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Abstract

Protein kinase-like endoplasmic reticulum kinase (PERK) is a type I transmembrane protein located in the endoplasmic
reticulum (ER). The PERK-eukaryotic initiation factor 2a (eIF2a)-activating transcription factor 4 (ATF4) pathway has been
proved to be involved in osteoblast differentiation, but the involvement of the PERK-elF2a-ATF4 signaling pathway in osteo-
genic differentiation of human periodontal ligament stem cells (WPDLSCs) has remained unclear. Therefore, the aim of this
study was to explore the role of PERK in osteogenic differentiation of hPDLSCs and to assess whether PERK-elF2a-ATF4
contributes to the process of osteogenic differentiation in hPDLSCs. In our study, we constructed PERK-overexpressed and
PERK-silenced hPDLSCs by lentiviral transduction. Furthermore, lentivirus-transfected cells were induced to differentiate
into osteoblast cells for different days. Alkaline phosphatase (ALP) activity and Alizarin Red staining were used to evaluate
the mineralization capacity, and the expression levels of related genes-ATF4, ALP, bone sialoprotein, runt-related transcrip-
tion factor 2 (Runx2), and osteocalcin were measured to evaluate the osteogenic differentiation of hPDLSCs. The results
showed that over-expression of PERK greatly increased ALP activity and the expression levels of related osteogenic genes,
which displayed the strongest osteogenesis capacity. However, suppression of PERK caused decreased ALP activity and the
weakest osteogenesis capacity, and the levels of ATF4 and p-elF2a in PERK-silenced hPDLSCs were also decreased. Our
results indicated that the PERK gene plays an important role in the differentiation of hPDLSCs to osteoblast-like cells. The
PERK-eIF2a-ATF4 signaling pathway contributes to osteoblast differentiation of hPDLSCs.
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Introduction (PDLSCs) have been successfully isolated from the PDL

(Seo et al. 2004). They have been proved to have multiple

The periodontal ligament (PDL) is a dense connective tis-
sue around the root and the alveolar bone. PDL plays an
important role not only in maintaining the homeostasis of
the periodontal tissue but also in bone tissue remodeling,
healing, and regeneration. Periodontal ligament stem cells
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differentiation potential; thus, they can differentiate into
osteoblasts, cementoblasts, adipose tissue, cartilage, and
provide new prospects for tissue regeneration application
(Gay et al. 2007; Kim et al. 2012; Nagatomo et al. 2006;
Silvério et al. 2010). Despite the interest in the clinical appli-
cation of PDLSCs, the molecular mechanism controlling dif-
ferentiation remains unclear, which constrains their clinical
application.

Activating transcription factor 4 (ATF4) is a known tran-
scription factor involved in osteoblast differentiation and
preservation of mature osteoblast function. From the com-
position, ATF4 belongs to the family of cAMP-responsive
element binding proteins (CREB) (Hai and Hartman 2001;
Xiao et al. 2005; Yang and Karsenty 2004). Knockout of
ATF4 in mice leads to severe osteoporosis, osteodysplasty,
and disorders of bone mineralization, which are caused by
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the inability of osteoblasts to completely differentiate and
to accurately function. Moreover, ATF4 prevents the syn-
thesis of type I collagen, the most abundant extracellular
protein of osteoblasts (Komori 2006). Furthermore, it has
been shown that ATF4 is involved in the differentiation of
PDLSCs to osteoblast-like cells (Wei et al. 2008a). These
studies fully indicated that ATF4 is a critical transcription
factor in osteoblast differentiation and bone development.
However, ATF4 is a downstream factor and a translational
target of protein kinase-like endoplasmic reticulum kinase
(PERK). PERK is a major transducer of the unfolded pro-
tein response in the endoplasmic reticulum (ER), and it can
transduce the signals from the ER to the cytosol or nucleus
to avoid accumulation of excessive unfolded proteins in
the ER. Activation of PERK causes phosphorylation of the
a-subunit of the eukaryotic initiation factor 2 (e[F2a), which
promotes ATF4 translation. PERK-deficient mice exhibited
severe osteoporosis, and some mice showed neonatal devel-
opmental deficiency, including skeletal hypo-development
and growth stunting (Harding et al. 2000; Huang et al. 2006;
Iyer et al. 2004; Wei et al. 2008b). These observations occur
due to reduction of the number of osteoblasts and impaired
function of osteoblast differentiation. The changes in bone
tissue noted in PERK-deficient mice are similar to those in
ATF4-deficient mice. Recent studies found that the level of
ATF4 was sharply declined in PERK-knockout osteoblasts.
Moreover, alkaline phosphatase activity was decreased and
mineralized nodule formation was delayed in PERK ™'~ oste-
oblasts. These results indicated that activation of the PERK-
elF2a-ATF4 signaling pathway promoted the expression of
some genes that are essential for osteogenesis. However,
the involvement of the PERK-eIF2a-ATF4 pathway in
osteogenic differentiation of PDLSCs has remained poorly
understood.

To investigate this point, we first constructed PERK-
silenced and PERK-overexpressed hPDLSCs by lentivi-
ral transduction. Then, we explored whether and how the
expression of ATF4 is affected after PERK transfection of
hPDLSCs, and whether PERK-elF2a-ATF4 contributes to
the process of differentiation of hPDLSCs into osteoblast-
like cells. Our results provide novel insights into the mecha-
nism that underlies the osteogenic differentiation of PDLSCs
and could serve as a stepping stone for the development of
novel therapeutic strategies that can be used to regenerate
dental tissues.

Materials and methods
Cell culture and isolation of hPDLSCs

Human PDLSCs were obtained from healthy PDL tissue
of premolar teeth, extracted from young men (11-16 years

@ Springer

old) for orthodontic reasons. Informed consent was obtained
from the donors and their parents. The PDL tissues were
scraped from the middle third of the roots and transferred
to plastic culture dishes. Then the explants were cultured in
alpha minimum essential medium (a-MEM; Gibco, USA)
supplemented with 100 U/ml penicillin, 100 mg/ml strep-
tomycin, and 15% (v/v) heat-inactivated fetal bovine serum
(FBS; Hyclone, USA), at 37 °C in a humidified atmosphere
of 95% air and 5% CO,. When the cells started to grow out
from the explants, the medium was replaced every 2-3 days.
Upon reaching confluence, the cells were separated and sub-
cultured with 0.25% trypsin. For the experiments, the third
or fourth passage hPDLSCs were used.

Cell transduction mediated by lentiviral vector

The lentivirus vector for PERK overexpression (Lenti-
PERK), PERK inhibition (anti-PERK), and empty lentivi-
rus vector LV-GFP (PERK control or anti-PERK inhibitor
control) for negative control was constructed by Genechem
Biological Company. We conducted a preliminary experi-
ment to determine the optimal value of multiplicity of infec-
tion (MOI). After the cultures reached 40-60% confluence,
hPDLSCs were infected with lentivirus at MOI of 30, 50,
60, 80, and 100. Then the transfection efficiency was evalu-
ated using a fluorescence microscope (Nikon, Japan). In the
formal experiment, we added the appropriate amounts of
lentivirus according to the appropriate MOI values (Lenti-
PERK: MOI=100, anti-PERK: MOI =100, Empty vector:
MOI=60). To promote the transfection efficiency, 5 pg/
ml polybrene was added to the positively transfected cells
according to the manufacturer’s instructions.

Osteogenic induction

hPDLSCs were plated at 3 x 10* cm? in 6-well plates and
cultured for 2-3 days. Then the medium was changed
to an osteogenic inducing medium (x-MEM contain-
ing 10% FBS, 100 uM L-ascorbate-2-phosphate, 10 mM
p-glycerophosphate, and 10 nM dexamethasone) (Sigma-
Aldrich Corp., St. Louis, MO, USA) to induce osteogenesis.
Control groups were treated with a-MEM containing 10%
FBS and 1% antibiotics only. Cells were cultured up to the
indicated days in the presence of osteogenic differentiation
medium.

Alkaline phosphatase and alizarin red detection

After osteogenic induction for 7 days, hPDLSCs were stud-
ied to determine their alkaline phosphatase (ALP) activity.
According to the manufacturer’s protocol (Sigma-Aldrich
Corp., St. Louis, MO, USA), the cells were washed with
PBS and fixed with 4% paraformaldehyde for 15 min. After
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that, cells were stained with a mixed solution of 0.25% naph-
thol AS-BI phosphate and 0.75% fast red violet (from the
ALP activity kit). The ALP activity was normalized to the
cellular protein concentration in the sample using the ALP
activity kit.

To detect mineralization, cells were induced to osteodif-
ferentiate for 3 weeks. The cells were washed with PBS and
fixed for 15 min with 70% methanol. Then the cells were
stained with 2% Alizarin Red solution (pH 4.2) (Sigma-
Aldrich Corp., St. Louis, MO, USA) for 10 min at room
temperature. After that, cells were washed with tap water
several times. Images of the stained cells were captured
using a digital camera (Leica, Germany) and microscope
(Nikon). To quantitatively determine calcium, Alizarin Red
was destained with 10% cetylpyridinium chloride in 10 mM
sodium phosphate for 30 min at room temperature. Aliquots
of each sample were measured at 562 nm and compared to a
standard calcium curve with calcium dilutions in the same
solution. The final calcium level in each group was normal-
ized to the total protein concentration detected in duplicate
plates.

Quantitative real-time RT-PCR

To measure the mRNA levels of osteogenic transcriptional
factors, real-time RT-PCR was performed. The total RNA
was isolated from cultured cells under different groups
using Trizol reagent (TAKARA Bio Inc., Otsu, Shiga,
Japan). After RNA extraction, 1 pg of total RNA was used
for cDNA synthesis using the PrimeScript® RT reagent Kit
with gDNA Eraser (TAKARA Bio Inc., Otsu, Shiga, Japan).
Real-time PCR was performed using Roche Light Cycler
480 detection system in a 20 pl reaction volume per tube
containing 2.0 pl cDNA and 10 pl SYBR Premix Ex Taq
(TAKARA Bio Inc., Otsu, Shiga, Japan). The standard PCR
conditions were as follows: 95 °C for 30 s, then 40 cycles
of 95 °C for 5 s, 60 °C for 20 s after a hot start, and 30 s at
60 °C. The specificity of the reaction is given by the detec-
tion of the melting temperatures (Tms) of the amplification
products immediately after the last reaction cycle. The value
obtained from 2722€T was used for comparative quantiza-
tion. All of the PCRs were performed in quintuplicate. A
housekeeping gene GAPDH was used as an internal control
to quantify and normalize the results. Gene-specific primers
used are shown in Table 1.

Western blotting

To investigate the protein levels of the osteogenic markers,
western blot analysis was used. Cells were collected and
washed once with ice-cold phosphate-buffered saline (PBS),
and then cells were placed in protein lysates for 30 min
on ice. The supernatant was obtained by centrifugation at

Table 1 The primers used for quantitative RT-PCR analysis

Gene name Primer (5" to 3')  Primer sequence
PERK Forward TCTTGGTTGGGTCTGATGAAT
Reverse GATGTTCTTGCTGTAGTGGGGG
ATF4 Forward GTCTCCGTGAGCGTCCAT
Reverse CAGAAGCCAACTCCCATTAG
OCN Forward TAGTGAAGAGACCCAGGCGCT
Reverse ATAGGCCTCCTGAAAGCCGA
ALP Forward GGACCATTCCCACGTCTTCAC
Reverse CCTTGTAGCCAGGCCCATTG
BSP Forward GTCACTGGAGCCAATGCAGAA
Reverse CCCACCATTTGGAGAGGTTGT
Runx2 Forward CGAATAACAGCACGCTATTAA
Reverse GTCGCCAAACAGATTCATCCA
GAPDH Forward TCATGGGTGTGAACCATGAGAA
Reverse GGCATGGACTGTGGTCATGAG

12,000 rpm for 15 min at 4 °C. The protein was quantified
using the BCA Protein Assay kit (Sunbio Biological Tech-
nology CO Ltd, Beijing, China) according to the manufac-
turer’s protocol. Proteins were separated by electrophoresis
on 10% SDS - PAGE gels with a constant voltage of 80 V for
2 h. The separated proteins were transferred electrophoreti-
cally onto polyvinyldifluoride (PVDF) membranes (Amer-
sham Biosciences, Uppsala, Sweden). The membranes were
blocked for 45-90 min at room temperature with 5% (v/v)
skimmed milk in Tris-buffered saline Tween-20 (TBS-T),
and then incubated at 4 °C overnight with primary antibod-
ies. After three 5-min washes in TBS-T, the membranes
were incubated at room temperature for 2 h with biotinylated
goat anti-mouse IgG (1:3000, Zhong Shan—Golden Bridge
Biological Technology Co. Ltd., Beijing, China). Then the
membranes received three 5-min washes in TBS-T. The
immune reactive bands were detected using the ECL chemi-
luminescence reaction (Amersham Pharmacia Biotech, Inc.,
USA) according to the manufacturer’s instructions. Images
were scanned, and the densitometric value of each band was
determined by LabWorks Image (Scion Corporation, Fred-
erick, MD, USA). Loading differences were normalized by
assessing the housekeeping protein in each sample. The pri-
mary antibodies used were as follows: anti-e[F2a (Cell Sign-
aling; 1:1000), anti-phospho elF2a (Stress Gen; 1:1000),
anti-ATF4 (Abcam; 1:500), and anti-GAPDH (Santa Cruz
Biotechnology; 1:3000).

Statistical analysis
For statistical analysis, Student’s ¢ test and one-way ANOVA

were used. Data are expressed as the mean + SD. Differences
at p <0.05 were considered to be significant.
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Results

PERK expression increased during osteogenic
differentiation of hPDLSCs

After about 1-2 weeks, primary hPDLSCs gradually grew
out from the scraped PDL tissue block (Fig. 1a). After pas-
sage, the cells were evenly distributed, and they grew in
a spiral or radial arrangement. Figure 1b shows the third
passage of hPDLSCs.

Osteoblast differentiation of hPDLSCs was induced by
standard osteoblast-induction medium, and osteogenic
differentiation of hPDLSCs was evidenced by increased
expression of genes associated with osteogenic differentia-
tion, alkaline phosphatase (ALP), bone sialoprotein (BSP),
runt-related transcription factor 2 (Runx2), and osteoc-
alcin (OCN) at days 1, 3, 7, 10, and 14 after induction
(Fig. 1c—f). Increased expression of osteoblast-associated
genes was consistent with previous research findings
describing hPDLSC differentiation into osteoblasts (Seo
et al. 2004; Silvério et al. 2010).

Next, we determined the changes in PERK expression
during osteogenic differentiation using RT-PCR. The
result showed that PERK expression was up-regulated
in a time-dependent manner after the induction of osteo-
genic differentiation of hPDLSCs, which was remarkably
increased compared to the undifferentiated hPDLSCs
(0 day) (Fig. 1g). The results indicated that PERK might
play a role during osteogenic differentiation.

Overexpression of PERK increased the osteogenic
differentiation of hPDLSCs

To assess the effect of PERK on osteogenic differentiation
of hPDLSCs, we asked Genechem Company to prepare
a lentiviral construct for overexpression of PERK and
its control. After transfection, most hPDLSCs (> 90%)
expressed the green fluorescent protein (GFP) and exhib-
ited a morphology similar to that of PERK control-infected
hPDLSCs (Fig. 2a).

After infection, hPDLSCs were induced to differenti-
ate into osteoblasts for different days, and then ALP and
Alizarin Red, and expression of osteogenic differentiation
markers were detected. One week after induction, ALP
activity in PERK-transfected cells showed a significant
increase when compared to that in untransfected or PERK
control-transfected cells (Fig. 2b, c). After culturing
hPDLSCs in osteogenesis-inducing medium for 21 days,
Alizarin Red staining and quantitative calcium measure-
ments revealed that matrix mineralization was increased
in PERK cells than in PERK control-infected hPDLSCs
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and uninfected hPDLSCs (Fig. 2b—d), which indicated that
PERK overexpression significantly promoted matrix min-
eralization in hPDLSCs.

Consistent with this finding, real-time RT-PCR results
showed that the expression levels of all of the osteogenic
marker genes measured (ALP, BSP, OCN, and Runx2) were
remarkably increased following infection by PERK. There
was no significant difference in the mRNA expression levels
of all of the osteogenic related genes between PERK control-
transfected cells and non-transfected cells (Fig. 2e-h).

Inhibition of PERK decreased the osteogenic
differentiation of hPDLSCs

To further assess the effect of PERK on osteogenic differen-
tiation of hPDLSCs, anti-PERK-transfected hPDLSCs and
anti-PERK control-transfected cells were induced to differ-
entiate along osteogenic lineages. After transfection, most
hPDLSCs (>90%) expressed the green fluorescent protein
(GFP) and exhibited a morphology similar to that of anti-
PERK control-infected hPDLSCs (Fig. 3a).

Conversely, after one week of induction, the ALP activ-
ity in anti-PERK transfected cells was markedly decreased
compared to that in the control group and the anti-PERK-
transfected group (Fig. 3b, ¢). Moreover, Alizarin Red stain-
ing and quantitative calcium measurements indicated that
mineralization was also significantly lower in anti-PERK
cells than in anti-PERK control-infected hPDLSCs and unin-
fected hPDLSC:s after three weeks of induction (Fig. 3b—d).

Real-time RT-PCR results showed that the mRNA lev-
els of osteogenesis-related genes were lower in anti-PERK-
transfected cells (Fig. 3e—h). There were significant differ-
ences when compared to the other two groups.

PERK-elF2a-ATF4 signaling pathway played a role
during osteogenic differentiation of hPDLSCs

To determine whether the PERK-elF2a-ATF4 pathway was
involved in osteogenic differentiation of hPDLSCs, PCR and
western blot were performed to examine the related genes.

The expression of ATF4 mRNA in lentivirus-transfected
cells at 7 days after induction was assessed by real-time
RT-PCR. ATF4 mRNA expression levels were up-regulated
after transfection with PERK overexpression. However, the
expression levels of ATF4 were markedly decreased in anti-
PERK transfected hPDLSCs (p < 0.01; Fig. 4a).

Western blotting analysis revealed the protein levels of
total-e[F2a (t-elF2a), phospho-elF2a (p-elF2a), and ATF4
in lentivirus-transfected cells at 7 days after induction. The
protein levels of ATF4 and p-elF2a were up-regulated after
transfection with PERK overexpression, while inhibition of
PERK decreased the protein levels of p-elF2a and ATF4
(p<0.01; Fig. 4b—e). We also assessed total elF2a (t-e[F2a),
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Fig.1 PERK was up-regulated during osteogenic differentiation of
hPDLSCs. Osteogenic differentiation of hPDLSCs was induced for
14 days. Samples were prepared at days 0, 1, 3, 7, 10, and 14 after
the induction and used immediately for real-time PCR analysis. a
Primary hPDLSCs were cultured successfully by tissue explant tech-
nique, and they grew out from the scraped PDL tissue. b The third
passage of hPDLSCs (magnification, X100). c—f The expression lev-
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els of osteoblast marker genes, including ALP (c¢), BSP (d), Runx2
(e), and OCN (f), were analyzed by qRT-PCR during osteoblast dif-
ferentiation. GAPDH was used as an internal standard. g The PERK
level was increased in hPDLSCs after osteogenic induction. All
of the experiments were performed in triplicate, and the results are
expressed as mean+SD. *p<0.05, **p<0.01 compared with the
corresponding control sample prepared at the same time point
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Fig.2 Overexpression of PERK promoted osteogenic differentia-
tion of hPDLSCs. a Fluorescence microscopic analysis of hPDLSCs
transfected with the empty vector (left, the Lenti-Cont group) or
PERK overexpression (right, Lenti-PERK group), showing no obvi-
ous difference in their morphology (magnification, X200). b ALP
staining and Alizarin Red S staining in the three experimental groups.
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Fig.4 PERK-elF2a-ATF4 signaling pathway played a role during
osteogenic differentiation of hPDLSCs. a The expression of ATF4
mRNA in lentivirus-transfected cells at 7 days after induction was
assessed by qRT-PCR. ATF4 mRNA expression levels were up-reg-
ulated after transfection with PERK overexpression. However, the
expression of ATF4 was markedly decreased in anti-PERK trans-
fected hPDLSCs. b Western blotting analysis of untransfected cells
and lentivirus-transfected cells after 7 days of osteogenic induction.

using GAPDH as the control. Our results showed that overex-
pression and anti-PERK had very little effect on the expres-
sion of t-elF2a. Taken together, these results suggested that
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p-elF2a

The expression levels of ATF4 and phospho-elF2a (p-elF2a) pro-
teins were up-regulated after transfection with PERK overexpression.
In contrast, these proteins were severely inhibited in the anti-PERK
group. The expression of total-eIF2a (t-eIF2a) showed no obvious
changes. c—e The histogram shows the quantitative analysis of the
expression levels of ATF4, p-elF2a, and t-elF2a proteins. *p <0.05,
*#p <0.01 compared with untransfected hPDLSCs

the PERK-elF2a-ATF4 signaling pathway plays a role during
osteogenic differentiation of hPDLSCs.
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Discussion

As already known, PDLSCs have multipotential capability
to differentiate into osteogenic, adipogenic, and chondro-
genic tissues (Kim et al. 2012). They have been shown
to exhibit biological properties similar to undifferentiated
mesenchymal cells (Osathanon et al. 2013). This quality
of PDLSCs is associated with osteoblast differentiation
and periodontal tissue remodeling (An et al. 2015; Hakki
et al. 2014; Zhao and Liu 2014). Osteogenic differentiation
of PDLSCs results from a complex molecular interplay
involving the action of various transcription factors. In
our study, we examined the effect of PERK overexpres-
sion and PERK knockout on osteogenic differentiation
of PDLSCs. PERK is a novel cytokine for osteoblast dif-
ferentiation and bone formation. PERK ™'~ mice exhib-
ited severe osteopenia involving decreases in the number
of mature osteoblasts and bone thickness, and impaired
osteoblast differentiation (Wei et al. 2008b). In addition,
loss-of-function mutations of PERK in humans and mice
cause several neonatal developmental defects, including
diabetes, growth retardation, and multiple skeletal dyspla-
sia (Biason-Lauber et al. 2002; Harding et al. 2012; Iyer
et al. 2004; Lakshmanan et al. 2013). Similarly, ATF4-
deficient mice showed a remarkable reduction or delay
in mineralization of bones (Yang et al. 2004). The phe-
notypes observed in bone tissues of PERK ™'~ mice are
very similar to those observed in bone tissues of ATF-
47"~ mice. As is already known, ATF4 is a downstream
target of PERK. The PERK-ATF4 signaling pathway is
involved in osteoblastic differentiation of osteoblasts (Tan-
aka et al. 2014). In our study, the effect of the PERK-ATF4
pathway on osteogenic differentiation of hPDLSCs was
explored. Our results indicated that this signaling pathway
is involved in osteodifferentiation of hPDLSCs. The rea-
sons for arriving at this conclusion are as follows: (1) The
ATF4 mRNA level was reduced in PERK ™~ hPDLSCs,
and the expression of ATF4 was increased in Lenti-PERK
hPDLSCs. (2) After osteogenic induction, the expression
levels of osteogenesis-related genes were decreased in
anti-PERK PDLSCs, while these levels were increased in
PERK cells. (3) ALP activity and matrix mineralization
were reduced in anti-PERK hPDLSCs. These findings sup-
port the suggestion that the PERK-elF2a-ATF4 signaling
pathway plays a role in osteodifferentiation of hPDLSCs
in osteogenic cultures.

PERK is a type I transmembrane protein located in the
ER, and PERK is a major transducer of the endoplasmic
reticulum response (ERS) (Sood et al. 2000). Scheuner D
found that PERK gene knockout cells were highly sensitive
to ERS, while PERK knockout mice exhibited a series of
serious defects, such as small size, bone dysplasia, and type

I diabetes (Back et al. 2009; Muaddi et al. 2010; Scheuner
et al. 2006). When PERK is activated, it causes phospho-
rylation of e[F2a, which inhibits protein synthesis (Sood
et al. 2000; Roobol et al. 2015). However, unlike most
proteins, ATF4 escapes translational attenuation by elF2a
phosphorylation because ATF4 has upstream open reading
frames (ORFs) in its 5'-untranslated region. ATF4, one of
the transcription factor members of the CREB family, is a
major regulator of osteoblast differentiation and bone forma-
tion (Karpinski et al. 1992; Hamamura and Yokota 2007).
In addition, ATF4 promotes osteogenic differentiation of
PDLSC:s by upregulating the expression of some osteogenic
marker genes (Yang and Karsenty 2004). However, ATF4
and Runx2 synergistically regulate osteoblast differentiation
and bone formation (Hagh et al. 2015; Nishimura 2011).
Furthermore, some researchers found that upregulation of
ATF4 may involve p-e[F2a and PERK in the cardiovascular,
kidney, and other tissues (Helenius 2001; Liu et al. 2015;
Wang et al. 2014). Several studies have clearly indicated
that ATF4 is an essential transcription factor for bone forma-
tion and terminal osteoblast differentiation. OCN and BSP
are transcriptional targets of ATF4, which are osteoblast
specific and markers for osteoblast differentiation (Ducy
et al. 1996; Yeung et al. 2002). Studies have shown that
the PERK-elF2a-ATF4 signaling pathway is involved in
osteoblastic differentiation of osteoblasts (Saito et al. 2011).
Their findings indicated that the PERK-eIF2a-ATF4 signal-
ing pathway plays a role in bone morphogenetic protein 2
(BMP2)-induced osteoblast differentiation and osteogenesis
in culture (Saito et al. 2011). However, whether the PERK-
elF2a-ATF4 signaling pathway is involved in osteogenic dif-
ferentiation of PDLSCs is not known. In our previous study,
we showed that PERK enhanced mechanical force-induced
osteogenic differentiation in hPDLSCs (Yang et al. 2016).
It is reasonable that PERK may function depending on the
type of stem cells used and the physiological conditions
applied. In this study, we sought to examine the mechanis-
tic role of PERK in osteogenic differentiation of hPDLSCs.
Our results indicated that the mRNA expression levels of
ATF4 and other osteogenic genes were downregulated in
anti-PERK hPDLSCs compared to untransfected cells, and
there was a greater increase in PERK hPDLSCs compared
to untransfected cells. These results indicated that osteoblast
differentiation of hPDLSCs is enhanced by overexpression
of PERK, since the expression of osteoblast-specific genes
was strongly up-regulated. As is already known, hPDLSCs
have been shown to express part of the phenotypic charac-
teristics of osteoblasts in vitro (Gay et al. 2007; Kim et al.
2012). Our findings suggested that PERK may be a novel
signaling pathway participating in osteoblast differentiation
of hPDLSCs, which is important for bone remodeling.
Clinical observations have revealed that rapid and active
alveolar bone remodeling followed by tooth movement does
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not occur unless normal healthy PDL surrounds the tooth
root, and loss of the PDL subsequent to tooth extraction
leads to resorption of the alveolar bone. Osteoclasts are the
only cells that are responsible for bone re-absorption, while
the formation and activity of osteoclasts are regulated by
osteoblasts through expression of the osteoclast differentia-
tion factor/RANKL. Thus, it is believed that differentiation
of hPDLSC:s to osteoblast-like cells plays an important role
not only in bone formation but also in bone remodeling.
Our study provided a novel insight that PERK is associated
with differentiation of hPDLSCs. To develop more strate-
gies, a detailed understanding of PERK targets and effects
exerted by this signaling pathway on osteodifferentiation of
hPDLSCs in vivo is necessary.

In summary, this study implied that PERK is essential in
the process of differentiation of hPDLSCs into osteoblast-
like cells. The PERK-elF2a-ATF4 signaling pathway plays
a role in osteodifferentiation of hPDLSCs in osteogenic cul-
tures. This finding will contribute to a better understanding
on the mechanism of periodontal remodeling via the PERK
pathway.
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