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Bidirectional ephrinB2-EphB4 signaling regulates the osteogenic
differentiation of canine periodontal ligament stem cells
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Abstract. The aim of the present study was to evaluate the
effect of ephrinB2 gene-transfected canine periodontal liga-
ment stem cells (cPDLSCs) on the regulation of osteogenic
differentiation. cPDLSCs were transfected with a transgenic
null-control green fluorescent protein (GFP) vector (termed
Vector-cPDLSCs) or with NFNB2 GFP-Blasticidin (termed
EfnB2-cPDLSCs). Subsequently, the osteogenic differentia-
tion of Vector-cPDLSCs and EfnB2-cPDLSCs was assessed
by reverse transcription-quantitative polymerase chain
reaction (RT-qPCR), alkaline phosphatase (ALP) assay and
Alizarin Red S staining. The migratory abilities of cPDLSCs,
Vector-cPDLSCs and EfnB2-cPDLSCs were also assessed.
Following osteogenic induction of Vector-cPDLSCs and
EfnB2-cPDLSCs, the protein expression levels of collagen I,
Runt-related transcription factor 2, osteocalcin, ephrin
type-B receptor 4 (EphB4), phospho-EphB4, ephrinB2 and
phospho-ephrinB2 were analyzed by western blot assays.
Following gene transfection, the RT-qPCR and western blot-
ting results revealed that the mRNA and protein expression
levels of ephrinB2, respectively, were significantly increased
in EfnB2-cPDLSCs compared with that in Vector-cPDLSCs
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(P<0.05). ALP and Alizarin Red S staining assays revealed
increased ALP activity and mineralization nodules, respec-
tively, in EfnB2-cPDLSCs. Cell proliferation and migration
assays revealed that EfnB2-cPDLSCs exhibited enhanced
proliferation and migration compared with Vector-cPDLSCs
(P<0.05). In conclusion, the findings of the current study
indicated that ephrinB2 gene-modified cPDLSCs exhibited
enhanced osteogenic differentiation, with the ephrinB2 reverse
signaling and EphB4 forward signaling pathways serving a key
role in this process. Furthermore, ephrinB2 gene modification
was observed to promote the migration and proliferation of
cPDLSCs.

Introduction

Periodontitis can cause progressive destruction of dental
support tissue, which is the primary risk factor for tooth loss
in adults (1-3). Traditional non-surgical treatments, such as
scaling, curettage and root surface leveling, can only remove
plaque and reduce inflammation (4), while surgical treatments
such as guided tissue regeneration and guided bone regen-
eration have limited regenerative effects (5). Technologies that
can achieve periodontal tissue regeneration and functional
recovery currently remain under investigation. In recent years,
periodontal tissue engineering has developed rapidly, providing
a new direction for research. Periodontal tissue engineering is
a technique that uses tissue engineering to construct a complex
composed of one or more elements (such as cells, scaffolds
and signaling molecules) for implantation into the defect
area to achieve functional tissue regeneration (6,7). However,
ongoing challenges for this technique include the identification
of the best source of cells to construct such tissue-engineered
complexes, as well as the selection of biological signaling
molecules to stimulate the regenerative potential of implanted
stem cells in order to enhance their therapeutic effects.

It has been reported that the ephrinB2/ephrin type-B
receptor 4 (EphB4) signaling pathway serves an important role
in bone remodeling processes. The reverse signaling pathway
mediated by ephrinB2 inhibits the function of osteoclasts and
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bone resorption by decreasing c-Fos and NFATcl activity (8).
By contrast, the forward signaling pathway mediated by EphB4
enhances osteoblast differentiation and promotes bone forma-
tion by decreasing RhoA activity (9). In addition, ephrinB2-Fc
can bind to EphB4 receptors on the surface of endothelial
cells and promote the migration of vascular endothelial cells
by activating the phosphatidylinositol 3-kinase signaling
pathway to accelerate angiogenesis (10-12). Our previous
experiments verified that ephrinB2 gene-transfected dental
stem cells enhanced the osteogenic ability and promoted the
angiogenesis of peripheral vascular endothelial cells (13), as
well as promoted their angiogenesis in co-culture systems (14).
In addition, we observed that the extracellular matrix of
umbilical vein endothelial cells was able to promote the differ-
entiation of odontogenic stem cells into endothelial cells (15).
Therefore, it can be speculated that the ephrinB2 signaling
molecule enhances cell migration, promotes odontogenic stem
cell osteogenesis and enhances peripheral angiogenesis. As
such, ephrinB2 is an ideal biological signaling molecule for
osteogenic regeneration.

Previous studies reported that a multitude of mature stem
cells can be derived from dental tissues, including periodontal
ligament stem cells (PDLSCs), dental pulp stem cells (DPSCs),
apical papilla and stem cells from human exfoliated deciduous
teeth (SHEDs), all of which exhibit a potent capacity for differ-
entiation into mesodermal lineages (16-18). Mesenchymal stem
cells possessing stem-like features can produce osteo/odonto-
genic, adipogenic and neurogenic lineages. Notably, DPSCs
and SHEDs have been successfully induced into endothelial
cells both in vitro and in vivo (19-22), as have bone marrow
mesenchymal stem cells and human adipose-derived stem
cells (23,24). Collectively, these results indicate that dental
stem cells are a suitable candidate for tissue engineering.

While non-animal methods are widely used in biomedical
research, they cannot replace all use of animals. Currently, the
canine mandible defect model is widely used in preclinical
studies (25-27). Notably, beagle dogs are recommended as
potential animal models for medical testing due to their genetic,
biological and behavioral characteristics that closely resemble
those of humans; furthermore, numerous symptoms of human
conditions can be replicated in dogs (28). Previous studies
comparing canine and human dental mesenchymal stem cells
have demonstrated that canine DPSCs were able to differen-
tiate into odontoblast-like cells exhibiting osteogenic potential
similar to human DPSCs (29). However, in vitro transfection
of canine PDLSCs (cPDLSCs) with ephrinB2 and the use
of transfected cells as seed cells for tissue engineering have
seldom been investigated. In addition, how ephrinB2/EphB4
signaling may facilitate the osteogenic/odontogenic differ-
entiation of cPDLSCs has not been previously investigated.
Therefore, the main focus of the current study was to address
these issues.

Materials and methods

Isolation, culture and identification of cells. cPDLSCs were
isolated from 6-month-old beagle dogs. A total of 4 6-month
old male beagle dogs (JC0853, 8.0 kg; JC0857, 7.5 kg; JCO889,
6.6 kg; JC0899, 7.4 kg) were obtained from the Experimental
Animal Center of Xuzhou Medical University (Xuzhou,
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China). The dogs were bred carefully and exclusively by
professional breeders and housed in individual and clean cages
at room temperature with a humidity of 60%, and regular food
and water were provided twice daily. Ethical approval for the
present study was obtained from the Institutional Animal Care
and Use Committee of Xuzhou Medical University (Xuzhou,
China; approval no. 20161108). Briefly, the dogs were induced to
initial anesthesia by intravenous injection of 6 mg/kg propofol
and maintained by inhalation of isoflurane at 2%, with the
oxygen flow maintained at 3 1/min for 1 min and then adjusted
to 0.4 1/min. The upper and lower anterior teeth were extracted,
using phosphate-buffered saline containing penicillin and
streptomycin to wash and separate the periodontal ligament.
Next, the periodontal ligament tissue was scraped from the
teeth and shattered on a super-clean table using a mixture of
3 mg/ml collagenase I (Gibco; Thermo Fisher Scientific, Inc.)
and 4 mg/ml neutral protease (Dispase; (Gibco; Thermo Fisher
Scientific, Inc.) to digest and extract the cells. The cells were
cultured in a-minimum essential medium (a-MEM; Gibco;
Thermo Fisher Scientific, Inc.) supplemented with 20% fetal
bovine serum (FBS; Thermo Fisher Scientific, Inc.) in a
37°C, 5% CO, incubator. The limiting dilution method was
adopted to separate cPDLSCs from total canine periodontal
ligament cells and their morphology was monitored under an
inverted microscope. Flow cytometric analysis for STRO-1
(cat. no. 14-6688-82; Thermo Fisher Scientific, Inc.), CD45
(cat. no. MCA2035S; Bio-Rad Laboratories, Inc.), CD73 (cat.
no. 202122; Abcam), CD90 (cat. no. ab139364; Abcam) and
CD105 (cat. no. ab156756; Abcam) antibodies (all 1:500) was
employed to detect the phenotype of cells. Briefly, cells were
incubated with primary antibodies for 2 h in dark at room
temperature and then washed with PBS. This was followed by
incubation with the following appropriate secondary antibodies:
Goat anti-mouse IgG H&L (Alexa Fluor® 488) pre-adsorbed
(1:2,000; cat. no. ab150117; Abcam) and goat anti-rabbit IgG
H&L (Alexa Fluor® 488; 1:2,000; cat. no. ab150077; Abcam)
for 30 min in the dark at room temperature. A BD FACSVerse™
flow cytometer (BD Biosciences) was used to detect cells and
BD FACSuite software V1.0 (BD Biosciences) were used to
detect and analyze flow cytometry data.

Furthermore, other appropriate methods were utilized,
as described below, to assess multidirectional differentiation
ability of the cells. For osteogenic differentiation, cPDLSCs
were seeded at a density of 1x10*/well in 12-well plates and
cultured to 70% confluence. Subsequently, the osteogenic
induction medium (a-MEM containing 10% FBS, 50 pg/ml
L-ascorbic acid phosphate, 10 mmol/I 3-glycerophosphate and
10 nmol/l dexamethasone) was added. Following 4 weeks of
culture at 37°C, cells were fixed with 4% paraformaldehyde
for 30 min and stained with 0.2% Alizarin Red S solution
for 10 min at room temperature for mineralized nodules. For
adipogenic differentiation, cPDLSCs, seeded at a density of
1x10*/well, were cultured to 70% confluence and cultured
with odipogenic induction medium (a-MEM containing 10%
FBS, 1 pg/ml insulin, 1 gmol/l dexamethasone and 0.5 mmol/l
3-isobutyl-1-methylxanthine) for 4 weeks at 37°C. Finally, the
lipid droplets were stained with 0.5% Oil Red O for 10 min at
room temperature. For neurogenic differentiation, cPDLSCs
seeded at a density of 1x10*/well in 12-well plates were cultured
in Neurobasal A medium (Gibco; Thermo Fisher Scientific,
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Inc.) supplemented with 20 ng/ml epidermal growth factor
(PeproTech, Inc.) and 40 ng/ml basic fibroblast growth factor
(bFGF; PeproTech, Inc.) for 4 weeks at 37°C. BIII-tubulin was
detected by immunofluorescence.

Immunofluorescence analysis. Following rinsing with PBS,
cPDLSCs were grown on glass cover slides, fixed with 4%
paraformaldehyde for 10 min at room temperature and blocked
with 1% BSA for 30 min at room temperature. Slides were
incubated with primary mouse anti- BIII-tubulin antibody
(1:500; Abcam; cat. no. ab119100) at room temperature in a
humidified chamber overnight. Following thorough rinsing
with PBS, slides were then incubated with goat anti-mouse
IgG (H+L) secondary antibody overnight. Subsequently,
4,6-diamidino-2-phenylindole was used to label cell nuclei.
The cover slides were sealed with an aqueous-based mounting
medium (Vector Laboratories). For immunofluorescence
microscopy, an inverted Nikon fluorescence microscope
(Nikon Corporation) with a digital camera (magnification,
x20) and deconvolution software (Slidebook 4.0; Intelligent
Imaging) were used.

Transfection and identification of ephrinB2 gene-transfected
cPDLSCs. cPDLSCs were transfected with a null-control
green fluorescent protein (GFP)-Blasticidin Vector
(Vector-cPDLSCs) or NFNB2 GFP-Blasticidin Vector
(EfnB2-cPDLSCs). Approximately 18-24 h before transfec-
tion, adherent second-generation cPDLSCs were transferred
to a 24-well plate at a density of 1x10°/well. The density of
lentivirus-transfected cells was ~2x10%/well. The following
day, the original medium was replaced with 2 ml fresh medium
containing 6 yg/ml polybrene, and 10 ug of the virus suspen-
sion was added for incubation at 37°C for 4 h. Next, 2 ml
fresh medium was added to dilute the polybrene, and the cells
were cultured for a further 24 h. Subsequently, the medium
containing the virus was replaced with fresh medium, and
cells were cultured for another 24 h. After 24 h of transfection,
GFP fluorescence was observed under a fluorescent-inverted
phase-contrast microscope (Olympus Corporation). After
3-4 days of transfection, Blasticidin-specific antibiotics (Merck
KGaA) were added continuously with monitoring to ensure
that the cells were subcultured normally. Following Blasticidin
selection, 1x10° EfnB2-cPDLSCs and vector-PDLSCs were
cultured in six-well plates at 37°C for 48 or 72 h. Reverse tran-
scription-quantitative polymerase chain reaction (RT-qPCR)
and western blotting were used to respectively detect gene and
protein expression levels of ephrinB2 in vector-cPDLSCs and
EfnB2-cPDLSCs following transfection. Wild-type cPDLSCs
were used as control. All experiments were performed in
triplicate.

Cell proliferation assay. A Cell Counting Kit-8 (CCK-8; Sigma
Aldrich; Merck KGaA) assay was used to assess cell prolifera-
tion. Briefly, cPDLSCs, EfnB2-cPDLSCs or Vector-cPDLSCs
were seeded at a density of 1x10* cells per well into a 96-well
plate overnight (37°C, 5% CO,). Next, 10 ul CCK-8 solution
was added to each well, followed by incubation for 4 h (37°C,
5% CO,). The absorbance of each well was read at 450 nm
with a microplate reader on days 0, 2, 4, 6 and 8 to assess the
cell numbers.
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Cell migration assay. A Transwell cell migration assay was
used to detect the cell migration as previously described (30).
Briefly, Transwell filter inserts were placed in 24-well tissue
culture plates (Boyden chambers; BD LabWare), and after
12 h of serum starvation, 5x10* cPDLSCs, EfnB2-cPDLSCs
or Vector-cPDLSCs were cultured in the upper chamber with
serum-free a-MEM. a-MEM supplemented with 15% fetal
bovine serum was added to the lower chamber. At 6, 8, 10 and
12 h, viable cells that had migrated to the lower membrane
surface were fixed with 4% (w/v) paraformaldehyde for 30 min
at room temperature and stained with 0.1% (w/v) crystal violet
for 10 min at room temperature. Images were captured using
an inverted microscope (Olympus Corporation) and counted to
quantify the migrated cells.

Detection of osteogenic and angiogenic abilities of cPDLSCs
in vitro. Vector-cPDLSCs and EfnB2-cPDLSCs were sepa-
rately cultured in osteogenic induction medium (a-MEM
containing 10% FBS, 50 ug/ml L-ascorbic acid phosphate,
10 mmol/1 B-glycerophosphate, and 10 nmol/l dexamethasone)
for 7, 14 or 21 days. The expression levels of osteogenesis-
and angiogenesis-associated proteins were then detected
by western blotting, as described later in the text. Alkaline
phosphatase (ALP) assay and Alizarin Red S staining were
also performed. Briefly, for ALP assay, the BCIP/NBT ALP
Color Development kit (Beyotime Institute of Biotechnology)
was used on day 14 of induction, and the ALP activity was
assessed by an ALP Detection kit (Jiancheng Bioengineering
Institute) on days 14, following the manufacturer's protocol.
For Alizarin Red S staining, the cultures were fixed with
4% paraformaldehyde for 30 min at room temperature after
3 weeks of incubation (37°C, 5% CO,) and then stained with
0.2% Alizarin Red S (Sigma-Aldrich; Merck KGaA) solution
for 10 min at room temperature for mineralized nodules. To
quantify the calcium mineralization of EfnB2-cPDLSCs and
Vector-cPDLSCs within each well, sodium dodecyl sulfate
(SDS; 10% w/v) solution was added, and the cells were incu-
bated overnight at 37°C. The absorbance of lysates at 405 nm
was then read with a SpectraMAX 340® microplate reader
(Molecular Devices, LLC).

In order to investigate the mechanism of ephrinB2 in
regulating osteogenic differentiation, ephrinB2 was blocked
with ephrinB2 small interfering RNA (EphrinB2-siRNA;
Thermo Fisher Scientific, Inc.). Briefly, cPDLSCs were seeded
on 6-well plates until 70% confluence was reached, and then
30 pl Opti-MEM along with 500 ul Lipofectamine 2000 and
RNAiIMAX reagent (all from Thermo Fisher Scientific, Inc.)
were added to the cells. Next, 3 ul siRNA was diluted in 150 ul
Opti-MEM prior to mixing it with the diluted RNAIMAX
and Lipofectamine at a ratio of 1:1. The siRNA-lipid complex
was incubated for 5 min at room temperature. Subsequently,
cPDLSCs were incubated with the siRNA-lipid complex for
24 h prior to the osteogenic induction experiments, and then
ALP and Alizarin Red S staining assays were performed.
FAM-labeled negative control (NC)-siRNA (CN2001;
Biomics Biotechnologies Co., Ltd.) was used as the control in
this experiment.

RT-qPCR.EfnB2-PDLSCs and Vector-cPDLSCs were cultured
for7,14 or 21 days in normal a-MEM or osteogenic/odontogenic
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induction medium, and then total RNA was extracted with
an RNeasy Plus Mini kit (Qiagen) and quantified using a
NanoDrop2000 spectrophotometer (Thermo Fisher Scientific,
Inc.). Subsequently, 1.0 pg total RNA was reverse tran-
scribed into cDNA in a total reaction mixture of 10 ul using
Super-Script VILO Master mix (Invitrogen; Thermo Fisher
Scientific, Inc.). qPCR was then conducted using an ABI Prism
7000 Sequence Detection system with SYBR-Green reagent
(both from Applied Biosystems; Thermo Fisher Scientific,
Inc.). The reaction program used for qgPCR was as follows:
95°C for 10 min, 40 cycles of 95°C for 15 sec and 60°C for
1 min, followed by melt curve analysis at 95°C for 15 sec, 60°C
for 1 min, 95°C for 15 sec and 60°C for 15 sec. The relative
expression values of the target genes were determined using
the 2244 method (31) by normalization with the housekeeping
gene GAPDH as an internal control. The primer sequences are
listed in Table I. Standards and samples were run in triplicate.

Western blot analysis. Vector-cPDLSCs and EfnB2-cPDLSCs
were seeded at a density of 1x10° cells per well in 6-well
plates. When the cells reached 70% confluence, 2 ug/ml
erythropoietin-producing human hepatocellular receptors B4
fragment (EphB4-FC, R&D Systems) was added to activate
ephrinB2 ligand. The cells were stimulated with EphB4-FC
for 0, 5, 10, 20, 30 and 60 min or induced with osteogenic
medium for 0, 12, 24, 48 and 72 h, and then M-PER™ Protein
Extraction buffer containing 1X protease inhibitor cocktail
(Thermo Fisher Scientific, Inc.) was used to extract the total
protein. A BCA kit (Thermo Fisher Scientific, Inc.) was used
to quantify the protein concentrations. Next, protein samples
were separated by 7.5 or 12% SDS-polyacrylamide gel electro-
phoresis and transferred onto an ImmunBlot PVDF membrane
(EMD Millipore). Membranes were blocked with 5% bovine
serum albumin in Tris-phosphate buffer containing 0.05%
Tween-20 (TBS-T) for 1 h at room temperature, and further
incubated overnight at 4°C with primary antibodies specific
for ephrinB2 (1:1,000; ab131536; Abcam), phospho-ephrinB2
(1:1,000; ab119323; Abcam), EphB4 (1:1,000; sc-5536;
Santa Cruz Biotechnology), phospho-EphB4 (1:500; 12720;
Signalway Antibody), collagen 1 (1:500; COLI; ab6308;
Abcam), Runt-related transcription factor 2 (1:1,000; Runx2;
ab76956; Abcam), osteocalcin (1:1,000; OCN; 33-5400;
Thermo Fisher Scientific, Inc.) and (3-actin (1:2,000; sc-47778;
Santa Cruz Biotechnology). Following three washes with
TBS-T for 5 min each, the membranes were incubated with
horseradish peroxidase-conjugated anti-rabbit (1:1,000; 7074;
Cell Signaling Technology, Inc.) or anti-mouse (1:1,000; 7076;
Cell Signaling Technology, Inc.) secondary antibodies for
1 h at room temperature, and then washed three times with
TBS-T. Blots were visualized and digitized using enhanced
chemiluminescence (Thermo Fisher Scientific, Inc.) and the
results were quantified with ImageJ v1.8.0 software (National
Institutes of Health). The experiment was repeated three
times.

Statistical analysis. All numerical data are presented as the
mean + standard deviation. One-way analysis of variance with
Bonferroni's method was performed with SPSS 24.0 software
(IBM Corp.). P<0.05 was considered to indicate a statistically
significant difference.
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Table I. Primers used in polymerase chain reaction.

Canine gene Primers (5'-3")

BMP2 F: CCCTACATGCTGGACCTGTA
R: ATTTCTGGCAGTTCTTCCAA
Runx2 F: TACCACACCTACCTGCCACCAC
R: GCGGAAGCATTCTGGAAGGAGAC
Coll F: GGTTCAGCTAAGTTGGAGGTACT
R: CCAATGTTGCCAGGGTAAC
OCN F: CTGGTCCAGCAGATGCAAAG
R: CCGCTTGGACACGAAGGTT
BSP F: TTGCTCAGCATTTTGGGAATGG
R: AACGTGGCCGATACTTAAAGACC
ALP F: TTCAAACCGAGACACAAGCACT
R: GGGTCAGTCACGTTGTTCCTGT
DMP1 F: CAGGAGCACAGGAAAAGGAG
R: CTGGTGGTATCTTGGGCACT
DSPP F: GTCCTAGTGGGAATGGAGCA
R: TCTTCAGGGCCATCATCTTC
GAPDH F: TGTCCCCACCCCCAATGTATC

R: CTCCGATGCCTGCTTCACTACCTT

BMP2, bone morphogenetic protein 2; Runx2, Runt-related tran-
scription factor 2; COLI, collagen 1; OCN, osteocalcin; BSP, bone
sialoprotein; ALP, alkaline phosphatase; DMP1, dentin matrix
protein-1; DSPP, dentin sialophosphoprotein; F, forward; R, reverse.

Results

Isolated cPDLSCs exhibit stem cell characteristics. cPDLSCs
displayed a fibroblast-like or stellate-shaped morphology
under an inverted microscope (Fig. 1A), while mesenchymal
stem cell markers were examined by flow cytometric analysis
(Fig. 1B). STRO-1, CD90, CD105, CD73 and CD45 were
selected as the critical markers to compare the similarities
between cPDLSCs and mesenchymal stem cells (32,33). A
relatively high number of cPDLSCs expressed CD73 (99.9%),
CD90 (99.9%) and CD105 (99.9%), while a low number of
cPDLSCs expressed CD45 (2.04%). STRO-1 was expressed at
more moderate levels in cPDLSCs (28.2%). Alizarin Red S and
Oil Red O staining demonstrated the presence of mineraliza-
tion (Fig. 1C) and lipid droplets (Fig. 1D) following induction
in osteogenic and adipogenic media, respectively. In addition,
neurogenic induction caused morphological changes and
increased the expression of the neurogenic marker SI1I-tubulin
in cPDLSCs (Fig. 1E).

EphrinB2 gene-modified cPDLSCs exhibit increased GFP
fluorescence, and mRNA and protein expression levels of
ephrinB2. The fluorescent-inverted phase-contrast micro-
scope was used to detect the GFP expression in wild-type
cPDLSCs, EfnB2-cPDLSCs and Vector-cPDLSCs. Using
microscopy, GFP was detected in Vector-cPDLSCs and
EfnB2-cPDLSCs, while no detectable fluorescence signal
was observed in wild-type cPDLSCs (Fig. 2A). In addition,
RT-qPCR and western blot analyses were performed to
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Figure 1. Characterization of cPDLSCs. (A) Colony formation and morphology of cPDLSCs. Magnification, x4. (B) Flow cytometric analysis of cell surface
markers CD45, CD73, CD90, CD105 and STRO-1. Blue presents the blank control and red is the surface marker. (C) Alizarin Red S staining of mineralized
nodule formation after 28 days of osteogenesis induction. Magnification, x20. (D) Oil Red O staining of lipid droplet after 28 days of adipogenesis induction.
Magnification, x10. (E) Immunofluorescence imaging of fIII-tubulin after 28 days of neurogenesis induction (scale bar, 500 ym). cPDLSCs, canine periodontal
ligament stem cells.
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Figure 2. EphrinB2 gene transfection and identification of cPDLSCs. (A) Expression of green fluorescent protein in wild-type cPDLSCs, Vector-cPDLSCs
and EfnB2-cPDLSCs. Magnification, x10. (B) Reverse transcription-quantitative polymerase chain reaction analysis of the ephrinB2 mRNA expression in
wild-type cPDLSCs, Vector-cPDLSCs and EfnB2-cPDLSCs. (C) Western blot analysis of ephrinB2 protein expression in wild-type cPDLSCs, Vector-cPDLSCs
and EfnB2-cPDLSCs. "P<0.05. cPDLSCs, canine periodontal ligament stem cells.

respectively detect the mRNA and protein expression levels ~ Western blot analysis confirmed the significantly increased
of ephrinB2 in wild-type cPDLSCs, EfnB2-cPDLSCs and  protein expression levels of ephrinB2 in EfnB2-cPDLSCs
Vector-cPDLSCs. It was observed that the expression of compared with cPDLSCs and Vector-cPDLSCs. These results
ephrinB2 mRNA was ~20-fold higher in EfnB2-cPDLSCs indicated the successful upregulation of EfnB2 gene in trans-
compared with that in cPDLSCs and Vector-cPDLSCs.  fected cPDLSCs.
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(C) ALP activity in cell lysates. (D) Gross appearance, and (E) light microscopy images (magnification, x10) of Alizarin Red S-stained Vector-cPDLSCs and
EfnB2-cPDLSCs after 21 days of osteogenic induction. (F) Quantification of Alizarin Red S staining intensity. ‘P<0.05. ALP, alkaline phosphatase; cPDLSCs,
canine periodontal ligament stem cells.

EphrinB2 gene-modified cPDLSCs exhibit enhanced migra-
tionandproliferation. As observed in Fig. 3A,EfnB2-cPDLSCs

exhibited a significantly increased migratory ability compared
with the cPDLSCs and Vector-cPDLSCs (P<0.05). In addition,
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EfnB2-cPDLSCs exhibited significantly enhanced prolifera-
tion on days 2, 4, 6 and 8 compared with the other two groups
(Fig. 3B).

EphrinB2 gene-modified ¢cPDLSCs exhibit enhanced
osteogenic ability. To examine the osteogenic ability of cells,
an ALP assay was performed following osteogenic induction
for 14 days. As shown in Fig. 4A-C, EfnB2-cPDLSCs displayed
an enhanced ALP activity compared with Vector-cPDLSCs.
In addition, Alizarin Red S staining performed after 21 days
of osteogenic induction revealed more prominent mineralized
nodules in EfnB2-cPDLSCs compared with those observed in
Vector-cPDLSCs (Fig. 4D-F).

Inhibition of EphrinB2 expression suppresses the osteogenic
ability of cells. EphrinB2 expression was blocked with
EphrinB2-siRNA transfection, as indicated by the signifi-
cant reduction in the mRNA and protein levels of ephrinB2
in cPDLSCs (Fig. 5). Next, ALP staining was performed
subsequent to osteogenic induction for 14 days. As shown
in Fig. 6A-C, EphrinB2-siRNA-transfected cPDLSCs
(siRNA-cPDLSCs) displayed decreased ALP activity as
compared with the NC-siRNA-transfected cPDLSCs. In
addition, Alizarin Red S staining performed after 21 days of
osteogenic induction revealed a reduction in the mineralized
nodules in siRNA-cPDLSCs as compared with those observed
in cPDLSCs transfected with NC-siRNA (Fig. 6D-F).
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Effects of ephrinB2 transfection on the mRNA expression levels
of osteogenic markers in cPDLSCs following osteogenic/odon-
togenic induction. As shown in Fig. 7, the mRNA expression
levels of ALP, bone morphogenetic protein 2 (BMP2), COL1
and Runx2 were markedly increased in EfnB2-cPDLSCs
compared with those in Vector-cPDLSCs on days 7 and 14
of osteogenic/odontogenic induction (Fig. 7A-D). However, no
significant differences were observed on day 21. Furthermore,
the mRNA expression levels of bone sialoprotein (BSP),
dentin matrix protein-1 (DMP1) and dentin sialophospho-
protein (DSPP) were significantly higher in EfnB2-cPDLSCs
after 14 days of induction, whereas no significant differences
were observed on days 7 or 21 (Fig. 7E-G). For OCN mRNA
expression, no significant differences were observed between
EfnB2-cPDLSCs and Vector-cPDLSCs on days 7 and 14,
whereas a significantly higher gene expression was observed
on day 21 of osteogenic induction (Fig. 7H).

Protein expression levels of osteogenic markers in cPDLSCs
following osteogenic/odontogenic induction. As shown
in Fig. 8, the protein expression levels of Runx2 were increased
in EfnB2-cPDLSCs compared with Vector-cPDLSCs on days 7
and 14 after osteogenic/odontogenic induction; however, no
significant differences were observed on day 21. In addition,
the protein expression of OCN was significantly upregu-
lated in EfnB2-cPDLSCs compared with Vector-cPDLSCs
on day 21, while no significant differences were observed

on days 7 and 14. Notably, the protein expression levels of
COLI1 were increased in EfnB2-cPDLSCs compared with
Vector-cPDLSCs on day 14; however, no significant difference
were observed on days 7 and 21.

Endogenous levels of phosphorylated and unphosphorylated
ephrinB2 and EphB4 proteins during osteogenic/odontogenic
differentiation of EfnB2-cPDLSCs and Vector-cPDLSCs.
The western blot results revealed that maximal levels of
phospho-ephrinB2 occurred 30 min after stimulation of
EfnB2-cPDLSCs and Vector-cPDLSCs with EphB4-FC
(Fig. 9A and B). The protein expression levels of
phospho-ephrinB2 remained increased in EfnB2-cPDLSCs
after 12 h of osteogenic/odontogenic induction and reached a
maximum at 24 h (Fig. 9C-E). Although phospho-ephrinB2
was detected at a low expression level in Vector-cPDLSCs at
12 h, and reached a maximum at 24 h, the expression levels
were markedly lower compared with EfnB2-cPDLSCs.
Similarly, there was a significant increase of phospho-EphB4
in EfnB2-cPDLSCs compared with Vector-cPDLSCs at 48 h
(Fig. 9C-E).

Discussion
Currently, the selection of a carrier scaffold, signaling

molecules and seed cells is one of the key issues in peri-
odontal tissue engineering. A previous study has reported
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that ephrinB2 ligand and its receptor EphB4 constitute a  whereas the forward signaling pathway promotes bone forma-
bidirectional signaling pathway with a crucial role in bone tion by reducing RhoA activity and enhancing osteoblast
remodeling (8). It has been indicated that the ephrinB2-medi-  differentiation (9).

ated reverse signaling pathway inhibits osteoclast function and Numerous studies have attempted to use ephrinB2 as a
bone resorption by reducing the activity of c-Fos and NFATcl, molecular therapy for tissue engineering. Indeed, in animal



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 45: 897-909, 2020

experiments, it has been demonstrated that the degree of bone
mineralization, bone hardness and osteoblast differentiation in
ephrinB2-deficient mice was significantly reduced compared
with those in wild-type mice (34). Our previous study
revealed that that ALP activity of PDLSCs was significantly
increased following transfection with ephrinB2 in vitro, which
resulted in more calcified nodules and increased expression
levels of osteogenesis-associated genes (BSP, COL1, Runx2,
DSPP and OCN), suggesting that upregulation of ephrinB2
promoted the osteogenic differentiation of PDLSCs (13).
Collectively, these previous results suggested that ephrinB2
is a potentially useful biomolecule for tissue engineering.
However, although in vitro and in vivo studies have been
performed, the effect of bidirectional ephrinB2-EphB4
signaling has not been examined in cPDLSCs, and thus this
was the focus of the present study.

The present study first examined the stem cell-like
characteristics of isolated cPDLSCs, including self-renewal
capacity, multilineage differentiation ability and expression
levels of stem cell surface markers. It was observed that
isolated cPDLSCs displayed a fibroblast-like or stellate-shaped
morphology, and grew in colonies. A characteristic set of
mesenchymal stem cells markers, including STRO-1, CD90,
CD105, CD73 and CD45, were selected to perform a flow
cytometric assay (32,33). A percentage of cPDLSCs as high
as 28.2% expressed STRO-1, which is considered to be a
mesenchymal stem cell surface marker (35). In addition,
Alizarin Red S staining for mineralized nodules, Oil Red O
staining for lipid droplets and immunofluorescence staining
for BIII-tubulin were also performed following induction of
osteogenesis, adipogenesis or neurogenesis using the appro-
priate media. The findings suggested that cPDLSCs may be a
favorable candidate for dental tissue engineering.

Next, transfection of cPDLSCs with ephrinB2 was
conducted in the present study, and the fluorescent protein
expression, as well as the mRNA and protein expression
levels of ephrinB2 were examined. The results demonstrated
continuous and stable expression of ephrinB2 mRNA and
protein in EfnB2-cPDLSCs, thus verifying the successful
transfection of ephrinB2 into cPDLSCs. In addition, to eval-
uate the proliferative and migratory abilities of cells following
ephrinB2 transfection, Transwell and CCK-8 assays were
performed, as previously described (13). EfnB2-cPDLSCs
exhibited enhanced migration and proliferation compared with
cPDLSCs and Vector-cPDLSCs. These results are consistent
with previous research demonstrating that ephrinB2 reverse
signaling promotes cell migration (36) and mediates cell
proliferation (37).

To further investigate the effect of ephrinB2 gene trans-
fection on osteogenic differentiation of cPDLSCs, ALP
and Alizarin Red S staining assays were also performed in
the current study. As expected, when cells were cultured
under osteoinductive conditions, EfnB2-cPDLSCs displayed
enhanced ALP activity and formed more mineralized nodules
as compared with Vector-cPDLSCs. In addition, the expres-
sion of middle and late osteogenic genes and proteins was
significantly increased, suggesting that ephrinB2 signaling was
associated with late bone metabolism (38). Notably, in contrast
to our previous study (39), in which EphB4-FC was used to
stimulate human PDLSCs and no significant differences were
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observed in the expression levels of early osteogenic genes
in the EphB4-FC-stimulated groups, there were significant
differences in the gene expression levels of early osteogenic
genes in EfnB2-cPDLSCs in the present study. Thus, it is
speculated that ephrinB2 reverse signaling is associated not
only with bone metabolism, but also with early bone forma-
tion (34). Furthermore, EphB4-FC stimulation can only
establish ephemeral and unsustainable signaling, while gene
transfection of ephrinB2 is more intense and sustainable (40).

Previous research reported that activation of the
ephrinB2-EphB4 signaling pathway promoted early osteo-
genic differentiation, leading to earlier osteogenic process
and earlier expression of Runx2 (41); However, other research
reported that high levels of ephrinB2 overexpression increases
the osteogenic differentiation of human mesenchymal stem
cells, while no significant changes in Runx2 expression were
found when they attempted to elucidate the molecular mecha-
nisms of ephrinB2 overexpression (42). This suggests that the
anaphase effect of cell-mediated mineralization is associated
with other signaling pathways.

To further evaluate the effect and mechanisms of ephrinB2
and its receptor EphB4, western blot assays were conducted
in the present study. Following stimulation with EphB4-FC,
phospho-ephrinB2 expression was detectable. Notably, the
phospho-ephrinB2 proteinexpressionlevelsinEfnB2-cPDLSCs
were significantly higher than that in Vector-cPDLSCs.
Following osteogenic/odontogenic induction, expression of
phospho-ephrinB2 and phospho-EphB4 proteins was detected
in EfnB2-cPDLSCs and Vector-cPDLSCs, demonstrating that
reverse and forward signaling was induced. These results are
consistent with the findings of previous studies, suggesting
that ephrinB2 signaling can be activated, and that forward and
reverse signaling can be induced in cPDLSCs (43,44).

In conclusion, the findings of the present study indicated
that ephrinB2 gene-modified cPDLSCs exhibited enhanced
osteogenic differentiation, and that the ephrinB2 reverse
signaling and EphB4 forward signaling pathways served a key
role in this process. In addition, ephrinB2 gene modification
promoted cell migration and proliferation. Based on these
results, it is speculated that, since ephrinB2 is a transmembrane
protein, it can only transmit signals through direct contact
between cells; thus, when it is used for endogenous periodontal
tissue regeneration, ephrinB2-expressing cells can only selec-
tively come into direct contact with EphB4-expressing cells.
Although this limits the therapeutic effect to the defect area,
as a result, there are no side effects caused by diffusion of
secretory cytokines following transplantation. Furthermore,
it is proposed that the migratory ability of endogenous stem
cells following transfection is enhanced, and thus these cells
become more conducive to migration toward the tissue defect
area, which is a key factor for tissue repair.
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