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Abstract

The lack of vasculogenesis often hampers the survivability and integration of newly engineered tissue grafts within the host.
Autologous endothelial cells (ECs) are an ideal cell source for neovascularization, but they are limited by their scarcity, lack of
proliferative capacity, and donor site morbidity upon isolation. The objective of this study was to determine whether differentiation
of human dental pulp stem cells (DPSCs) into the endothelial lineage can be enhanced by recombinant ETV2 overexpression.
DPSCs were extracted from fresh dental pulp tissues. ETV2 overexpression in DPSCs was achieved by lentiviral infection and
cellular morphological changes were evaluated. The mRNA and protein expression levels of endothelial-specific markers were
assessed through quantitative real-time polymerase chain reaction, western blot, immunofluorescence staining, and flow cyto-
metry. The tube formation assay and Matrigel plug assay were also performed to evaluate the angiogenic potential of the ETV2-
transduced cells in vitro and in vivo, respectively. Additionally, proteomic analysis was performed to analyze global changes in protein
expression following ETV2 overexpression. After lentiviral infection, ETV2-overexpressing DPSCs showed endothelial-like
morphology. Compared with control DPSCs, significantly higher mRNA and protein expression levels of endothelial-specific
genes, including CD31, VE-Cadherin, VEGFRI, and VEGFR2, were detected in ETV2-overexpressing DPSCs. Moreover, ETV2
overexpression enhanced capillary-like tube formation on Matrigel in vitro, as well as neovascularization in vivo. In addition, com-
parative proteomic profiling showed that ETV2 overexpression upregulated the expression of vascular endothelial growth factor
(VEGF) receptors, which was indicative of increased VEGF signaling. Taken together, our results indicate that ETV2 overexpression
significantly enhanced the endothelial differentiation of DPSCs. Thus, this study shows that DPSCs can be a promising candidate cell
source for tissue engineering applications.
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Cell Transplantation

Introduction

Tissue engineering approaches have been extensively
investigated for the repair or replacement of damaged tis-
sues or organs. However, the lack of vasculogenesis
remains an intractable problem and often leads to dysfunc-
tion and lack of integration of newly engineered tissue
grafts after transplantation into the host. For example, lack
of sufficient blood vessels in tissue-engineered bone con-
structs often results in cell death within the central regions
of the implanted grafts and could impede bone defect heal-
ing, particularly in the case of critical-sized bone defects'.
Therefore, prevascularization could be a promising
approach to promote vasculogenesis prior to the implanta-
tion of newly engineered tissue grafts®. As one of the major
components in vasculature development, endothelial cells
(ECs) form the inner lining of blood vessels of the entire
circulatory system, and they are indispensable for prevas-
cularization. Some research studies focusing on EC-based
therapies revealed that autologous ECs can make a signif-
icant contribution to enhancing neovascularization in the
treatment of vascular injuries or ischemic diseases**.
Nevertheless, the shortage of host tissue sources for cell
extraction and the limited proliferative capacity of
primary ECs hinder the clinical application of these cells
on a large scale.

Embryonic stem cells (ESCs) have been shown to possess
the potential to generate the EC lineage™®. However, ESCs
are not suitable for large-scale production of ECs, due to
their low differentiation efficiency and controversial ethical
issues pertaining to their clinical application. Meanwhile,
many studies have also utilized induced pluripotent stem
cells (iPSCs) to generate ECs”?. However, the time-
consuming process and the risk of tumorigenicity limit the
broader clinical application of iPSCs. Adult stem cells
(ASCs) possess the potential to differentiate into various cell
types and can be a promising candidate for tissue engineer-
ing. Previous studies reported that ASCs can be isolated
from various tissues, such as the amnionlo, adipose tissue!!,
bone marrow'?, and dental pulp'®. The focus of this study
will be on dental pulp stem cells (DPSCs), which is one of
the most widely utilized cell types in tissue engineering
applications, as these cells can be readily isolated from teeth
extracted during dental treatment.

Various approaches have been investigated to promote
endothelial lineage differentiation, including co-culture
with other cell types'?, treatment with growth factors'’,
modulation of signaling pathways'®, and regulation of
expression of transcription factors'’. ETV2/ER71/Etsrp,
a transcription factor of the Ets family, has been reported
by previous studies to play a pivotal role in endothelial
differentiation'®'?. This study aims to provide insights
into the effect of ETV2 overexpression on endothelial
differentiation of DPSCs and perform the related proteo-
mic analysis, so as to develop a novel strategy for vas-
cular tissue engineering.

Materials and Methods

Cell Culture

This study was performed with the approval of the Medical
Ethics Committee of the School of Stomatology, Shandong
University. Written informed consent was obtained from all
participants. Human dental pulp tissues were derived from
third molars extracted from healthy patients aged
18 to 22 years. After being washed and minced, the pulp
tissues were digested with a mixture of collagenase I (Invi-
trogen, Carlsbad, CA, USA) and dispase II (Sigma-Aldrich,
St. Louis, USA). After filtration and centrifugation, the cells
were resuspended in alpha minimum essential medium
(«-MEM; Biological Industries, Israel) supplemented with
10% (v/v) fetal bovine serum (FBS; Biological Industries,
Israel) and 1% ((w/v) penicillin/streptomycin (Invitrogen).
Human umbilical vein endothelial cells (HUVECs) were
purchased from ScienceCell (Invitrogen) and were cultured
in endothelial cell growth medium (EGM; Cat#CC-3162,
Lonza, Walkersville, MD, USA).

To evaluate the colony-forming potential of DPSCs,
approximately 1000 cells were cultured in a 100-mm dish.
After 10 days, the cells were stained with crystal violet.
Additionally, flow cytometry was used to assess the
expression of cell surface markers. Anti-CD24-FITC,
anti-29-FITC, anti-CD34-PE, anti-CD44-FITC, anti-CD45-
FITC, anti-CD73-FITC, anti-CD90-PE, and anti-CD105-PE
antibodies (eBioscience, San Diego, CA, USA) were utilized
in our study. The trilineage differentiation capacity of
DPSCs was evaluated through osteogenic, adipogenic, and
chondrogenic differentiation assay kits (Cyagen, USA,
HUXDP-90021, HUXDP-90031, and HUXMA-9004), fol-
lowing the manufacturer’s protocols.

Lentivirus Transduction

ETV2-encoding lentiviral particles or control lentiviral par-
ticles were prepared by the GeneCopoeia Company
(Guangzhou, China). For lentiviral infection, DPSCs were
incubated with lentiviral particles and 8 pg/ml polybrene
for 12 h. Then, the infection medium was replaced with a
fresh culture medium. Transduction efficiency was
assessed by quantitative real-time polymerase chain reac-
tion (QRT-PCR), western blot analysis, and immunofluor-
escence staining.

qRT-PCR

The infected DPSCs were cultured at a density of
3 x 104 cells/em2 in EGM for 0, 7, and 14 days. Total
RNA from infected DPSCs at different time points was
extracted with Trizol reagent (Invitrogen). After concen-
tration determination, the extracted RNA was reverse-
transcribed into ¢cDNA following the manufacturer’s
instructions using a PrimeScript RT reagent Kit (TaKaRa
Biotech, Tokyo, Japan). PCR was performed with a
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Table I. Sequences of the Primers.

Gene Primers. Sequence
ETV2 Forward ACGTCTCGGAAAATTCCCCC
Reverse CATCCCAGTTCCACAGGTCC
CD3lI Forward AAGCTGCCGGTTCTTAAATCC
Reverse AACTTGGTGGAAGGAGGGTATG
VE-Cadherin Forward ATGAGATCGTGGTGGAAGCG
Reverse ATGTGTACTTGGTCTGGGTGA
VEGFRI Forward TCCACCAAGATCTAAATCCAAACA
Reverse CTGTCACAGGTGGTTTGCGTAT
VEGFR2 Forward CGGTCAACAAAGTCGGGAGA
Reverse CAGTGCACCACAAAGACACG
GAPDH Forward TGCACCACCAACTGCTTAGC
Reverse GGCATGGACTGTGGTCATGAG

Roche 480 instrument, and quantitative analysis of the
gene transcripts was performed using the 2~°““" method.
All gene expression levels were normalized to glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH) expression.
The primer sequences are listed in Table 1.

Western Blot Analysis

After the infected DPSCs were cultured in EGM for 0, 7, and
14 days, total protein lysates were extracted with radioim-
munoprecipitation assay lysis buffer containing 1% (w/v)
phenylmethylsulfonyl fluoride (Solarbio, Beijing, China).
Then, the detection of protein concentrations was performed
with a bicinchoninic acid protein assay kit (Solarbio), fol-
lowed by protein denaturation using sodium dodecyl sulfate
(SDS). Next, the protein samples were separated on SDS-
polyacrylamide gels and transferred onto polyvinylidene
fluoride membranes (Invitrogen). After blocking with 5%
(w/v) skimmed milk, the membranes were probed with var-
ious antibodies overnight at 4 °C. The following primary
antibodies were used in this study, which were specific for
ETV2 (Cat#Abl181847, Abcam, MA, USA), CD31
(Cat#ADb32457, Abcam), VE-Cadherin (Cat#Ab33168,
Abcam), VEGFR1 (Cat#Ab9540, Abcam), VEGFR2
(Cat#Ab134191, Abcam), and GAPDH (Cat#Ab181602,
Abcam). Subsequently, the membranes were incubated with
the secondary antibody (Zsbio, Beijing, China) and a chemi-
luminescent substrate ECL kit (Millipore, Billerica, MA,
USA) was used to visualize the bands. The Imagel] software
was used to quantify the densitometric intensities of the
bands, and GAPDH was set as an internal control standard.

Immunofluorescence Staining

Immunofluorescence staining was performed after culturing
the infected DPSCs or HUVECs in EGM for 7 days.
The cells were treated with trypsin and seeded at a density
of 1 x 104 cells/cm2 within a 24-well plate. After 24 h, the
cells were fixed with 4% (v/v) paraformaldehyde for 30 min,
followed by treatment with 0.25% (w/v) Triton X-100 for
10 min. After blocking with 3% (w/v) bovine serum albumin
(BSA) for 60 min, the cells were incubated with primary

antibodies against ETV2 (Cat#Ab181847, Abcam) and
VE-Cadherin (Cat#Ab33168, Abcam) overnight at 4 °C.
Then, the cells were incubated with a fluorescence-
conjugated secondary antibody (Beyotime, Shanghai, China)
for 60 min at room temperature. Diamidinophenylindole
staining was performed for 5 min before examination under
fluorescence microscopy.

Flow Cytometry

After 7 days of endothelial differentiation, the infected
DPSCs or HUVECs were trypsinized, followed by resuspen-
sion in PBS. Next, the cells were incubated for 30 min at
4 °C with APC-conjugated monoclonal antibody against
VE-Cadherin (17-1449-42, eBioscience). The isotypic con-
trol used was APC-IgGl (17-4714-81, eBioscience).
The analysis of the stained cells was performed with a flow
cytometer (BD Biosciences, Franklin Lakes, NJ, USA).

In Vitro Tube Formation Assay on Matrigel

To evaluate the angiogenic potential of DPSCs in forming
tube-like structures, the infected cells were trypsinized and
resuspended in EGM. Subsequently, the cells were plated in
a 96-well plate pre-coated with 50 pl of growth factor-
reduced Matrigel (Cat#354230; BD Biosciences) at a density
of 2 x 104 cells per well. Images were captured under an
inverted phase-contrast microscope. Analysis of tube forma-
tion was performed using the ImagelJ software.

In Vivo Matrigel Plug Assay

All animal experiment protocols were approved by the Ani-
mal Care and Use Committee of Shandong University.
To evaluate the capacity for capillary formation by the
infected DPSCs or HUVECs in vivo, 20 male 8-week-old
athymic nude mice were utilized in this study and were
divided randomly into the following 4 groups (n = 5
per group): (1) the HUVECs group: HUVECs embedded in
Matrigel; (2) the ETV2 group: ETV2-overexpressing DPSCs
embedded in Matrigel; (3) the control group: control DPSCs
embedded in Matrigel; (4) the blank group: Matrigel without
cells. A total of 1 x 106 cells were suspended in 500 pl of
growth factor-reduced Matrigel. Then, the mixture was
injected into the mice subcutaneously within the dorsal area
with a 25-gauge needle. Fourteen days later, the Matrigel
plugs were taken out and photographed. Then, the plugs
were fixed in 4% (w/v) paraformaldehyde, embedded in par-
affin, and sectioned for hematoxylin and eosin staining and
immunohistochemistry with anti-human CD31 antibody
(Cat#Ab32457, Abcam). All images were captured by a light
microscope (BX51, Olympus, Tokyo, Japan).

Proteomic Analysis

DPSCs derived from the 3 different donors were infected
with ETV2-overexpressing lentiviral particles or control
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Figure |. Characterization of human DPSCs and confirmation of ETV2 overexpression efficiency. (A) Cell morphology of DPSCs. Scale bar:
50 um. (B, C) The colony-forming potential of DPSCs was confirmed through crystal violet staining. Scale bar: 200 pm. (D to F) Multilineage
differentiation potential of DPSCs was verified through osteogenic, adipogenic, and chondrogenic induction assays. Scale bar: 50 um. (G)
Flow cytometric characterization of DPSCs showed that the cells were positive for CD29, CD44, CD73, CD90, and CD 105 and negative for
CD24, CD45, and CD34. (H to J) The results of quantitative real-time polymerase chain reaction (H), Western blot analysis (1), and
immunofluorescence staining (J) showed that the mRNA and protein expression levels of ETV2 were significantly upregulated in the infected
group. Scale bar: 50 pm, *P < 0.05, **P < 0.01. DPSCs: dental pulp stem cells.

lentiviral particles. Protein samples were harvested after
10 days of endothelial differentiation. Proteome profiling
was performed by the iProteome platform of the Fudan
University Human Phenome Institute according to the user
guide. Proteins with fold change >2 were considered to be
differentially expressed. Functional enrichment analysis of
identified proteins was accomplished through Gene Ontol-
ogy (GO), Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis, and Reactome pathway analysis.

Statistical Analysis

Statistical analysis was conducted using the Prism 6 software
(GraphPad Software, La Jolla, CA, USA). All experiments
were carried out in triplicates, and all data were presented as
mean + SD. Statistical comparisons were performed by
Student’s #-test, one-way analysis of variance, or two-way
analysis of variance. P values of less than 0.05 were consid-
ered to be statistically significant.

Results

Characterization of Human DPSCs and Detection of
ETV2 Expression

At the third culture passage, the DPSCs exhibited a typical
spindle-shape morphology (Fig. 1A) and had the ability to

form colonies (Fig. 1B, C). Fig. 1D-F show that after the
cells were cultured in osteogenic, adipogenic, and chondro-
genic differentiation media for 21 days, the multilineage
differentiation potential of DPSCs was validated by the pos-
itive results of Oil Red O, Alcian Blue, and Alizarin red S
staining, respectively. Meanwhile, flow cytometry analysis
(Fig. 1G) showed that the cells displayed positive expression
of canonical mesenchymal stem cell markers CD29, CD44,
CD73, CD90, and CD105, but they were negative for CD24,
CD45, and CD34.

After lentiviral infection, the mRNA and protein expres-
sion levels of ETV2 were quantified. The results of qRT-
PCR (Fig. 1H) showed that ETV2 expression at the mRNA
level in the ETV2-infected cells was more than 7-fold higher
relative to that in the control cells. Similarly, the protein
expression level of ETV2 was also significantly upregulated
in the ETV2-infected cells, as compared to the control cells,
according to the results of western blot (Fig. 11) and immu-
nofluorescence (Fig. 1J) analyses.

ETV2 Overexpression Upregulated the mRNA and
Protein Expression Levels of Endothelial Markers
From day 2 onward after ETV2 lentiviral infection, the cells

exhibited a cobblestone-like morphology, a typical feature
of ECs. In comparison, the control cells retained a
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Figure 2. Effects of ETV2 overexpression on mRNA and protein expression levels of endothelial-specific gene markers. (A) Observation of
morphological changes showed that ETV2 overexpressing DPSCs displayed cobblestone-like morphology as early as day 2 of induction. Scale
bar: 100 um. (B) mRNA expression levels of CD31, VE-Cadherin, VEGFRI, and VEGFR2 on days 0, 7, and 14 of endothelial differentiation.
(C) Protein expression levels of CD31, VE-Cadherin, VEGFR |, and VEGFR2 on days 0, 7, and 14 of endothelial differentiation, as detected by
Western blot analysis. (D) Relative quantification of the protein expression levels was shown by the column chart. *P < 0.05, **P < 0.01.

DPSCs: dental pulp stem cells.

fibroblast-like morphology and were typically spindle
shaped (Fig. 2A).

As shown in Fig. 2B, on day 0 of endothelial differentia-
tion, the results of qRT-PCR on day 0 revealed a significant
increase in the expression of endothelial markers, including
CD31, VE-Cadherin, VEGFR1, and VEGFR2, in the ETV2-
infected group, as compared with the control group. After
7 and 14 days of induction, the expression levels of
endothelial-specific genes displayed the same trend.

Consistently, western blot analysis on days 0, 7, and
14 showed significantly upregulated protein expression
levels of CD31, VE-Cadherin, VEGFR1, and VEGFR2
in the ETV2-infected group, as compared with the control
group (Fig. 2C, D), but the difference in CD31 expression
between groups on day 0 was not statistically significant
(P > 0.05).

Immunofluorescence staining analysis further showed
that after endothelial induction for 7 days, the ETV2 group
yielded significant enhancement in the expression of VE-
Cadherin, as compared with the control group (Fig. 3A).

Additionally, we also used flow cytometry to detect the
protein expression levels of VE-Cadherin at 7 days after
induction. Fig. 3B showed elevated VE-Cadherin expression
in most of the ETV2-infected cells (69.90% + 8.58%),
implying that the majority of induced cells in the ETV2-
infected group displayed characteristics of the endothelial
lineage. In contrast, the control cells only expressed low
levels of VE-Cadherin (0.68 + 0.14). Thus, recombinant
ETV2 overexpression could stimulate the transformation
of DPSCs to early EC-like cells.

ETV2 Overexpression Promoted Tube Formation by
DPSCs

To compare functional capacities between groups, the tube
formation assay on Matrigel was performed. As shown in
Fig. 3C, after being incubated for 24 h, the cells in the ETV2
group displayed tube-like structures and formed networks
after 3 h to 12 h of culture on Matrigel in vitro. In contrast,
the cells in the control group exhibited very limited network
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Figure 3. ETV2 overexpression enhanced endothelial differentiation of DPSCs. (A) Effects of ETV2 overexpression on the protein
expression levels of VE-Cadherin, as detected by immunofluorescence staining and quantitative analysis of fluorescence intensity. Scale
bar: 50 pm. (B) Evaluation of endothelial-specific marker expression by flow cytometry. (C) Results of tube formation assay in vitro and
quantification of tubule length and branching point numbers. Scale bar: 50 um, *P < 0.05, **P < 0.01. DPSCs: dental pulp stem cells.

formation. Furthermore, image analysis showed that tubule
lengths and branching point numbers were significantly
enhanced in the ETV2 group relative to the control group,
thus indicating that ETV2 overexpression could induce the
expression of endothelial characteristics by DPSCs.

Proteomic Analysis of ETV2-Overexpressing DPSCs

To analyze the global changes in protein expression
following ETV2 overexpression, proteomic profiling was

performed. In total, 4079-5128 proteins were identified in
6 samples. Then, the proteomes of ETV2-overexpressing
DPSCs were compared with control DPSCs. Proteins with
expression levels differing by more than 2-fold in at least 2
donors were regarded as differentially expressed proteins.
Among the differentially expressed proteins, 941 were upre-
gulated while 883 were downregulated in the ETV2-
overexpressing cells compared with the control cells
(Fig. 4A, B). Specifically, vascular endothelial growth factor
(VEGF) receptors, including VEGFR1/FLT1, VEGFR2/
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Figure 4. Proteome analysis of control and ETV2-overexpressing DPSCs. (A, B) Heat map analysis identified 941 upregulated protein (A)
and 883 downregulated proteins (B) in the ETV2 group, as compared with the control group. (C) Reactome pathway enrichment analysis

related to upregulated proteins.

FLK1/KDR, and NRP2, were in the list of upregulated
proteins. GO enrichment analysis was used to annotate the
identified proteins according to their functional features
and the differentially expressed proteins were classified
by the biological process or molecular function. As shown
in Supplemental Fig. 1A and B, proteins associated with the
electron transport chain and NADH dehydrogenase (ubi-
quinone) activity exhibited the most significant changes
in the biological process (BP) and molecular function
(MF) of the upregulated proteins, respectively. For down-
regulated proteins, mitotic cell cycle and adenyl ribonu-
cleotide binding were the top enriched terms of BP and
MF, respectively (Supplemental Fig. 1C, D). The enriched
KEGG pathway terms in the top 20 of the lists are shown in
Supplemental Fig. 2. Additionally, the Reactome pathway

enrichment analysis is presented in Fig. 4C and Supplemen-
tal Tables S1. Particularly, as shown in Fig. 4C, among the
limited pathway terms related to upregulated proteins, the
term “signaling by VEGF” (4.7-fold) has been described in
angiogenesis, which is related to the regulation of the
development of ECs. The mass spectrometry proteomics
data have been deposited into ProteomeXchange via the
iProX partner repository with the dataset identifier
PXDO018138.

ETV2 Overexpression Enhanced Angiogenesis Within
Matrigel Plugs In Vivo

Additionally, to investigate whether ETV2 overexpression
can exert proangiogenic effects in vivo, the Matrigel plug
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Figure 5. Effects of ETV2 overexpression on angiogenesis in vivo. (A) Representative photographs of Matrigel plugs under general
observation. (B) Histological characterization of Matrigel plugs by hematoxylin and eosin staining and (C) quantification of blood vessels
within the plugs. The blue arrow shows capillaries containing red blood cells. (D) Representative immunohistochemistry images after
staining with anti-CD31 antibody and (E) quantitative analysis of CD31 positively-stained area. Scale bar: 50 um, *P < 0.05, **P < 0.01.

assay was performed in mice. At 14 days postimplantation,
the implanted Matrigel plugs were taken out and analyzed.
General observation of the plugs revealed that the implants
were nearly transparent in the blank and control groups,
while reddish cell masses with macroscopic vessels were
observed in the ETV2 group (Fig. 5A). After hematoxylin
and eosin staining, capillaries containing red blood cells
can be observed in the ETV2 group under microscopy (Fig.
5B). Also, a significant increase in the blood vessel counts
was observed in the ETV2 group, as compared with the
other 2 groups (Fig. 5C). Meanwhile, Fig. 5D and E show
that the positive staining area for CD31 was markedly
increased in the ETV2 group, as compared with the blank
or control group. Altogether, our results showed that ETV2
possessed the capacity to stimulate angiogenesis in vitro
and in vivo.

Discussion

Many different approaches have been investigated to over-
come the problem of insufficient vasculogenesis in tissue
engineering'*'”. The results of this study provide new evi-
dence for the stimulatory effects of ETV2 on endothelial
differentiation. After being infected with ETV2-encoding
lentiviral vectors, DPSCs displayed EC-like morphology.
Upon recombinant overexpression of ETV2, the expression
levels of other endothelial-specific genes and proteins were
also significantly upregulated. Moreover, the enhanced for-
mation of vascular networks in vitro and increased formation
of functional blood vessels in vivo further validated the
proangiogenic effects of ETV2. Overall, our results con-
firmed that DPSCs can be a promising cell candidate for
therapeutic applications, as well as the development of a
novel strategy for vascular tissue engineering.
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Considering the limited availability of autologous ECs,
autologous mesenchymal stem cells (MSCs) may potentially
be a readily available alternative cell source for neovascu-
larization of newly engineered tissue grafts. As a subtype of
ASCs, MSCs possess multilineage differentiation poten-
tial?’. DPSCs, which are in fact dental-derived MSCs
originating from the dental pulp tissue, exhibit typical
fibroblast-like morphology. The differentiation potential of
these cells into osteoblasts, adipocytes, and chondroblasts
was validated in this study. However, it must be noted that
the differentiation potential of MSCs into the endothelial
lineage is still controversial, although several previous stud-
ies have reported about the induction of MSCs into the
endothelial lineage?'**. For example, Roobrouck et al.**
reported that the expression levels of endothelial markers,
including CD31, vWF, and Tie2, remained relatively con-
stant, or were even repressed in human bone marrow-derived
MSCs (hBMSCs) after 14 days of induction with VEGF.
Moreover, functional assays showed that MSCs failed to
develop functional vessels in vivo. These observations were
similar to the results reported by Fan et al.?', which showed
that there was no significant increase in the expression of
endothelial gene markers, such as CD31, VEGFR2, and
vWF, in hBMSCs induced with EC differentiation medium.
Furthermore, Otsu et al.>> reported that MSCs at high cell
densities negatively modulated the generation of neocapil-
lary networks. In this study, the control DPSCs displayed
increased mRNA expression levels of CD31, VE-Cadherin,
and VEGFR2, as well as upregulated protein expression lev-
els of CD31 and VE-Cadherin after 14 days of endothelial
differentiation. Despite this finding, the control group
showed few capillaries following subcutaneous implantation
in vivo. Overall, our results indicate that DPSCs may yield
limited vascular regeneration with regular endothelial
induction.

Various strategies have been attempted to enhance the
differentiation of MSCs into the endothelial lineage. Accord-
ing to a study by Zhang et al.*°, the activation of Wnt signal-
ing positively modulated the vasculogenic differentiation of
DPSCs and stem cells from human exfoliated deciduous
teeth (SHED). Meanwhile, Xu et al.'® showed that inhibi-
tion of transforming growth factor-beta signaling could
upregulate the differentiation of SHED into the endothelial
lineage. Additionally, growth factors also play a vital role
in the process of endothelial differentiation. For example,
concentrated growth factors, which are extracted from
autologous plasma, exert a stimulatory effect on the angio-
genic process of DPSCs, as reported in a study by Jin
et al*>. Moreover, noncoding RNAs, such as miRNA-
126*” and IncRNA TUG1?, have also been shown to exert
positive effects on the endothelial differentiation of
adipose-derived stem cells (ADSCs). However, the
endothelial induction efficiency was still not high enough
to meet the requirements for clinical application.

The modulation of transcription factor activity could pos-
sibly yield a more efficient differentiation of MSCs into the

endothelial lineage. The Ets family of transcription factors
has been shown to play pivotal roles in hematopoiesis and
vasculogenesis. In particular, ETV2 has attracted much
attention among the various Ets factors®®. Accumulating evi-
dence indicates that ETV2 alone or combined with other
transcription factors possesses the ability to reprogram the
fibroblasts or MSCs into endothelial cells. According to the
research by Han et al.*°, the combination of transcription
factors Etv2/Er71, Foxol, K1f2, Tall, and Lmo2 could con-
vert mouse adult skin fibroblasts into ECs. Meanwhile,
Wong WT et al.*® reported that 4 endothelial transcription
factors (ETV2, FLI1, GATA2, and KLF4) possess the poten-
tial to efficiently transdifferentiate human neonatal fibro-
blasts into ECs. At the same time, some studies of human
fibroblasts revealed that ETV2 alone is sufficient to repro-
gram cells, such as human postnatal dermal fibroblasts®' or
primary human adult skin fibroblasts, into ECs2. In addi-
tion, Yan et al.?® reported that after infection with ETV2-
encoding lentiviral vectors, 5 different cell types, including
ADSCs and umbilical cord-derived MSCs, exhibited
endothelial-like morphology, and the protein expression
level of the endothelial marker VE-Cadherin was observed
to be markedly upregulated with flow cytometry. As a sub-
population of MSCs, human DPSCs represent potentially
promising candidate cell sources for tissue engineering due
to their characteristics, like the ease of isolation with mini-
mal invasiveness, ready availability, and immunocompat-
ibility arising from their autologous origin. Our flow
cytometry data showed that nearly 70% of ETV2-
overexpressing DPSCs also expressed VE-Cadherin.
Additionally, the ETV2-overexpressing DPSCs exhibited
significantly upregulated levels of various vascular-related
gene and protein markers in vitro and markedly stronger
capacity for capillary formation in vivo. Although the for-
mation of functional blood vessels in vivo was observed after
ETV2 overexpression in this study, the long-term stability of
the newly formed vessels is still uncertain, and a longer
experimental period may be needed for verification. Morita
et al.’? found that, on day 28 after Matrigel implantation,
endothelial nitric oxide synthase expression was observed in
some functional vascular endothelial cells induced by ETV?2,
and these cells may possess the ability to form stable vascu-
lature. Meanwhile, it has been reported that after the forma-
tion of the initial lumen, blood flow is required for
stabilization of functional vessels®>. Overall, our findings
suggest that ETV2-infected DPSCs have the potential to
substitute autologous endothelial cells for clinical applica-
tions. However, there are underlying safety issues associated
with the viral vectors used in this study. Techniques that do
not involve genetic modification, for example, the utilization
of small molecule compounds that can upregulate ETV2
expression, maybe a better option. What’s more, long-term
overexpression of ETV2 could lead to excessive blood ves-
sel formation. To avoid generating excessive vasculature,
the doxycycline-dependent inducible expression systems are
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often adopted to regulate the expression of the specific tran-
scription factor ETV2.

Proteome-wide analyses of control DPSCs and ETV2-
overexpressing DPSCs were performed in this study. Our
results showed that the protein expression levels of VEGF
receptors VEGFR1/FLT1, VEGFR2/KDR/FLK1, and NRP2
were upregulated and that this upregulation was related to
increased signaling by VEGF upon ETV2 overexpression.
Similarly, ETV2 ChIP-Seq analysis by Liu et al.** showed
that VEGF receptors, including Flk1, Fltl, Nrpl, and Nrp2,
were directly upregulated by ETV2 and that the activity of
the VEGF signaling pathway could be amplified by ETV2
overexpression. Likewise, Yan et al.?’ performed a
transcriptome-wide analysis of ETV2 expression in
HSKMCs and found that the VEGF-VEGFR2 pathway was
significantly upregulated in ETV2-HSkMCs. Notably,
VEGF signaling, in particular VEGFR2 signaling, plays a
vital role in regulating the development of ECs. Moreover,
the ETV2-FLK1 feed-forward mechanism®* amplifies the
markedly upregulated expression of VEGFR2/KDR/FLK1,
which in turn further enhances endothelial differentiation.
Altogether, our results provide additional insights into how
differentiation into the endothelial lineage is enhanced upon
ETV2 overexpression.

In summary, ETV2-transduced DPSCs display proangio-
genic effects both in vitro and in vivo. Furthermore, these
findings confirm that DPSCs can be a novel potential cell
source for clinical application in tissue engineering.
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