter ATF4-3′UTR-WT with mimic-214 into
HEK293T cells, then luciferase activity and renilla activity
were measured. The results showed that the activity of
group ATF4-3′UTR-WT was significantly lower than that in
the control (Figure 3(c)). Furthermore, when the miR-214
target site was deleted from the ATF4 3′UTR reporter vector
(ATF4-3′UTR-Mut), the activitywas restored and the reporter
was no longer responsive to mimic-214 (Figure 3(c)). These
results suggest that miR-214 directly targets ATF4 through
the predicted recognition sequence in the 3′UTR.

3.4. miR-214 Downregulates ATF4 Protein Expression. To
gain a better understanding of the endogenous relationship
between miR-214 and ATF4, we constructed plasmid
pSIF-miR-214 to establish a stable cell line overexpressing
miR-214, referred to as hPDLSCs-miR-214 (Figure 4(a)); an
empty vector was used as a control (hPDLSCs-control). The
miR-214 expression level in hPDLSCs-miR-214 was con-
firmed by real-time PCR, and the result demonstrated that
miR-214 expression was higher by approximately 24-fold in
hPDLSCs-miR-214 than that in control cells (Figure 4(b)).

To confirm whether miR-214 indeed downregulates
ATF4 expression, we examined the ATF4 expression level in
hPDLSCs-miR-214 by qPCR and Western blot analysis.
Interestingly, gene expression analysis revealed no significant
differences in ATF4mRNA level (Figure 4(c)), whileWestern
blot analysis showed decreased ATF4 protein level when
miR-214 was overexpressed in hPDLSCs (Figure 4(d)).
Taken together, these findings suggest that miR-214 regulates
ATF4 via modification of protein synthesis.

3.5.miR-214 Suppresses Osteogenic Differentiation.To explore
the function of miR-214 in osteogenic differentiation of
hPDLSCs, we assayed the ALP activity of hPDLSCs-
miR-214 at different time points. These results showed
that ALP activity was remarkably lower than in controls
(Figure 5(a)). Alizarin red staining after 21 days of osteogenic
induction also showed that miR-214 markedly suppressed
osteogenic differentiation (Figure 5(b)). The mRNA levels of
the osteogenic marker genes RUNX2, ALP, and OCN were
measured in hPDLSCs-miR-214 and hPDLSCs-control by
qPCR after 7 days of osteogenic induction. Notably, overex-
pression of miR-214 apparently suppressed the expression
level of these marker genes (Figure 5(c)). Western blotting
showed similar outcomes, with RUNX2 expression level
decreased significantly in hPDLSCs-miR-214 at both 7 and
14 days (Figure 5(d)). As the target gene of miR-214, ATF4
showed a decreased protein level (Figure 5(d)). Based on
these findings, miR-214 negatively regulates the osteogenic
differentiation of hPDLSCs.

3.6. miR-214 Promotes AdipogenicDifferentiation.To confirm
the function of miR-214 in adipogenesis, hPDLSCs-miR-214
was adipogenic-induced, and Oil red O staining and qRT-
PCR were performed. The staining results showed that at
2 weeks after induction, cells overexpressing miR-214
showed stronger adipogenesis (Figure 6(a)). The qRT-PCR
results also showed the same trend in the expression level
of adipogenic marker genes LPL and PPARγ at 1 week after
induction (Figure 6(b)).

4. Discussion

In recent years, stem cell-based periodontal therapy exhibits
promising therapeutic potential, in which stem cells are an
important part apparently. So the sort of stem cells becomes
one of the central issues in stem-cell based periodontal
therapy. In the early works, the potential of human bone
marrow mesenchymal stem cells (hBMMSCs) has been
widely investigated and hBMMSCs were proved that they
do regenerate periodontal tissues to some extent [30–36].

hPDLSCs are a population of postnatal stem cells with
the potential to differentiate into osteoblasts, odontoblasts,
adipocytes, and neuronal-like cells [11, 37, 38]. Compared
to hBMMSCs, hPDLSCs appeared to be more advantageous.
Firstly, hPDLSCs are more accessible, as they can be collected
during orthodontic procedures or from the third molar while
hBMMSCs must be collected from bone marrow, requiring
additional trauma to the patient. Secondly, hPDLSCs have a
higher proliferation rate and levels of specific transcription
factors than hBMMSCs [11, 39] and other types of dental
stem cells such as dental pulp stem cells and periapical follic-
ular stem cells [11, 12, 39]. Thirdly, as our main goal was to
regenerate periodontal structures, hPDLSCs would be a
preferred choice because hPDLSCs form cementum-like
and periodontal ligament-like structures in immunocom-
promised mice after transplantation [11], while other types
of mesenchymal stem cells have not been reported to have
this ability. Fourthly, hPDLSCs can restrict inflammatory
reactions and immune responses [40], which is remarkable

5Stem Cells International



Uninduced Induced 7 dRe
lat

iv
e m

RN
A

 ex
pr

es
sio

n 
le

ve
l

5

4

3

2

1

0

RUNX2

Uninduced Induced 7 dRe
lat

iv
e m

RN
A

 ex
pr

es
sio

n 
le

ve
l

5

4

3

2

1

0

OCN

Uninduced Induced 7 dRe
lat

iv
e m

RN
A

 ex
pr

es
sio

n 
le

ve
l

10

8

6

2

4

1
0

ALP
⁎⁎⁎ ⁎⁎⁎ ⁎⁎⁎

(a)

Uninduced Induced

(b)

Uninduced Induced Uninduced Induced

m
iR

-2
14

 co
py

 n
um

be
r

Re
lat

iv
e m

iR
-2

14
 ex

pr
es

sio
n 

le
ve

l

80

60

40

20

0

⁎⁎⁎
⁎⁎1.6

1.2

1.0

0.8

0.4

0.0

(c)

0
Inhibitor-214Inhibitor-NCInhibitor-214Inhibitor-NC

1

2
100

200

300

Re
lat

iv
e m

RN
A

 ex
pr

es
sio

n 
le

ve
l

0
Inhibitor-214Inhibitor-NC

1

2
8

14

20

Re
lat

iv
e m

RN
A

 ex
pr

es
sio

n 
le

ve
l

Re
lat

iv
e m

RN
A

 ex
pr

es
sio

n 
le

ve
l

RUNX2 OCNALP
⁎⁎⁎ ⁎⁎⁎ ⁎⁎

80

60

40
2

1

0

(d)

Figure 2: miR-214 expression decreased after osteogenic induction. (a) Osteogenic induction was verified by increased expression of RUNX2,
ALP, and OCN in mRNA level. (b) Alizarin red staining was performed at 21 days. (c) qRT-PCR was used to quantify miR-214 absolute (left)
and relative (right) expression levels after 7 days of osteogenic differentiation. Absolute quantitation was normalized to 100U6 copies.
(d) After transfection of inhibitor-214 for 72 h, qRT-PCR was conducted to detect osteogenesis gene markers. ∗∗p < 0 01 and ∗∗∗p < 0 001.
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because most clinical patients who require periodontal
regeneration are under inflammatory conditions. Based on
these unique characteristics, hPDLSCs are considered as
one of the best candidates for future dental clinical applica-
tions. This is the first study to reveal that the miR-214-
ATF4 axis is a novel pathway involved in regulating hPDLSC
osteogenic differentiation.

Previous studies showed that miR-214 is involved in
the osteoblast differentiation of mesenchymal stem cells
[27, 28, 41–43], but whether miR-214 affects osteoblast
differentiation of hPDLSCs remained unclear. In this study,
we found that miR-214 suppressed osteogenesis in hPDLSCs
and thus is a potential target for osteoregenerative therapy.
In vitro, miR-214 expression was decreased during osteogen-
esis of hPDLSCs (Figure 2(c)). Transfection of inhibitor-214
made hPDLSCs show higher mRNA expression levels of
osteogenic marker genes (Figure 2(d)). Accordingly, compu-
tational miRNA target prediction analysis suggested a poten-
tial miR-214 binding site in the 3′UTR of ATF4; therefore,
ATF4was further analyzed. This study postulated a regulatory
role formiR-214 in the osteogenic differentiation of hPDLSCs
by targeting ATF4. The results of luciferase reporter assays
showed that miR-214 led to significantly lower luciferase

activity in the 3′UTR-ATF4 WT group than that in the
controls. When the miR-214 target site was deleted from the
3′UTR-ATF4 reporter vector, luciferase reporter activity was
restored (Figure 3(c)). These suggest that miR-214 directly
targets the ATF4 3′UTR.

Next, we constructed the plasmid pSIF-miR-214 to
develop a stable cell line named as hPDLSCs-miR-214. Cells
overexpressing miR-214 were cultured and osteogenically
induced to evaluate the expression change of ATF4. The
results revealed no change between hPDLSCs-miR-214 and
hPDLSCs-control at the ATF4 mRNA level, but protein level
of hPDLSCs-miR-214 was significantly reduced (Figure 4(c)),
which is similar to the results observed in osteoblasts [27, 28].
Protein processes of ATF4 follow transcriptional, transla-
tional, and posttranslational mechanisms [44, 45]; therefore,
these data suggest that miR-214 posttranscriptionally modu-
lates the gene expression of ATF4. We measured the mRNA
levels of the osteogenic marker genes RUNX2, ALP, and
OCN in hPDLSCs-miR-214 and found that expressions were
significantly decreased. Western blotting, ALP activity assay,
and Alizarin red staining assays showed similar outcomes
(Figure 5). Here, we found that after osteoblast induction,
miR-214 acts as a suppressor in bone formation of hPDLSCs.
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As adipogenic differentiation is an important part of
hPDLSC differentiation, we also assessed the adipogenesis
of hPDLSCs-miR-214. We found that overexpression of
miR-214 promoted adipocyte differentiation according to
the results of qRT-PCR and Oil red O staining (Figure 6).
A previous study showed the same trend in hBMMSCs
[43]. Several studies demonstrated that ATF4 is involved in
lipid metabolism [46–49]. Overexpression of ATF4 pro-
moted adipogenesis and lipogenesis [49], and ATF4 deple-
tion decreased adipocyte differentiation [46]. Our study
seems to obtain a different result from the others, but because
a microRNA could target different genes, and one gene
could be regulated by different microRNAs, overexpressing
miR-214 may activate other pathways to promote the adi-
pogenesis of hPDLSCs, which should be further studied.

To date, various miRNAs have been demonstrated to
contribute to the processes of osteogenic differentiation in
hPDLSCs. miR-214 is encoded within a larger noncoding
RNA, Dnm3 opposite strand (Dnm3os) [50]. miR-214 plays
an important role in cancer networks [51] and functions in cell
self-renewal by directly targeting catenin beta interaction pro-
tein 1 and a number ofWnt signaling pathwaymolecules [52].
Recently, an increased number of studies have reported that
miR-214 also participates in the regulation of osteoblast func-
tion [26–28] and osteoclastogenesis [42]. Our data suggest
that miR-214 negatively regulates osteogenesis in hPDLSCs.

It has been reported that various signaling proteins and
transcription factors regulate the differentiation of hPDLSCs.

ATF4 is an important leucine-zipper transcription factor in
the cAMP response element-binding protein/ATF family.
ATF4 was reported to suppress insulin sensitivity and insulin
secretion in osteoblasts by favoring Esp [53] or cooperating
with FOXO1 [54] to decrease the activity of osteocalcin. It
was reported that miR-214 suppresses glucose production
in an ATF4-dependent manner in vivo, and researchers
suggested that miR-214 may also regulate gluconeogenesis
via AMP-activated protein kinase [55]. In general, ATF4
has been proved to be a vital regulator of insulin sensitivity
and the target of miR-214. So it is reasonable to speculate that
miR-214-ATF4 axis is involved in regulating insulin sensitiv-
ity; further studies are needed to confirm this. Additionally,
for bone metabolism, ATF4 critically affects the survival, pro-
liferation, and terminal differentiation of osteoblast [56–59].
Mutations of RSK2, which can phosphorylate ATF4, causes
the Coffin-Lowry syndrome, with its characteristic skeletal
disorders [60]. ATF4 can additionally promote the formation
of osteoprogenitors and induce osteoblast differentiation by
upregulating the protein level of β-catenin in the Wnt/β-
catenin signaling pathway [61], an extremely important
pathway controlling bone mass [62, 63]. ATF4 is an
upstream transcriptional activator of OSX [56], which is a
key factor required for osteoblast differentiation and bone
formation [64–66]. This upregulation involves interactions
of ATF4 with a specific enhancer sequence in the Osterix
promoter [56]. Osteocalcin (OCN), a specific osteoblast
marker in late-stage differentiation, is a transcriptional target
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of ATF4, and ATF4 knockout mice showed a distinguished
decrease in the expression level of OCN and bone mass
formation [67]. ATF4 interacts with Runx2 and enriches
the promoter activity of OCN [68–70]. Under endoplasmic
reticulum stress, the PERK-eIF2α-ATF4 pathway is activated
and further influences osteodifferentiation by targeting
OCN [71].

These studies suggest a pivotal role of ATF4 in promoting
osteoblast differentiation. Our data showed that miR-214
suppressed hPDLSC osteogenic differentiation (Figures 5(a)
and 5(b)), and the protein level of ATF4, its target gene,
was decreased (Figure 5(d)). The mRNA levels of RUNX2
and OCN, two osteoblast markers of osteodifferentiation,
also decreased significantly (Figure 5(c)). Combined with the
results of previous studies, we identified a new pathway in
hPDLSC osteogenesis in which miR-214 suppressed ATF4
protein expression and accordingly repressed activation of
OCN by decreasing the expression of RUNX2 (Figures 5(a)
and 5(b)), thus downregulating osteogenesis.

5. Conclusions

In summary, our data add a new layer of regulation to
osteogenic differentiation from hPDLSCs by miRNAs and

indicate that miR-214 suppresses osteogenic differentiation
of hPDLSCs by targeting ATF4. Taken together, these studies
provide insight into how to achieve better osteogenic differ-
entiation of hPDLSCs for use in tissue engineering.

Conflicts of Interest

The authors have no competing interests to declare.

Authors’ Contributions

Siqi Yao and Wei Zhao contributed equally to this work.

Acknowledgments

This work was supported by the Natural Science Foundation
of China (no. 81530069) and the Guangdong Innovative
Research Team program (no. 2009010058).

References

[1] F. A. Scannapieco, R. B. Bush, and S. Paju, “Associations
between periodontal disease and risk for nosocomial bacterial
pneumonia and chronic obstructive pulmonary disease. A

hPDLSCs-control hPDLSCs-miR-214

(a)

Uninduced Induced 1 W
0

10

20

30

40

50
LPL PPAR�훾

0

10

20

30

40

50

Re
lat

iv
e p

ro
te

in
 ex

pr
es

sio
n 

le
ve

l

Re
lat

iv
e p

ro
te

in
 ex

pr
es

sio
n 

le
ve

l

hPDLSCs-control
hPDLSCs-miR-214

Uninduced Induced 1 W

hPDLSCs-control
hPDLSCs-miR-214

⁎⁎⁎ ⁎⁎⁎ ⁎⁎⁎ ⁎⁎

(b)

Figure 6: miR-214 promotes adipogenic differentiation of hPDLSCs. (a) Oil red O staining of hPDLSCs-miR-214 and hPDLSCs-control after
2 weeks induction. Scale bar, 50 μm. (b) Adipogenic marker genes LPL and PPARγ were evaluated by qRT-PCR after 1 week adipogenic
induction. ∗∗p < 0 01 and ∗∗∗p < 0 001.

10 Stem Cells International



systematic review,” Annals of Periodontology, vol. 8, no. 1,
pp. 54–69, 2003.

[2] M. A. Fisher, G. W. Taylor, P. N. Papapanou, M. Rahman, and
S. M. Debanne, “Clinical and serologic markers of periodontal
infection and chronic kidney disease,” Journal of Periodontol-
ogy, vol. 79, no. 9, pp. 1670–1678, 2008.

[3] W. S. Borgnakke, P. V. Ylostalo, G. W. Taylor, and R. J. Genco,
“Effect of periodontal disease on diabetes: systematic review of
epidemiologic observational evidence,” Journal of Periodon-
tology, vol. 84, Supplement 4, pp. S135–S152, 2013.

[4] V. E. Friedewald, K. S. Kornman, J. D. Beck et al., “The
American Journal of Cardiology and Journal of Periodon-
tology editors’ consensus: periodontitis and atherosclerotic
cardiovascular disease,” Journal of Periodontology, vol. 80,
no. 7, pp. 1021–1032, 2009.

[5] Z. H. Gao, L. Hu, G. L. Liu et al., “Bio-root and implant-based
restoration as a tooth replacement alternative,” Journal of
Dental Research, vol. 95, no. 6, pp. 642–649, 2016.

[6] J. Du, Z. Shan, P. Ma, S. Wang, and Z. Fan, “Allogeneic bone
marrow mesenchymal stem cell transplantation for periodon-
tal regeneration,” Journal of Dental Research, vol. 2, no. 93,
pp. 183–188, 2014.

[7] G. Ding, Y. Liu, W. Wang et al., “Allogeneic periodontal
ligament stem cell therapy for periodontitis in swine,” Stem
Cells, vol. 28, no. 10, pp. 1829–1838, 2010.

[8] S. H. Bassir, W. Wisitrasameewong, J. Raanan et al., “Potential
for stem cell-based periodontal therapy,” Journal of Cellular
Physiology, vol. 231, no. 1, pp. 50–61, 2016.

[9] J. Han, D. Menicanin, V. Marino et al., “Assessment of
the regenerative potential of allogeneic periodontal liga-
ment stem cells in a rodent periodontal defect model,”
Journal of Periodontal Research, vol. 49, no. 3, pp. 333–
345, 2014.

[10] A. R. Sanz, F. S. Carrion, and A. P. Chaparro, “Mesenchymal
stem cells from the oral cavity and their potential value in
tissue engineering,” Periodontology 2000, vol. 67, no. 1,
pp. 251–267, 2015.

[11] B. Seo, M. Miura, S. Gronthos et al., “Investigation of multipo-
tent postnatal stem cells from human periodontal ligament,”
Lancet, vol. 364, no. 9429, pp. 149–155, 2004.

[12] J. Park, S. H. Jeon, and P. Choung, “Efficacy of periodontal
stem cell transplantation in the treatment of advanced peri-
odontitis,” Cell Transplantation, vol. 20, no. 2, pp. 271–285,
2011.

[13] L. Liu, J. Ling, X. Wei, L. Wu, and Y. Xiao, “Stem cell
regulatory gene expression in human adult dental pulp and
periodontal ligament cells undergoing odontogenic/osteogenic
differentiation,” Journal of Endodontics, vol. 35, no. 10,
pp. 1368–1376, 2009.

[14] F. Chen, L. Gao, B. Tian et al., “Treatment of periodontal
intrabony defects using autologous periodontal ligament stem
cells: a randomized clinical trial,” Stem Cell Research &
Therapy, vol. 7, no. 1, article 0288, 2016.

[15] R.W. Carthew and E. J. Sontheimer, “Origins andmechanisms
of miRNAs and siRNAs,” Cell, vol. 136, no. 4, pp. 642–655,
2009.

[16] D. P. Bartel, “MicroRNAs: genomics, biogenesis, mechanism,
and function,” Cell, vol. 116, no. 2, pp. 281–297, 2004.

[17] R. C. Friedman, K. K. Farh, C. B. Burge, and D. P. Bartel, “Most
mammalian mRNAs are conserved targets of microRNAs,”
Genome Research, vol. 19, no. 1, pp. 92–105, 2009.

[18] B.Gamez, E. Rodriguez-Carballo, and F.Ventura, “MicroRNAs
and post-transcriptional regulation of skeletal development,”
Journal of Molecular Endocrinology, vol. 52, no. 3, pp. 179–
197, 2014.

[19] D. Jing, J. Hao, Y. Shen et al., “The role of microRNAs in bone
remodeling,” International Journal of Oral Science, vol. 7,
no. 3, pp. 131–143, 2015.

[20] S. Jiang, D. Xue, Y. Xie et al., “The negative feedback
regulation of microRNA-146a in human periodontal liga-
ment cells after Porphyromonas gingivalis lipopolysaccharide
stimulation,” Inflammation Research, vol. 64, no. 6, pp. 441–
451, 2015.

[21] L. Qi and Y. Zhang, “The microRNA 132 regulates fluid
shear stress-induced differentiation in periodontal liga-
ment cells through mTOR signaling pathway,” Cellular
Physiology and Biochemistry, vol. 33, no. 2, pp. 433–
445, 2014.

[22] Z. Chen and H. Liu, “Restoration of miR-1305 relieves the
inhibitory effect of nicotine on periodontal ligament-derived
stem cell proliferation, migration, and osteogenic differentia-
tion,” Journal of Oral Pathology & Medicine, vol. 46, no. 4,
article 12492, pp. 313–320, 2016.

[23] F. Wei, D. Liu, C. Feng et al., “microRNA-21 mediates stretch-
induced osteogenic differentiation in human periodontal
ligament stem cells,” Stem Cells and Development, vol. 24,
no. 3, pp. 312–319, 2015.

[24] X. Zhou, X. Luan, Z. Chen et al., “MicroRNA-138 inhibits
periodontal progenitor differentiation under inflammatory
conditions,” Journal of Dental Research, vol. 95, no. 2,
pp. 230–237, 2016.

[25] I. Gay, A. Cavender, D. Peto et al., “Differentiation of
human dental stem cells reveals a role for microRNA-
218,” Journal of Periodontal Research, vol. 49, no. 1,
pp. 110–120, 2014.

[26] K. Shi, J. Lu, Y. Zhao et al., “MicroRNA-214 suppresses osteo-
genic differentiation of C2C12 myoblast cells by targeting
Osterix,” Bone, vol. 55, no. 2, pp. 487–494, 2013.

[27] X. Wang, B. Guo, Q. Li et al., “miR-214 targets ATF4 to inhibit
bone formation,” Nature Medicine, vol. 19, no. 1, pp. 93–100,
2013.

[28] D. Li, J. Liu, B. Guo et al., “Osteoclast-derived exosomal
miR-214-3p inhibits osteoblastic bone formation,” Nature
Communications, vol. 7, article 10872, 2016.

[29] X. Wang, Y. Wang, X. Dai et al., “Effects of intermittent
administration of parathyroid hormone (1-34) on bone
differentiation in stromal precursor antigen-1 positive human
periodontal ligament stem cells,” Stem Cells International,
vol. 2016, Article ID 4027542, 9 pages, 2016.

[30] J. Du, Z. Shan, P. Ma, S. Wang, and Z. Fan, “Allogeneic bone
marrow mesenchymal stem cell transplantation for periodon-
tal regeneration,” Journal of Dental Research, vol. 93, no. 2,
pp. 183–188, 2014.

[31] H. Li, F. Yan, L. Lei, Y. Li, and Y. Xiao, “Application of autol-
ogous cryopreserved bone marrowmesenchymal stem cells for
periodontal regeneration in dogs,” Cells, Tissues, Organs,
vol. 190, no. 2, pp. 94–101, 2009.

[32] W. Zhou and L. Mei, “Effect of autologous bone marrow
stromal cells transduced with osteoprotegerin on periodontal
bone regeneration in canine periodontal window defects,”
The International Journal of Periodontics & Restorative
Dentistry, vol. 32, no. 5, pp. e174–e181, 2012.

11Stem Cells International



[33] Y. Yang, F. M. Rossi, and E. E. Putnins, “Periodontal regener-
ation using engineered bone marrow mesenchymal stromal
cells,” Biomaterials, vol. 31, no. 33, pp. 8574–8582, 2010.

[34] Y. L. Chen, P. K. Chen, L. B. Jeng et al., “Periodontal
regeneration using ex vivo autologous stem cells engineered
to express the BMP-2 gene: an alternative to alveolaplasty,”
Gene Therapy, vol. 15, no. 22, pp. 1469–1477, 2008.

[35] Z. Tan, Q. Zhao, P. Gong et al., “Research on promoting
periodontal regeneration with human basic fibroblast
growth factor-modified bone marrow mesenchymal stromal
cell gene therapy,” Cytotherapy, vol. 11, no. 3, pp. 317–325,
2009.

[36] M. Yu, S. Ge, F. Wang et al., “The role of systemically
delivered bone marrow-derived mesenchymal stem cells in
the regeneration of periodontal tissues,” The International
Journal of Oral & Maxillofacial Implants, vol. 28, no. 6,
pp. e503–e511, 2013.

[37] K. Ji, Y. Liu, W. Lu et al., “Periodontal tissue engineering with
stem cells from the periodontal ligament of human retained
deciduous teeth,” Journal of Periodontal Research, vol. 48,
no. 1, pp. 105–116, 2013.

[38] J. Xu, W. Wang, Y. Kapila, J. Lotz, and S. Kapila, “Multiple
differentiation capacity of STRO-1+/CD146+ PDL mesenchy-
mal progenitor cells,” Stem Cells and Development, vol. 18,
no. 3, pp. 487–496, 2009.

[39] I. C. Gay, S. Chen, and M. MacDougall, “Isolation and charac-
terization of multipotent human periodontal ligament stem
cells,” Orthodontics & Craniofacial Research, vol. 3, no. 10,
pp. 149–160, 2007.

[40] N.Wada, D. Menicanin, S. Shi, P. M. Bartold, and S. Gronthos,
“Immunomodulatory properties of human periodontal
ligament stem cells,” Journal of Cellular Physiology, vol. 219,
no. 3, pp. 667–676, 2009.

[41] L. Yang, D. Ge, X. Cao et al., “MiR-214 attenuates osteogenic
differentiation of mesenchymal stem cells via targeting
FGFR1,” Cellular Physiology and Biochemistry, vol. 38, no. 2,
pp. 809–820, 2016.

[42] C. Zhao, W. Sun, P. Zhang et al., “miR-214 promotes
osteoclastogenesis by targeting Pten/PI3k/Akt pathway,”
RNA Biology, vol. 12, no. 3, pp. 343–353, 2015.

[43] Y. Guo, L. Li, J. Gao, X. Chen, and Q. Sang, “miR-214
suppresses the osteogenic differentiation of bone marrow-
derived mesenchymal stem cells and these effects are mediated
through the inhibition of the JNK and p38 pathways,” Interna-
tional Journal of Molecular Medicine, vol. 39, no. 1, pp. 71–80,
2017.

[44] S. Yamaguchi, H. Ishihara, T. Yamada et al., “ATF4-mediated
induction of 4E-BP1 contributes to pancreatic beta cell
survival under endoplasmic reticulum stress,”Cell Metabolism,
vol. 7, no. 3, pp. 269–276, 2008.

[45] S. Dey, T. D. Baird, D. Zhou, L. R. Palam, D. F. Spandau, and
R. C. Wek, “Both transcriptional regulation and translational
control of ATF4 are central to the integrated stress response,”
The Journal of Biological Chemistry, vol. 285, no. 43,
pp. 33165–33174, 2010.

[46] D. M. Cohen, K.Won, N. Nguyen, M. A. Lazar, C. S. Chen, and
D. J. Steger, “ATF4 licenses C/EBPβ activity in human mesen-
chymal stem cells primed for adipogenesis,” eLife, vol. 4, 2015.

[47] C. Wang, Z. Huang, Y. Du, Y. Cheng, S. Chen, and F. Guo,
“ATF4 regulates lipid metabolism and thermogenesis,” Cell
Research, no. 20, pp. 174–184, 2010.

[48] J. Seo, E. S. R. Fortuno, J. M. Suh et al., “Atf4 regulates obesity,
glucose homeostasis, and energy expenditure,” Diabetes,
vol. 58, no. 11, pp. 2565–2573, 2009.

[49] H. Chen, R. Yuan, Y. Zhang et al., “ATF4 regulates SREBP1c
expression to control fatty acids synthesis in 3T3-L1
adipocytes differentiation,” Biochimica et Biophysica Acta
(BBA) - Gene Regulatory Mechanisms, vol. 1859, no. 11,
pp. 1459–1469, 2016.

[50] T. Watanabe, T. Sato, T. Amano et al., “Dnm3os, a non-coding
RNA, is required for normal growth and skeletal development
in mice,” Developmental Dynamics, vol. 237, no. 12, pp. 3738–
3748, 2008.

[51] E. Penna, F. Orso, and D. Taverna, “miR-214 as a key hub that
controls cancer networks: small player, multiple functions,”
Journal of Investigative Dermatology, vol. 135, no. 4, pp. 960–
969, 2015.

[52] W. Qi, J. Chen, X. Cheng et al., “Targeting the Wnt-regulatory
protein CTNNBIP1 by microRNA-214 enhances the stemness
and self-renewal of cancer stem-like cells in lung adenocarci-
nomas,” Stem Cells, vol. 33, no. 12, pp. 3423–3436, 2015.

[53] T. Yoshizawa, E. Hinoi, D. Y. Jung et al., “The transcription
factor ATF4 regulates glucose metabolism in mice through
its expression in osteoblasts,” Journal of Clinical Investigation,
vol. 119, no. 9, pp. 2807–2817, 2009.

[54] A. Kode, I. Mosialou, B. C. Silva et al., “FoxO1 protein cooper-
ates with ATF4 protein in osteoblasts to control glucose
homeostasis,” Journal of Biological Chemistry, vol. 287,
no. 12, pp. 8757–8768, 2012.

[55] K. Li, J. Zhang, J. Yu et al., “MicroRNA-214 suppresses
gluconeogenesis by targeting activating transcriptional factor
4,” Journal of Biological Chemistry, vol. 290, no. 13,
pp. 8185–8195, 2015.

[56] S. Yu, R. T. Franceschi, M. Luo et al., “Critical role of activating
transcription factor 4 in the anabolic actions of parathyroid
hormone in bone,” PLoS One, vol. 4, no. 10, article e7583,
2009.

[57] X. Zhang, S. Yu, D. L. Galson et al., “Activating transcrip-
tion factor 4 is critical for proliferation and survival in
primary bone marrow stromal cells and calvarial osteo-
blasts,” Journal of Cellular Biochemistry, vol. 105, no. 3,
pp. 885–895, 2008.

[58] R. Faccio, S. Takeshita, A. Zallone, F. P. Ross, and S. L.
Teitelbaum, “c-Fms and the αvβ3 integrin collaborate during
osteoclast differentiation,”The Journal of Clinical Investigation,
vol. 111, no. 5, pp. 749–758, 2003.

[59] W. Baek and J. Kim, “Transcriptional regulation of bone
formation,” Frontiers in Bioscience (Scholar Edition), vol. 3,
pp. 126–135, 2011.

[60] X. Yang, K. Matsuda, P. Bialek et al., “ATF4 is a substrate
of RSK2 and an essential regulator of osteoblast biology:
implication for Coffin-Lowry syndrome,” Cell, vol. 117,
no. 3, pp. 387–398, 2004.

[61] S. Yu, K. Zhu, Y. Lai et al., “ATF4 promotes β-catenin
expression and osteoblastic differentiation of bone marrow
mesenchymal stem cells,” International Journal of Biological
Sciences, vol. 9, no. 3, pp. 256–266, 2013.

[62] X. Tu, J. Delgado-Calle, K. W. Condon et al., “Osteocytes
mediate the anabolic actions of canonical Wnt/β-catenin
signaling in bone,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 112, no. 5,
pp. 478–486, 2015.

12 Stem Cells International



[63] H. Clevers and R. Nusse, “Wnt/β-catenin signaling and
disease,” Cell, vol. 149, no. 6, pp. 1192–1205, 2012.

[64] C. Zhang, K. Cho, Y. Huang et al., “Inhibition ofWnt signaling
by the osteoblast-specific transcription factor Osterix,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 105, no. 19, pp. 6936–6941, 2008.

[65] X. Zhou, Z. Zhang, J. Q. Feng et al., “Multiple functions of
Osterix are required for bone growth and homeostasis in
postnatal mice,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 107, no. 29,
pp. 12919–12924, 2010.

[66] K. Nakashima, X. Zhou, G. Kunkel et al., “The novel zinc
finger-containing transcription factor osterix is required for
osteoblast differentiation and bone formation,” Cell, vol. 108,
no. 1, pp. 17–29, 2002.

[67] X. Yang and G. Karsenty, “ATF4, the osteoblast accumulation
of which is determined post-translationally, can induce
osteoblast-specific gene expression in non-osteoblastic cells,”
The Journal of Biological Chemistry, vol. 279, no. 45,
pp. 47109–47114, 2004.

[68] H. Tominaga, S. Maeda, M. Hayashi et al., “CCAAT/enhancer-
binding protein β promotes osteoblast differentiation by
enhancing Runx2 activity with ATF4,” Molecular Biology of
the Cell, vol. 19, no. 12, pp. 5373–5386, 2008.

[69] G. Xiao, D. Jiang, C. Ge et al., “Cooperative interactions
between activating transcription factor 4 and Runx2/Cbfa1
stimulate osteoblast-specific osteocalcin gene expression,”
The Journal of Biological Chemistry, vol. 280, no. 35,
pp. 30689–30696, 2005.

[70] G. Dobreva, M. Chahrour, M. Dautzenberg et al., “SATB2 is a
multifunctional determinant of craniofacial patterning and
osteoblast differentiation,” Cell, vol. 125, no. 5, pp. 971–986,
2006.

[71] S. Yang, F. Wei, L. Hu, and C. L. Wang, “PERK-eIF2α-ATF4
pathway mediated by endoplasmic reticulum stress response
is involved in osteodifferentiation of human periodontal liga-
ment cells under cyclic mechanical force,” Cellular Signalling,
vol. 28, no. 8, pp. 880–886, 2016.

13Stem Cells International



Submit your manuscripts at
https://www.hindawi.com

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Anatomy 
Research International

Peptides
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation 
http://www.hindawi.com

 International Journal of

Volume 201

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Molecular Biology 
International 

Genomics
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Bioinformatics
Advances in

Marine Biology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Signal Transduction
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

BioMed 
Research International

Evolutionary Biology
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Biochemistry 
Research International

Archaea
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Genetics 
Research International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Advances in

Virolog y

Hindawi Publishing Corporation
http://www.hindawi.com

Nucleic Acids
Journal of

Volume 2014

Stem Cells
International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Enzyme 
Research

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

International Journal of

Microbiology


