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ETV2 promotes osteogenic differentiation 2
of human dental pulp stem cells
through the ERK/MAPK and PI3K-Akt signaling

pathways
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Abstract

Background: The repair of cranio-maxillofacial bone defects remains a formidable clinical challenge. The Ets vari-
ant 2 (ETV2) transcription factor, which belongs to the E26 transformation-specific (ETS) family, has been reported to
play a key role in neovascularization. However, the role of ETV2 in the osteogenesis of human dental pulp stem cells
(hDPSCs) remains unexplored.

Methods: Transgenic overexpression of ETV2 was achieved using a lentiviral vector, based on a Dox-inducible sys-
tem. The effects of Dox-induced overexpression of ETV2 on the osteogenesis of hDPSCs were evaluated by quantita-
tive real-time polymerase chain reaction (gRT-PCR), western blot, immunofluorescence staining, alkaline phosphatase
(ALP) staining, and Alizarin Red S (ARS) staining. Additionally, RNA-sequencing (RNA-Seq) analysis was performed to
analyze the underlying mechanisms of ETV2-induced osteogenesis. Additionally, the role of ETV2 overexpression in
bone formation in vivo was validated by animal studies with a rat calvarial defect model and a nude mice model.

Results: Our results demonstrated that ETV2 overexpression significantly upregulated the mRNA and protein expres-
sion levels of osteogenic markers, markedly enhanced ALP activity, and promoted matrix mineralization of hDPSCs.
Moreover, the results of RNA-Seq analysis and western blot showed that the ERK/MAPK and PI3K-Akt signaling path-
ways were activated upon transgenic overexpression of ETV2. The enhanced osteogenic differentiation of hDPSCs
due to ETV2 overexpression was partially reversed by treatment with inhibitors of ERK/MAPK or PI3K-AKT signaling.
Furthermore, the results of in vivo studies demonstrated that ETV2 overexpression improved bone healing in a rat
calvarial defect model and increased ectopic bone formation in nude mice.

Conclusions: Collectively, our results indicated that ETV2 overexpression exerted positive effects on the osteogen-
esis of hDPSCs, at least partially via the ERK/MAPK and PI3K/AKT signaling pathways.
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Introduction

Reconstruction of cranio-maxillofacial bone defects
"Jing Li and Haoran Du contributed equally to this work remains a formidable clinical problem to date [1].
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the gold standard, autogenous bone grafts are known
to be safe and clinically effective, but their clinical
applications are limited due to various complications
including infection, lack of donor sites, and secondary
damage [2, 3]. In recent years, bone tissue engineering
has emerged as a promising alternative for treatment
of bone defects [4].

Mesenchymal stem cells (MSCs) are widely regarded
to be promising cell sources for bone tissue engineer-
ing, due to their multi-lineage differentiation poten-
tial and extensive self-renewal capacity [5]. As a type
of MSCs derived from dental tissues, human dental
pulp stem cells (hDPSCs) are easily and readily iso-
lated from extracted teeth. Notably, hDPSCs have been
reported to exhibit a similar or even higher osteogenic
potential compared with bone marrow mesenchymal
stem cells (BMSCs) [6—9]. Numerous previous stud-
ies have reported that the osteogenic capacity of MSCs
can be regulated by many factors [10, 11], includ-
ing noncoding RNA, transcription factors, bioactive
materials, and various different biophysical stimuli.

Previous studies have reported that the E26 transfor-
mation-specific (ETS) family of transcription factors
are implicated in a diverse array of cellular activities
[12, 13], such as cell proliferation, migration, apop-
tosis, and cell differentiation. Most notably, several
members of the ETS family, including ELF4 [14], ETS1,
and ETS2 [15], have been reported to regulate osteo-
genesis. Also, increasing evidence has shown that ETS
transcription factors play key roles in endothelial cell
development [16-18]. In particular, the ETS factor,
Ets variant 2 (ETV2), is closely linked to development
of the vascular lineage [19]. Likewise, in our previ-
ous study, we found that vasculogenesis of hDPSCs
was upregulated through recombinant ETV2 overex-
pression [20]. However, no study has yet reported the
effects of ETV2 overexpression on the regulation of
bone metabolism.

The objective of this study was to therefore explore
the effects of ETV2 overexpression on the osteogenesis
of hDPSCs. The upregulated expression of osteogenic
markers and enhanced alkaline phosphatase (ALP)
activity and matrix mineralization in this study dem-
onstrated that ETV2 was a positive regulator of hDP-
SCs during osteogenic differentiation. Mechanistically,
we demonstrated that ETV2 overexpression increased
osteogenic differentiation of hDPSCs via the ERK/
MAPK and PI3K-Akt signaling pathways. Additionally,
our in vivo studies showed that ETV2 overexpression
improved bone healing in a rat calvarial defect model
and enhanced ectopic bone formation in nude mice.
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Methods

Cell culture

Human dental pulp tissues were obtained from three
healthy donors at the Stomatological Hospital of Shan-
dong University, with written consent from all donors.
hDPSCs were isolated as previously described [20].
Cells were then cultured in a-MEM supplemented
with 10% (v/v) fetal bovine serum. For validation of
“stemness,” flow cytometry was used to analyze cell sur-
face marker expression by hDPSCs and the cells were
also incubated in osteogenic, adipogenic, and chondro-
genic induction medium as previously described [20].
All in vitro assays were performed at least 3 times.

Lentivirus transduction

ETV2-encoding lentivirus and control lentivirus based
on the Dox-inducible system were purchased from
GeneChem Company (Shanghai, China). Both lentivi-
ral particles were used to transduce passage 3 hDPSCs
with 1x HitransG A transfection enhancer. At 12 h after
transduction, the transfection medium was removed.
Following selection with antibiotics, Dox was used to
induce the expression of ETV2 in hDPSCs transfected
by ETV2-encoding lentivirus at various concentrations
(0, 50, 100, and 200 ng/ml). Thereafter, the optimum
concentration of Dox was determined to be 100 ng/ml
using quantitative real-time polymerase chain reaction
(qRT-PCR) and western blot analysis. Further valida-
tion of 100 ng/ml Dox induction on ETV2 expression
was performed through qRT-PCR, western blot, and
immunofluorescence assays.

Based on transfection by ETV2-encoding lentivirus or
control lentivirus and the presence or absence of Dox,
hDPSCs were divided into 4 groups, including NC-Dox
(=), NC-Dox (+), ETV2-Dox (—), and ETV2-Dox (+).

Cell counting kit-8 (CCK-8) assay

To assess the effects of ETV2 overexpression on the
proliferation of hDPSCs, transfected cells were seeded
into 96-well plates at a plating density of 1000 cells
per well. 1, 3, 5, and 7 days later, hDPSCs were incu-
bated with 10 uL. CCK-8 reagent (Dojindo, Kumamoto,
Japan), at 37 °C for 2 h. Finally, absorbance was meas-
ured at 450 nm.

gRT-PCR

Total RNA was extracted from transfected hDPSCs
using Trizol reagent (Invitrogen, NY, USA). Follow-
ing determination of RNA concentration with Nan-
odrop, cDNA was synthesized using a PrimeScript RT
reagent Kit (TaKaRa Biotech, Tokyo, Japan) in accord-
ance with manufacturers’ instructions. Following
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qRT-PCR using the Roche 480 instrument, the 2~ AACt
method was used to determine the relative expression
levels of various gene transcripts. Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was selected
to be the reference housekeeping gene. All primer
sequences are listed in Table 1.

Western blot analysis

Total protein lysates were harvested with RIPA lysis
buffer (Beyotime, Shanghai, China) supplemented with
PMSF (Beyotime) and protease inhibitor (Beyotime).
Following electrophoresis on 10% (w/v) SDS-poly-
acrylamide gels, the samples were then transferred onto
PVDF membranes (Millipore, Temecula, USA). Next,
the blotted membranes were blocked at room tem-
perature for 1 h, followed by incubation with primary
antibodies against ETV2 (Abcam, MA, USA), ALP
(Abcam), COL1A1l (Wanlei, Shenyang, China), OSX
(Abcam), t-ERK (CST, MA, USA), p-ERK (CST), t-AKT
(CST), p-AKT (CST), and GAPDH (Abcam) overnight
at 4 °C. Subsequently, samples were incubated with sec-
ondary antibodies (Zsbio, Beijing, China) for 1 h. The
bands were visualized using an ECL Kit (Millipore).

Table 1 Sequences of the primers

Gene Primers Sequence
ETV2 Forward ACGTCTCGGAAAATTCCCCC
Reverse CATCCCAGTTCCACAGGTCC
ALP Forward TTGACCTCCTCGGAAGACACTCTG
Reverse CGCCTGGTAGTTGTTGTGAGCATAG
COL1AT Forward GAGAGCATGACCGATGGATT
Reverse CCTTCTTGAGGTTGCCAGTC
OSX Forward CCTGCGACTGCCCTAATT
Reverse GCGAAGCCTTGCCATACA
GATA2 Forward GCTCGTTCCTGTTCAGAAGGC
Reverse CCCATTCATCTTGTGGTAGAGGC
IGFBP5 Forward ACCTGAGATGAGACAGGAGTC
Reverse GTAGAATCCTTTGCGGTCACAA
TLR2 Forward TTATCCAGCACACGAATACACAG
Reverse AGGCATCTGGTAGAGTCATCAA
APOD Forward ATCCAGGCCAACTACTCACT
Reverse GATTCACAGTTCCATCAGCT
EphB6 Forward TGCTGGTGAATAGCCACTTG
Reverse CGGAACTCCTGCTCTATTGC
FBXO32 Forward GAAGCGCTTCCTGGATGAGA
Reverse GGAATCCAGAATGGCAGTTG
GAPDH Forward TGCACCACCAACTGCTTAGC

Reverse GGCATGGACTGTGGTCATGAG
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Immunocytochemistry

Transfected hDPSCs were treated with 4% (w/v) para-
formaldehyde for 0.5 h and then permeabilized using
0.25% (w/v) Triton X-100 for 10 min. After blocking for
1 h, hDPSCs were incubated with anti-ETV2 (Abcam)
and OSX (Abcam) overnight. Subsequently, hDPSCs
were incubated with the fluorescently labeled second-
ary antibody for 1 h. Finally, the DNA was stained with
diamidinophenylindole, and then, the samples were
observed under fluorescence microscopy (Olympus,
Tokyo, Japan).

ALP staining and activity

At 7 and 14 days after osteogenic induction, the trans-
fected hDPSCs were rinsed with phosphate-buffered
saline (PBS) and then fixed in 4% (w/v) paraformalde-
hyde. Subsequently, hDPSCs were treated with BCIP/
NBT staining kit (Beyotime). Measurement of ALP
activity was conducted using the ALP Activity Assay
Kit (Beyotime) with absorbance being detected at
520 nm.

Alizarin Red S (ARS) staining

At 14 and 21 days of osteogenic differentiation, hDP-
SCs were rinsed in PBS for 3 times. Subsequently, after
being fixed, hDPSCs were incubated with 1% ARS solu-
tion for 15 min. To assess the degree of mineral depo-
sition, the stain was desorbed using cetylpyridinium
chloride (Sigma-Aldrich, St. Louis, USA), with the
absorbance being quantified at 562 nm.

RNA-sequencing (RNA-Seq) analysis

Following ETV2-encoding lentivirus transfection,
hDPSCs were incubated in osteogenic differentia-
tion medium with or without Dox for 10 days. Subse-
quently, total RNAs were extracted, used to generate
c¢DNA libraries, and then sequenced using an Illumina
Novaseq = 6000 (LC-Bio Technology CO., Ltd., Hang-
zhou, China). Using the DESeq2 method, genes that
were upregulated or downregulated more than two-
fold between the Dox (4+) and Dox (—) groups were
referred to as differentially expressed genes. The identi-
fied genes were used for gene ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways
analysis. All data have been deposited into the Gene
Expression Omnibus database and are available with
the accession number GSE160451.

Animal experiments

B-TCP scaffolds (®5x2 mm? Sichuan University,
Chengdu, China) with an average porosity of 75%
were used in our animal experiments. After osteogenic
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differentiation for 7 days, hDPSCs were trypsinized,
resuspended, and then attached to B-TCP scaffolds
(approximately 2 x 10° cells per scaffold). Next, the
hDPSCs/B-TCP complexes were incubated at 37 °C
for 4 h before implanted in vivo. Based on various
treatments of hDPSCs, the complexes were divided
into 4 groups: NC-Dox (—), NC-Dox (+), ETV2-Dox
(=), and ETV2-Dox (+). To construct the calvarial
defect model, 24 male 8-week-old SD rats (n=6 per
group) were anesthetized using 3% (w/v) pentobarbital
sodium. After making a linear incision in the sagittal
direction to uncover the skull, a 5-mm-diameter cra-
niotomy defect was prepared with a trephine on both
sides of the skull. Then, the hDPSCs/B-TCP complexes
were placed in the defect area. To evaluate the effects of
ETV2 overexpression on ectopic osteogenesis of hDP-
SCs, the complexes were also implanted subcutane-
ously at the back of 16 male 8-week-old athymic nude
mice (n=4 per group).

Analysis of bone regeneration in vivo

8 weeks after operation, all animals were euthanized
and the specimens obtained were then fixed in 4%
(w/v) paraformaldehyde. Specifically, the rat skulls were
scanned using a micro-CT system (GE Healthcare Bio-
sciences, Pittsburgh, USA) in high-resolution mode
(voltage, 80 kV; current, 80 pA; pixel size, 15 pm). After
scanning, the GEHC MicroView software (GE Healthcare
Biosciences) was used to reconstruct 3D images of the rat
skulls. The bone mineral density (BMD), bone volume/
total volume (BV/TV), and trabecular thickness (Tb.
Th) were analyzed for each group. Then, all specimens
were decalcified, followed by wax immersion. Thereafter,
hematoxylin and eosin (HE) staining and Masson stain-
ing of all serial sections were carried out.

Statistical analysis

All data were presented as mean+ SD. The Prism 6.0
software (GraphPad Software, La Jolla, USA) was used
for statistical comparisons of our results. Student’s t test
and ANOVA were applied to paired and multiple com-
parisons, respectively. Values of P<0.05 were considered
significant.

Results

Induction of transgenic ETV2 overexpression by Dox

in hDPSCs

Flow cytometry analysis of hDPSCs revealed that hDP-
SCs were positive for expression of the canonical MSC
markers CD44, CD73, and CD90, while being nega-
tive for expression of the hematopoietic markers CD24,
CD34, and CD45. Meanwhile, as shown in Fig. 1, the
results of ARS, Safranin O, and Oil red O stains validated
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the multi-lineage differentiation potential of hDPSCs into
osteoblasts, adipocytes, and chondroblasts, respectively.

The Dox-inducible system was used in this study to
induce transgenic ETV2 overexpression in hDPSCs. Ini-
tially, the optimum concentration of Dox was identified
by qRT-PCR and western blot analysis. After transfec-
tion by ETV2-encoding lentivirus, the mRNA and pro-
tein expression levels of ETV2 in hDPSCs treated with
Dox were more than fivefold higher compared to hDP-
SCs without Dox treatment. Transfected hDPSCs with
100 and 200 ng/ml Dox treatment showed higher ETV2
expression than the 50 ng/ml Dox group, while the differ-
ence between the 100 and 200 ng/ml Dox groups was not
statistically significant (Fig. 2a, b). Hence, we chose the
dose of 100 ng/ml Dox for further experiments.

Thereafter, hDPSCs were transduced with ETV2-
encoding lentivirus or control lentivirus with or without
Dox. As shown in Fig. 2c, the mRNA expression of ETV2
in the ETV2-Dox (+) group was significantly higher than
that in the NC-Dox (—), NC-Dox (+), and ETV2-Dox
(—) groups. Similarly, upregulated expression of ETV2
at the protein level was also detected in the ETV2-Dox
(4) group, and differences between the ETV2-Dox (+)
group and the other 3 groups were statistically significant
(Fig. 2d, e).

ETV2 overexpression had no effect on hDPSCs proliferation
The effects of ETV2 overexpression on hDPSCs prolifera-
tion on days 1, 3, 5, and 7 are shown in Fig. 2f. The viabil-
ity of hDPSCs in the ETV2-Dox (4) group was slightly
reduced on days 5 and 7, but the differences between the
groups at all time points were not statistically significant,
indicating that ETV2 overexpression might not have
any impact on hDPSCs proliferation.

ETV2 overexpression enhanced osteogenic differentiation
of hDPSCs

To further clarify the role of ETV2 overexpression in
osteogenic differentiation of hDPSCs, mRNA expression
of the osteogenic markers ALP, COL1A1, and OSX was
detected using qRT-PCR. After osteogenic induction for
3, 7, and 14 days, the results of qRT-PCR showed that
significantly increased expression of osteoblast differ-
entiation-related genes was only detected in the ETV2-
Dox (+) group (Fig. 3a). Similarly, western blot analysis
revealed that protein expression levels of ALP, COL1A1l,
and OSX in the ETV2-Dox (4) group were significantly
higher in the ETV2-Dox (+) group than in the NC-Dox
(=), NC-Dox (+), or ETV2-Dox (—) groups (Fig. 3b).

As an osteoblast-specific transcription factor, OSX
plays a pivotal role in regulating osteogenic differen-
tiation and determines the expression levels of multiple
osteoblastic markers. Therefore, OSX was selected for
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investigation by immunocytochemistry. Of note, upregu-
lated expression of OSX protein was detected in ETV2-
overexpressing cells on day 3 after osteogenic induction
with immunocytochemistry (Fig. 3c).

On days 7 and 14 of osteogenesis, the ETV2-Dox (+)
group displayed enhanced ALP activity compared to the
NC-Dox (—), NC-Dox (+), and ETV2-Dox (—) groups
(Fig. 3d). Moreover, ARS staining was used to assess
calcium deposit formation after osteogenic induction
for 14 and 21 days. More matrix mineralization was
observed in ETV2-overexpressing hDPSCs, as compared
to cells in the other 3 groups (Fig. 3e). Collectively, our
results proved that recombinant ETV2 overexpression

exerts positive effects on the osteogenic differentiation of
hDPSCs.

ETV2 overexpression activated the ERK/MAPK

and PI3K-Akt signaling pathways

To further explore the underlying mechanisms of the
regulatory effects of ETV2 overexpression on osteogen-
esis, RNA-Seq was performed. Among the identified
genes, 732 upregulated and 389 downregulated genes
were found in transfected hDPSCs with Dox treatment,
as compared to the control cells without Dox treatment,
using the DESeq2 method (Fig. 4a). Next, GO enrich-
ment analysis was performed on the 1121 differentially
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expressed genes. As presented in Fig. 4b, the top 25
enriched GO terms include “collagen-containing extra-
cellular matrix;” “angiogenesis,” “positive regulation of
ERK1 and ERK2 cascade,” and “regulation of signal-
ing receptor activity” In particular, the term “positive

regulation of ERK1 and ERK2 cascade” indicated that the
ERK/MAPK pathway may be associated with regulation
of osteogenic differentiation by ETV2 overexpression.
Meanwhile, Fig. 4c shows the top 25 KEGG pathways and
analysis on KEGG pathway enrichment demonstrated
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that the “PI3K-Akt signaling pathway” may be involved
in ETV2-mediated osteogenesis. Subsequently, qRT—
PCR was performed to validate the RNA-Seq results of
3 upregulated genes (GATA2, IGFBP5, and TLR2) and 3
downregulated genes (APOD, EphB6, and FBXO32). As
shown in Fig. 4d, the results of qRT-PCR revealed that
those genes displayed similar expression trends as the
RNA-Seq data. Interestingly, the mRNA level of CBFA1
in qRT-PCR (Additional file 1: Fig. Sla) and RNA-Seq
(Additional file 1: Fig. S1b) was almost unchanged or

slightly reduced in the Dox (+) group when compared to
the Dox (—) group. Furthermore, the potential pathways
activated by ETV2 expression were verified by western
blot. On day 3 after osteogenic induction, upregulated
phosphorylation levels of ERK and Akt were found
in hDPSCs with Dox treatment, while no significant
changes were detected in the expression levels of t-ERK
and t-Akt (Fig. 4e), indicating that ETV2 overexpression
led to activation of the ERK/MAPK and PI3K-Akt signal-
ing pathways during osteogenic differentiation. Notably,
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the activation of p-ERK and p-AKT still can be detected
at days 7 and 14 of osteogenic differentiation (Additional
file 2: Fig. S2).

Inhibiting the ERK/MAPK and PI3K-Akt signaling pathways
partially reversed the stimulatory effects of ETV2
overexpression on the osteogenesis of hDPSCs

To determine whether the ERK/MAPK and PI3K-Akt
signaling pathways played a role in the enhancing effect
of ETV2 overexpression on osteogenic differentiation,
inhibitors of the ERK/MAPK signaling pathway (50 uM
PD98059) [21, 22] and PI3K-Akt signaling pathway
(20 pM LY294002) [23, 24] were used in this study. After
3 days of osteogenic induction, as shown in Fig. 5a and
b, the addition of PD98059 and LY294002 suppressed
phosphorylation of the ERK/MAPK signaling pathway
and PI3K-Akt signaling pathway, respectively. Consistent
with decreased expression levels of p-ERK and p-AKT,
the upregulated mRNA and protein expression of ALP,
COL1A1, and OSX in ETV2-overexpressing hDPSCs was
partially reversed in the presence of signaling inhibitors
(Fig. 5¢, d). Likewise, the immunocytochemistry results
showed that the addition of PD98059 and LY294002 par-
tially lessened the enhanced OSX protein expression level
induced by ETV2 overexpression (Fig. 5e).

Moreover, the upregulated ALP activity induced by
ETV2 overexpression was partially reduced after 7 and
14 days of osteogenic differentiation (Fig. 5f). The same
trend was observed in ARS staining at days 14 and 21 of
osteogenic differentiation (Fig. 5g).

ETV2 overexpression promoted bone formation in vivo
In light of the favorable effects of ETV2 overexpression
on the osteogenesis of hDPSCs, we hypothesized that
Dox-inducible overexpression of ETV2 may also pos-
sess the potential to improve bone formation in vivo.
The schematic diagram illustrated how the hDPSCs/p-
TCP complex was prepared and employed in the rat
calvarial defect model and nude mice model (Fig. 6a).
After 8 weeks, all samples were harvested and ana-
lyzed. 3D reconstruction of the rat calvaria using micro-
CT revealed that the appearance of the implants was
smoother with more newly formed bone being observed
in the ETV2-Dox (+) group versus the other 3 groups. In
addition, quantitative analysis showed that BMD, BV/TYV,
and Tb.Th parameters in the ETV2-Dox (4) group were
significantly higher, as compared to the NC-Dox (—),
NC-Dox (+), and ETV2-Dox (—) groups (Fig. 6b).
Furthermore, histological examination of the unde-
calcified samples corroborated the radiographic data.
Microscopically, the largest area of newly formed bone
was found in the ETV2-Dox (4) group (Additional file 3:
Fig. S3a) and the maturity of the newly formed bone in
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the ETV2-Dox (+) group was significantly better than
in the other 3 groups (Additional file 3: Fig. S3b). Mean-
while, the results of HE and Masson staining showed that
the formation of organized bone matrix and fibrous tis-
sue was detected in the mice model. Similarly, the ETV2-
Dox (+) group displayed the most amount of bone matrix
(Additional file 4: Fig. S4a, b). Additionally, quantita-
tion of Masson staining in the rat calvarial defect model
showed that the percentage of newly formed bone was
12.27+£1.95% in the NC-Dox (—) group, 11.444+2.86%
in the NC-Dox (+) group, 12.76 £2.91% in the ETV2-
Dox (—) group, and 31.54+5.85% in the ETV2-Dox (+)
group, respectively (Fig. 6¢). The differences between the
ETV2-Dox (+) group versus the other 3 groups were sta-
tistically significant. Consistently, quantitative analysis of
HE and Masson staining in the mice model showed the
same tendency (Fig. 6d, e). Altogether, our results indi-
cated that ETV2 overexpression plays an active role in
bone formation in vivo.

Discussion

Various methods of bone reconstruction have been
adopted to repair cranio-maxillofacial bone defects [1,
25, 26]. In recent years, a growing number of studies indi-
cated that bone tissue engineering is a viable alternative
to traditional autogenous, allogenic, and xenogenic bone
grafts [27, 28]. In this study, hDPSCs were utilized as seed
cells. As MSCs from dental pulp tissue, hDPSCs have
the potential to differentiate into osteoblasts and can be
regarded as potential stem cell candidates for bone tis-
sue engineering. In parallel, previous studies showed that
genetic manipulation was often used to stimulate the
osteogenic potential of stem cells [29, 30]. In this study,
we induced transgenic overexpression of ETS transcrip-
tion factor ETV2 in hDPSCs, as a novel strategy for bone
regeneration.

Lentiviral vectors have been widely used as efficient
gene delivery vehicles to transfect various different types
of MSCs. In this study, they were chosen to induce sta-
ble overexpression of ETV2 in DPSCs. However, it has
been reported that ETV2 may lead to excessive angiogen-
esis, which is highly correlated with malignancy [31]. To
avoid the potential risk of tumorigenesis, we adopted the
Dox-inducible Tet-On system to regulate recombinant
ETV2 overexpression. In this study, we induced target
gene expression by addition of 100 ng/mL Dox, similar to
the previous study of Téth et al. [32]. Subsequently, con-
trollable ETV2 overexpression was achieved in hDPSCs
upon transfection by Tet-On lentiviruses carrying human
ETV2 in the presence of Dox. Notably, the background
expression of ETV2 was extremely low in transfected
hDPSCs without Dox treatment. Moreover, the results
of the CCK-8 assay showed no significant effects on the
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Fig. 5 ERK and AKT inhibition decreased the enhancing effect of ETV2 overexpression on osteogenesis of hDPSCs. a, b The addition of 50 uM
PD98059 (a) or 20 uM LY294002 (b) reduced the levels of phosphorylated ERK (a) or AKT (b) due to ETV2 overexpression. ¢, d Results of gRT-PCR (c)
and western blot analysis (d) revealed that PD98059 and LY294002 partially decreased the upregulated mRNA and protein expression of osteogenic
markers due to ETV2 overexpression. e Representative images of immunofluorescence staining of OSX at day 3 after osteogenic induction and
corresponding quantification. Scale bar: 50 um. f ALP staining after osteogenic induction for 7 and 14 days and relative quantification of ALP
activity. Scale bar: 200 pm. g ARS staining at days 14 and 21 of osteogenic induction and corresponding quantitative analysis. Scale bar: 200 um. *
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proliferation of hDPSCs treated with control lentivirus in
the presence or absence of Dox, implying that Dox had
no detrimental side effects on the mitosis of hDPSCs.

A variety of different approaches have been reported to
enhance the osteogenic lineage differentiation of MSCs.
Safari et al. [33] reported that different bioactive agents
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have been used in bone tissue engineering to accelerate
bone regeneration, such as organic small molecules and
drugs, bioceramics, or metallic nanoparticles. Addition-
ally, numerous studies have suggested that noncoding
RNAs could function as key regulators of osteogenic
differentiation. According to a study by Li et al. [34],
IncRNA-H19 sponging miRNA-141 could modulate
osteogenesis in nude mice models as well as in stem
cells from apical papilla cultured in vitro. Interestingly,
the expression of noncoding RNAs during osteogenic
differentiation can be regulated by different biophysi-
cal stimuli, such as mechanical strain, fluid shear stress,
or microgravity, followed by upregulation or downregu-
lation of osteoblast differentiation-related genes [11].
Additionally, increasing evidence has demonstrated that
osteogenic differentiation of MSCs can be genetically
manipulated by various transcription factors, such as
myocardin-related transcription factor A [35], zinc finger
E-box-binding homeobox 1 [36], and T-Box20 [37].

ETV2 belongs to the ETS family of transcription fac-
tors. In our previous study, ETV2 has been demonstrated
to enhance angiogenesis of hDPSCs [20]. Yet, the effects
of ETV2 on osteogenesis have not yet been investigated.
Hence, this study explored the role of ETV2 in osteo-
genesis. Our results demonstrated that the expression
levels of osteogenesis-related genes were enhanced due
to ETV2 overexpression. Specifically, OSX, the master
transcription factor regulating osteogenic differentia-
tion of MSCs [38], was significantly upregulated when
ETV2 expression was activated. Moreover, ETV2 over-
expression markedly enhanced ALP activity and mineral
deposition of hDPSCs. Taken together, these results thus
indicated that ETV2 overexpression exerts stimulatory
effects on osteogenic differentiation of hDPSCs.

In this study, RNA-Seq was used to further explore
the possible molecular mechanisms that contribute to
the observed enhancement of osteogenic differentiation
by ETV2 overexpression. Bioinformatic analyses of our
RNA-Seq data revealed that the ERK/MAPK and PI3K-
Akt signaling pathways could be associated with this bio-
logical process. Previous studies have reported that both
pathways are closely associated with osteogenic differ-
entiation. Zeng et al. [39] showed that chrysin can pro-
mote osteogenic differentiation via activation of the ERK/
MAPK pathway. Ye et al. [23] found that the PI3K/AKT
signaling pathway was activated when IL-37 upregulated
osteogenesis of human BMSCs, and that the inhibitor
of PI3K/AKT signaling pathway could partly reverse the
enhancement of osteogenesis. Moreover, in a study by
Yan et al. [40], the transcriptome analysis of human skel-
etal muscle cells after ETV2 overexpression revealed that
the VEGF-VEGFR2 and PI3K/AKT signaling pathways
were activated. Also, increased VEGF/VEGF receptor
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expression has been reported to be related to the PI3K-
Akt and ERK/MAPK signaling pathways [41]. In paral-
lel, increased phpspho-ERK1/2 expression was detected
when ETV2 overexpression was induced in differen-
tiating mouse embryonic stem cells, and the addition
of ERK/MAPK inhibitor could partly abrogate ETV2-
induced FLK1+ cell generation [42]. In our current study,
we found that ETV2 overexpression activated the ERK/
MAPK and PI3K-Akt signaling pathways during osteo-
genic differentiation of hDPSCs. Furthermore, the pres-
ence of inhibitors of the ERK/MAPK and PI3K-Akt
signaling pathways both markedly attenuated ETV2-
induced osteogenesis. These findings thus indicate that
ETV2 overexpression promotes osteogenesis of hDPSCs,
at least partly through activation of the ERK/MAPK and
PI3K-Akt signaling pathways.

The effects of ETV2 overexpression on bone formation
were validated via a rat calvarial defect model and a nude
mice model. In this study, B-TCP was used as the scaffold
due to its highly biocompatible and resorbable properties
[43, 44]. Micro-CT scanning of the rat calvaria showed
that ETV2 enhanced ossification in the defect area.
Meanwhile, the quantitative analyses of BMD, BV/TV,
and Tb.Th parameters demonstrated that more new bone
formation was detected in the ETV2-Dox (+) group, as
compared with the other 3 groups. Consistently, the
histological examination of samples from murine mod-
els showed that animals receiving ETV2 overexpression
treatment exhibited the highest percentage of newly
formed bone among the 4 groups. Collectively, our data
indicated that ETV2 overexpression is positively corre-
lated with bone formation in vivo.

Conclusion

In summary, we found for the first time that ETV2
overexpression enhances the osteogenic differentiation
of hDPSCs both in vitro and in vivo, at least partly by
the activation of the ERK/MAPK and PI3K-Akt sign-
aling pathways. These results thus indicate that ETV2
may be a promising target for treatment of cranio-
maxillofacial bone defects. However, whether other
signaling pathways are involved in the regulation of
osteogenesis need to be further elucidated.

Abbreviations

MSCs: Mesenchymal stem cells; hDPSCs: Human dental pulp stem cells;
BMSCs: Bone marrow mesenchymal stem cells; ETS: E26 transformation-
specific; ETV2: Ets variant 2; ALP: Alkaline phosphatase; gRT-PCR: Quantitative
real-time polymerase chain reaction; GAPDH: Glyceraldehyde-3-phosphate
dehydrogenase; PBS: Phosphate-buffered saline; ARS: Alizarin Red S; RNA-Seq:
RNA-sequencing; GO: Gene ontology; KEGG: Kyoto Encyclopedia of Genes and
Genomes; BMD: Bone mineral density; BV/TV: Bone volume/total volume; Tb.
Th: Trabecular thickness; HE: Hematoxylin and eosin.



Li et al. Stem Cell Research & Therapy (2022) 13:495

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/513287-022-03052-2.

Additional file 1: Figure S1. The mRNA level of CBFA1 in gRT-PCR (a) and
RNA-Seq (b). *P < 0.05.

Additional file 2: Figure S2. Results of western blot analysis showed that
ETV2 overexpression induced the the activation of p-ERK and p-AKT at
days 3, 7 and 14 of osteogenic differentiation. *P < 0.05, compared with
the 0 day group.

Additional file 3: Figure S3. HE (scale bar = 200 pm) and Masson (scale
bar = 50 um) staining in the rat calvarial defect model (n = 6).

Additional file 4: Figure S4. HE (scale bar = 50 pm) and Masson (scale
bar = 50 um) staining were performed to evaluate ectopic bone forma-
tion in nude mice (n=4).

Acknowledgements
Not applicable.

Author contributions

JL contributed to conception and design, methodology (in vitro and in vivo
assays), data collection, writing—original draft, and final approval; HD and

XJ were involved in methodology (in vitro assays), data analysis, and final
approval; YC and YL contributed to methodology (in vivo assays), writing—
original draft, and final approval; BCH was involved in data analysis, writing—
editing and review, and final approval; and JX contributed to conception and
design, financial support, and final approval.

Funding

This work was supported by grants from Basic and Clinical Collaborative
Research of Anhui Medical University (2020xkjT025), and from Natural Science
Foundation of Anhui Province (1908085MH255).

Availability of data and materials
All data and materials generated or used during the study are available from
the corresponding authors upon reasonable request.

Declarations

Ethics approval and consent to participate

Isolation and expansion of hDPSCs were approved by the Medical Ethics
Committee, Shandong University (NO. 20190306). All in vivo procedures were
approved by the Animal Research Committee of Shandong University (NO.
20190305).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'School of Stomatology, Shandong First Medical University and Shandong
Academy of Medical Sciences, Jinan 250000, People’s Republic of China.
“Key Lab of Oral Diseases Research of Anhui Province, College and Hospital
of Stomatology, Anhui Medical University, 69 Meishan Road, Hefei 230032,
People’s Republic of China. *Central Laboratory, Peking University School
and Hospital of Stomatology, Beijing 100081, People’s Republic of China.

Received: 20 February 2022 Accepted: 18 July 2022
Published online: 04 October 2022

References
1. LiuY,WangV, He X, Li F, Zhang S, Wang K, et al. An exploration of
multidisciplinary team care with digital technology for complicated

22.

23.

Page 13 of 14

cranio-maxillofacial bone defects and fractures. J Craniofac Surg.
2020;31(7):1914-9.

Sternheim A, Drexler M, Kuzyk PR, Safir OA, Backstein DJ, Gross AE. Treat-
ment of failed allograft prosthesis composites used for hip arthroplasty
in the setting of severe proximal femoral bone defects. J Arthroplasty.
2014,29(5):1058-62.

Cano-Lufs P, Andrés-Cano P, Ricén-Recarey FJ, Girdldez-Sénchez MA.
Treatment of posttraumatic bone defects of the forearm with vascular-
ized fibular grafts. Follow up after fourteen years. Injury. 2018;49(Suppl!
2):527-35.

Aghali A. Craniofacial bone tissue engineering: current approaches and
potential therapy. Cells. 2021;10(11):2993.

Nantavisai S, Egusa H, Osathanon T, Sawangmake C. Mesenchymal
stem cell-based bone tissue engineering for veterinary practice. Heli-
yon. 2019;5(11): e02808.

Ito K, Yamada Y, Nakamura S, Ueda M. Osteogenic potential of effective
bone engineering using dental pulp stem cells, bone marrow stem
cells, and periosteal cells for osseointegration of dental implants. Int J
Oral Maxillofac Implants. 2011;26(5):947-54.

Davies OG, Cooper PR, Shelton RM, Smith AJ, Scheven BA. A com-
parison of the in vitro mineralisation and dentinogenic potential of
mesenchymal stem cells derived from adipose tissue, bone marrow
and dental pulp. J Bone Miner Metab. 2015;33(4):371-82.

Jensen J, Tvedesge C, Rolfing JH, Foldager CB, Lysdahl H, Kraft DC, et al.
Dental pulp-derived stromal cells exhibit a higher osteogenic potency
than bone marrow-derived stromal cells in vitro and in a porcine
critical-size bone defect model. SICOT J. 2016;2:16.

Lee YC, Chan YH, Hsieh SC, Lew WZ, Feng SW. Comparing the osteo-
genic potentials and bone regeneration capacities of bone marrow
and dental pulp mesenchymal stem cells in a rabbit calvarial bone
defect model. Int J Mol Sci. 2019;20(20):5015.

. Song WQ, Gu WQ, Qian YB, Ma X, Mao YJ, Liu WJ. Identification of

long non-coding RNA involved in osteogenic differentiation from
mesenchymal stem cells using RNA-Seq data. Genet Mol Res.
2015;14(4):18268-79.

. Mao L, Guo J,Hu L, Li L, Xu J, Zou J. The effects of biophysical stimula-

tion on osteogenic differentiation and the mechanisms from ncRNAs.
Cell Biochem Funct. 2021;39(6):727-39.

. Gallant S, Gilkeson G. ETS transcription factors and regulation of immu-

nity. Arch Immunol Ther Exp (Warsz). 2006;54(3):149-63.

. Charlot C, Dubois-Pot H, Serchov T, Tourrette Y, Wasylyk B. A review of

post-translational modifications and subcellular localization of Ets tran-
scription factors: possible connection with cancer and involvement in
the hypoxic response. Methods Mol Biol. 2010;647:3-30.

. Suico MA, Shuto T, Kai H. Roles and regulations of the ETS transcription

factor ELF4/MEF. J Mol Cell Biol. 2017;9(3):168-77.

. Raouf A, Seth A. Ets transcription factors and targets in osteogenesis.

Oncogene. 2000;19(55):6455-63.

. Ciau-Uitz A, Wang L, Patient R, Liu F. ETS transcription factors

in hematopoietic stem cell development. Blood Cells Mol Dis.
2013;51(4):248-55.

. Craig MP, Sumanas S. ETS transcription factors in embryonic vascular

development. Angiogenesis. 2016;19(3):275-85.

. Shah AV, Birdsey GM, Randi AM. Regulation of endothelial homeostasis,

vascular development and angiogenesis by the transcription factor ERG.
Vascul Pharmacol. 2016;86:3-13.

. Koyano-Nakagawa N, Garry DJ. Etv2 as an essential regulator of mesoder-

mal lineage development. Cardiovasc Res. 2017;113(11):1294-306.

. LiJ, ZhuY, Li N,WuT, Zheng X, Heng BC, et al. Upregulation of ETV2

expression promotes endothelial differentiation of human dental pulp
stem cells. Cell Transplant. 2021;30:963689720978739.

. Khatiwala CB, Kim PD, Peyton SR, Putnam AJ. ECM compliance regulates

osteogenesis by influencing MAPK signaling downstream of RhoA and
ROCK. J Bone Miner Res. 2009;24(5):886-98.

Amico D, Spadoni T, Rovinelli M, Serafini M, D'Amico G, et al. Intracellular
free radical production by peripheral blood T lymphocytes from patients
with systemic sclerosis: role of NADPH oxidase and ERK1/2. Arthritis Res
Ther.2015;17(1):68.

Ye C, Zhang W, Hang K, Chen M, Hou W, Chen J, et al. Extracellular

IL-37 promotes osteogenic differentiation of human bone marrow


https://doi.org/10.1186/s13287-022-03052-2
https://doi.org/10.1186/s13287-022-03052-2

Li et al. Stem Cell Research & Therapy

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

(2022) 13:495

mesenchymal stem cells via activation of the PI3K/AKT signaling path-
way. Cell Death Dis. 2019;10(10):753.

LiJ, Deng Z, Wang Z, Wang D, Zhang L, Su Q, et al. Zipper-interacting
protein kinase promotes epithelial-mesenchymal transition, invasion
and metastasis through AKT and NF-kB signaling and is associated with
metastasis and poor prognosis in gastric cancer patients. Oncotarget.
2015;6(10):8323-38.

Kinoshita Y, Maeda H. Recent developments of functional scaffolds for
craniomaxillofacial bone tissue engineering applications. ScientificWorld-
Journal. 2013;2013: 863157.

Karfeld-Sulzer LS, Ghayor C, Siegenthaler B, Gjoksi B, Pohjonen TH, Weber
FE. Comparative study of NMP-preloaded and dip-loaded membranes for
guided bone regeneration of rabbit cranial defects. J Tissue Eng Regen
Med. 2017;11(2):425-33.

Chetan VU. A systematic review of the interaction and effects generated
by antimicrobial metallic substituents in bone tissue engineering. Metal-
lomics. 2020;12(10):1458-79.

Jiang S, Wang M, He J. A review of biomimetic scaffolds for bone regen-
eration: toward a cell-free strategy. Bioeng Transl Med. 2021;6(2): €10206.
Zhou Q, Gu X, Dong J, Zhu C, Cai Z, He D, et al. The use of TLR2 modified
BMSCs for enhanced bone regeneration in the inflammatory micro-
environment. Artif Cells Nanomed Biotechnol. 2019;47(1):3329-37.

Gu K, Fu X, Tian H, Zhang Y, Li A, Wang Y, et al. TAZ promotes the prolifera-
tion and osteogenic differentiation of human periodontal ligament stem
cells via the p-SMAD3. J Cell Biochem. 2020;121(2):1101-13.

Zhao C, Gomez GA, ZhaoY,Yang Y, Cao D, Lu J, et al. ETV2 mediates
endothelial transdifferentiation of glioblastoma. Signal Transduct Target
Ther.2018;34.

Toth F, Gall JIM, Tézsér J, Hegeds C. Effect of inducible bone morpho-
genetic protein 2 expression on the osteogenic differentiation of dental
pulp stem cells in vitro. Bone. 2020;132: 115214.

Safari B, Aghanejad A, Roshangar L, Davaran S. Osteogenic effects of the
bioactive small molecules and minerals in the scaffold-based bone tissue
engineering. Colloids Surf B Biointerfaces. 2021;198: 111462.

LiZ Yan M,YuY,WangY, Lei G, Pan Y, et al. LncRNA H19 promotes the
committed differentiation of stem cells from apical papilla via miR-141/
SPAG9 pathway. Cell Death Dis. 2019;10(2):130.

Hyvari L, Vanhatupa S, Halonen HT, Kaaridinen M, Miettinen S. Myocardin-
Related Transcription Factor A (MRTF-A) regulates the balance between
adipogenesis and osteogenesis of human adipose stem cells. Stem Cells
Int. 2020,2020:8853541.

Xu G, ShiH, Jiang X, Fan Y, Huang D, Qi X, et al. ZEB1 mediates bone
marrow mesenchymal stem cell osteogenic differentiation partly via
Wnt/[-catenin signaling. Front Mol Biosci. 2021;8: 682728.

Mollazadeh S, Fazly Bazzaz BS, Neshati V, de Vries A, Naderi-Meshkin H,
Mojarad M, et al. T-Box20 inhibits osteogenic differentiation in adipose-
derived human mesenchymal stem cells: the role of T-Box20 on osteo-
genesis. J Biol Res (Thessalon). 2019;26:8.

Chan W, Tan Z, To M, Chan D. Regulation and role of transcription factors
in osteogenesis. Int J Mol Sci. 2021;22(11):5445.

Zeng W, Yan'Y, Zhang F, Zhang C, Liang W. Chrysin promotes osteogenic
differentiation via ERK/MAPK activation. Protein Cell. 2013;4(7):539-47.
Yan G, Yan R, Chen C, Chen C, Zhao Y, Qin W, et al. Engineering vascular-
ized skeletal muscle tissue with transcriptional factor ETV2-induced
autologous endothelial cells. Protein Cell. 2019;10(3):217-22.

Corrigan CJ, Wang W, Meng Q, Fang C, Wu H, Reay V, et al. T-helper

cell type 2 (Th2) memory T cell-potentiating cytokine IL-25 has the
potential to promote angiogenesis in asthma. Proc Natl Acad Sci USA.
2011;108(4):1579-84.

Kim JY, Lee DH, Kim JK, Choi HS, Dwivedi B, Rupji M, et al. ETV2/ER71
regulates the generation of FLK1(+) cells from mouse embryonic stem

cells through miR-126-MAPK signaling. Stem Cell Res Ther. 2019;10(1):328.

Guillaume B. Filling bone defects with B-TCP in maxillofacial surgery: a
review. Morphologie. 2017;101(334):113-9.

Hosseinpour S, Ghazizadeh Ahsaie M, Rezai Rad M, Baghani MT, Mota-
median SR, Khojasteh A. Application of selected scaffolds for bone tissue
engineering: a systematic review. Oral Maxillofac Surg. 2017;21(2):109-29.

Page 14 of 14

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	ETV2 promotes osteogenic differentiation of human dental pulp stem cells through the ERKMAPK and PI3K-Akt signaling pathways
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Methods
	Cell culture
	Lentivirus transduction
	Cell counting kit-8 (CCK-8) assay
	qRT-PCR
	Western blot analysis
	Immunocytochemistry
	ALP staining and activity
	Alizarin Red S (ARS) staining
	RNA-sequencing (RNA-Seq) analysis
	Animal experiments
	Analysis of bone regeneration in vivo
	Statistical analysis

	Results
	Induction of transgenic ETV2 overexpression by Dox in hDPSCs
	ETV2 overexpression had no effect on hDPSCs proliferation
	ETV2 overexpression enhanced osteogenic differentiation of hDPSCs
	ETV2 overexpression activated the ERKMAPK and PI3K-Akt signaling pathways
	Inhibiting the ERKMAPK and PI3K-Akt signaling pathways partially reversed the stimulatory effects of ETV2 overexpression on the osteogenesis of hDPSCs
	ETV2 overexpression promoted bone formation in vivo

	Discussion
	Conclusion
	Acknowledgements
	References


