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Dentin matrix protein 1 and
HUVEC-ECM scaffold promote
the differentiation of human
dental pulp stem cells into
endothelial lineage: implications
in regenerative medicine

Amudha Ganapathy, Karthikeyan Narayanan', Yinghua Chen,
Cassandra Villani and Anne George*

Department of Oral Biology, University of Illinois Chicago, Chicago, IL, United States

Reprograming of the dental pulp somatic cells to endothelial cells is an attractive
strategy for generation of new blood vessels. For tissue regeneration,
vascularization of engineered constructs is crucial to improve repair
mechanisms. In this study, we show that dentin matrix protein 1 (DMP1) and
HUVEC-ECM scaffold enhances the differentiation potential of dental pulp stem
cells (DPSCs) to an endothelial phenotype. Our results show that the
differentiated DPSCs expressed endothelial markers CD31 and VE-Cadherin
(CD144) at 7 and 14 days. Expression of CD31 and VE-Cadherin (CD144) were
also confirmed by immunofluorescence. Furthermore, flow cytometry analysis
revealed a steady increase in CD31 and VE-Cadherin (CD144) positive cells with
DMP1 treatment when compared with control. In addition, integrins specific for
endothelial cells were highly expressed during the differentiation process. The
endothelial cell signature of differentiated DPSCs were additionally characterized
for key endothelial cell markers using gene expression by RT-PCR, Western
blotting, immunostaining, and RNA-seq analysis. Furthermore, the angiogenic
phenotype was confirmed by tubule and capillary sprout formation. Overall,
stimulation of DPSCs by DMP1 and use of HUVEC-ECM scaffold promoted
their differentiation into phenotypically, transcriptionally, and functionally
differentiated bonafide endothelial cells. This study is novel, physiologically
relevant and different from conventional strategies.

dental pulp stem cells, dentin matrix protein 1, human vascular endothelial cells,
endothelial cells, endothelial cell differentiation, angiogenesis, tissue regeneration

Introduction

Angiogenesis is a crucial physiological process for wound healing, tissue repair, and
regeneration. (DiPietro, 2016; Shi et al., 2023). During bone development and regeneration,
the growth of blood vessels are coupled with osteogenesis (Boston et al., 2021; Schott et al.,
2021). Blood vessels are important for the transport of nutrients, oxygen, ions, circulating
cells and facilitate the removal of metabolic waste (Rademakers et al., 2019). They also
provide instructive signals for organogenesis. The growing body of evidence indicates that
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the absence of a functional and appropriate vascular network may
result in necrosis and impaired bone formation (Lee et al., 2021; De
Silva et al., 2023).

Human dental pulp stem cells (hDPSCs) are neural crest derived
adult stem cells with multi-differentiation potential (Janebodin et al.,
2011). DPSCs show remarkable versatility and respond to
extracellular cues by altering their phenotype (Kim et al., 2012).
Several studies have shown that DPSCs have the potential to favor
angiogenesis via paracrine mechanisms (Mattei et al., 2021; Delle
Monache et al.,, 2022). Therefore, DPSCs would be an ideal cell
source for generating vasculogenic endothelial cells (ECs).

The extracellular matrix (ECM) provides physical and
mechanical support to the embedded cells. Earlier reports shows
that tissue specific ECM signature provides instructional cues for
organogenesis, cellular differentiation, migration, wound healing,
immune response, and tissue remodeling (Xia et al., 2018; Kim et al.,
2023). Specifically, ECM bound functional biomacromolecules (e.g.,
growth factors) provide spatial, chemical, and functional cues
(Lutolf and Hubbell, 2005). Published reports show the influence
of ECM on stem cell differentiation (Novoseletskaya et al., 2019).
Therefore, recent engineering strategies have focused on mimicking
the ECM composition of ECs to stimulate angiogenesis and tissue
regeneration (Pina et al., 2019; Xie et al,, 2021).

ECs secrete specific matrix macromolecules, which play a vital
role in enabling the differentiation of stem cells into ECs (Davis and
Senger, 2005). Notably, the ECM derived from ECs consists of
isoforms of collagen type IV, laminin, heparan sulfate, proteoglycans
(and nidogen-1/nidogen-2 (Witjas et al., 2019). These components
serve as both structural and signaling proteins, as well as facilitating
cell attachment and viability. Cell-cell and cell-matrix adhesions are
mediated by cadherins and integrins and are important players in
the development of ECs. Both these adhesion receptors have been
implicated in cell survival, cytoskeletal organization and cell
migration (Aman and Margadant, 2023). VE-cadherin expression
is tissue-specific and exclusive to ECs. In addition to its adhesive
functions, VE-cadherin regulates various cellular processes such as
cell proliferation and apoptosis and modulates vascular endothelial
growth factor receptor function, therefore, VE-cadherin is essential
during embryonic angiogenesis (Vestweber, 2008).

ECM from several types of ECs have been successfully used to
differentiate human mesenchymal stem cells into endothelial lineage
cells in 2D or 3D culture settings (Gong et al., 2017). Furthermore,
stem cells derived from human exfoliated deciduous teeth, when
cultured on the ECM of HUVEC: for 7 days, expressed CD31 and
VEGFR2. Additionally, these cells were functionally assessed
through a tube formation assay on Matrigel (Gong et al., 2017;
Xu et al., 2019).

Dentin matrix protein 1 (DMP1) is a bone and tooth-specific
non-collagenous ECM protein initially identified from the dentin
matrix. DMP1 is highly anionic and rich in aspartic acid, glutamic
acid and serine residues (George and Veis, 2008). Apart from its role
in matrix mineralization (Hao et al., 2004), DMP1 can function as a
signaling molecule impacting osteoblast and odontoblast
differentiation at several stages of development (Ravindran and
George, 2014). DMPI1 is an essential factor in the terminal
differentiation of ectomesenchyme-derived neural crest cells into
functional odontoblasts (Narayanan et al, 2001). Extracellular
DMP1 is endocytosed via the cell surface receptor GRP78
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(Ravindran et al., 2008) and triggers calcium mediated signaling
events resulting in the differentiation of preosteoblasts to osteoblasts
(Eapen et al., 2010).

In the current study, we show that, DMP1 enhances the
differentiation of DPSCs cultured on HUVEC-ECM scaffold
towards an EC phenotype. The EC signature of differentiated
DPSC cells were characterized using gene expression by RT-PCR,
immunostaining, and RNA sequencing analysis. Furthermore, the
functional assessment of the differentiated cells was conducted using
tube formation and sprout assay. Understanding the role of
vasculogenic ECM and the influence of DMP1 as a signaling
molecule on DPSCs transformation into ECs is key to the field of
regenerative vascular medicine.

Materials and methods
Cell culture

Human Dental pulp Stem Cells (hDPSCs), as provided by Dr.
Shi from the University of Pennsylvania, were cultured in a-
minimum Eagle’s medium from Thermo Fisher Scientific
(Waltham, MA). This medium was supplemented with 20% fetal
bovine serum (FBS) and 1% Antibiotic-Antimycotic (100X), both
from Thermo Fisher Scientific. The cells were maintained at 37°C
and 5% CO,. When the cells reached approximately 90% confluence,
they were subcultured at a 1:3 ratio (passage). Cells from passages
3 to 6 were utilized in all experiments.

HUVEC-ECM preparation

A non-enzymatic cell lysis procedure was employed to produce
ECM from human umbilical vein endothelial cells (HUVEC-ECM) as
described earlier (Narayanan et al., 2014). Briefly, HUVECs were seeded
onto 6 well plates coated with 0.2% gelatin at a density of 0.3 x 10° per
well in EBM-2 media (EBM-2, Lonza, Morristown, NJ). After reaching
90% confluence, cells were decellularized with 20 mM ammonium
hydroxide (Thermo Fisher Scientific) for 5 min, followed by a PBS
wash to obtain HUVEC-ECM. The plates containing HUVEC-ECM
were used immediately or stored at 4°C in PBS containing 1% antibiotic-
antimycotic solution until further use.

Differentiation of DPSCs on HUVEC-ECM

DPSCs were seeded at a density of 0.3 x 10° cells per well onto
plates coated with HUVEC-ECM and cultured in EBM-2 media
supplemented with 10% FBS. When needed DMP1 (500 ng/mL)
(Eapen et al., 2010) was added to the media. The cells were fed with
fresh prepared media every other day.

Immunofluorescence staining
DPSC cells were cultured on a HUVEC-ECM coated cover glass for

7 and 14 days, with and without DMP1 stimulation. The cells were then
fixed for 1 hour at 4°C in 10% neutral formalin. The cells were rinsed

frontiersin.org


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2024.1429247

Ganapathy et al.

10.3389/fphys.2024.1429247

TABLE 1 Primers for 8 upregulated genes involved in endothelial differentiation and housekeeping gene GAPDH as an endogenous reference.

Genes Forward Primer (5'-3') Reverse Primer (5'-3')

CD31 CTG CCA GTC CGA AAA TGG AAC CIT CAT CCA CCG GGG CTA TC
VE-Cadherin TTG GAA CCA GAT GCA CAT TGA T TCT TGC GAC TCA CGC TTG AC
VWF TGC AAC ACT TGT GIC TGT CG CGA AAG GTC CCA GGG TTA CT
VEGFA AGG GCA GAA TCA TCA CGA AGT AGG GTC TCG ATT GGA TGG CA
ITGAG TTG AAT ATA CTG CTA ACC CCG TCG AAA CTG AAC TCT TGA GGA
ITGAV AAT CTT CCA ATT GAG GAT ATC AC AAA ACA GCC AGT AGC AAC AAT
ITGB3 CCG TGA CGA GAT TGA GTC A AGG ATG GAC TTT CCA CTA GAA
ITGB4 AGA CGA GAT GTT CAG GGA CC CCT CTC CTC TGT GAT TTG GAA
GAPDH GGA GCG AGA TCC CTC CAA AAT GGC TGT TGT CAT ACT TCT CAT GG

with PBS and permeabilized with 0.5% Triton X-100 in PBS for 10 min
at room temperature. Subsequently, the cells underwent blocking with
5% BSA in PBS for 1 h. Specific primary antibodies against CD31 and
VE-Cadherin (CD144) (ab28364, ab33168, Abcam, Cambridge, MA),
VWF, GRP78 (sc-365712, sc-166490, Santa Cruz Biotechnology, Dallas,
TX) and VEGR?2 (rabbit, #2479, Cell Signaling Technology) were added
and incubated overnight at 4°C. Fluorescent secondary antibodies
(Thermo Fisher Scientific), goat anti-rabbit Alexa Fluor 594, goat
anti-mouse Alexa Fluor 488 were added for 2 h at room
temperature. The cover glass was attached to a glass slide using a
Mounting Medium with DAPI (Vector Laboratories, Inc., Newark,
CA). Following this, the cells were imaged using a Zeiss 710 Meta
Confocal Microscope at the UIC RRC Facility.

Real-time quantitative PCR

DPSCs stimulated with and without DMP1were cultured on
HUVEC ECM plates. Total RNA was isolated using Trizol reagent
(Invitrogen, Waltham, MA) according to the manufacturer’s
protocol. The purity (A260/A280) and concentration of RNA
were determined using a NanoDrop 2000 spectrophotometer
(Thermo Scientific, Waltham, MA, United States). Using the
Maxima First Strand cDNA Synthesis Kit with dsDNase (Thermo
Scientific, Waltham, United States), reverse transcription of cDNA
was carried out in accordance with the manufacturer’s instructions.
The FastStart Universal SYBR green master reagent (Roche
diagnostics, Indianapolis, IN, United States) was used for RT-
qPCR utilizing ABI StepOnePlus instrument (Thermo Fisher
Scientific). The gene expression levels were estimated by the
27%4CT method with the GAPDH gene expression level as an
internal control. Oligo DNA primers were synthesized by IDT
(Integrated DNA Technologies, Inc.) and are listed in Table 1.

Functional assessment of
differentiated DPSCs

Tube formation assay
The capability of differentiated DPSCs to form tubule-like
structures was determined using a tube formation assay. DPSCs
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stimulated with and without DMP1 were first cultured for 7 days.
The cells were collected using Accutase (Thermo Fisher Scientific)
and centrifuged for 200 g for 5 min. The control and differentiated
DPSCs (2 x 10*) were seeded in the solidified Matrigel (50 uL, BD
Bioscience, San Jose, CA) in a 96-well plate and incubated at 37°C.
The formation of tubular structures was examined, and images were
obtained at different time points (2, 4, and 24 h) using a light
microscope (EVOS, Thermo Fisher Scientific). Measurements of
tube length, number of branches, number of loops, and average loop
area were quantitatively measured using “Tube formation FastTrack
Al Image Analysis” (MetaVi Labs Inc., Germany).

Spheroid sprouting assay

Spheroid sprouting assay was performed to investigate the
functional ability of DPSC-derived ECs according to published
protocol (Heiss et al, 2015). 25 pL of suspension containing
differentiated DPSCs (~1000 cells) in a-MEM containing 20%
Methylcellulose (Sigma-Aldrich, ST. Louis, MO) was pipetted
onto petri-dishes (Fisher Scientific). Spheroids were formed via
hanging-drop method for 24 h at 37°C. The spheroids (~35) were
collected and centrifuged at 200g for 5 min, re-suspended in EBM-2
media with methylcellulose (0.5% w/v) supplemented with 20% FBS
and kept on ice until used. In a separate tube, spheroid mixture
containing rat tail collagen type I (3.5 mg/mL, Thermo Fisher
Scientific, Waltham, MA), Medium 199 (Thermo Fisher
Scientific, Waltham, MA, and NaOH (1 M) in a ratio of 8:1:
1 respectively was prepared on ice. Following this, 1 mL of the
spheroid mixture (~20 spheroids, prepared with equal volume of
collagen solution and spheroid solution) was transferred to a pre-
warmed (37°C) 24-well plate. Upon polymerization of the mixture at
37°C for 30 min, 0.2 mL of EBM2 was added to each well and
incubated at 37°C for 24 h. Images of ten spheroids per well were
captured using a Zeiss microscope. The images were then analyzed
for number and length of sprouts using Image].

Flow cytometry analysis and cell sorting
DPSCs were cultured on the HUVEC-ECM with or without

DMP1. After 7 days of differentiation the cells were collected using
Accutase (Thermo Fisher Scientific) and centrifuged at 300 g for
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5 min, washed with PBS, and then treated with an antibody for
40 min at room temperature in the dark. The antibodies used were
BD Pharmingen™ FITC Mouse Anti-Human CD31 (BD
Biosciences, San Jose, CA), BD Pharmingen™ APC Mouse Anti-
Human CD144 (BD Biosciences), and FITC or APC labelled isotype
match IgG (BD Biosciences) as control. Subsequently, the cells were
washed with PBS and suspended in Stain Buffer (BD Bioscience, San
Jose, CA). For CD31 and VE-Cadherin (CD144) expression analysis,
at least 20,000 cells were recorded using the CytoFLEX flow
cytometry instrument at the UIC RRC facility and analyzed with
FlowJo software (BD Biosciences). In addition, based on the
expression levels of CD31 and VE-cadherin (CD144), flow
cytometry sorting was conducted using a Moflo Astrios EQ
device (UIC RRC facility). The pre-sorted and post-sorted DPSCs
were used for RNA Seq-Analysis.

RNA Seqg-Analysis

Total RNA was extracted from post-sorted and pre-sorted
DPSCs as described above, and from HUVECs serving as
reference. RNAseq was performed by LC Sciences (Houston, TX).
The genes counts obtained from bulk mRNA sequencing were
imported to R/RStudio (R Core Team, 2024) for gene expression
analyses. Ensembl count identifiers were converted to gene symbol
annotation using the R package org.Hs.eg.db (Carlson, 2017). An EC
marker list was obtained from PanglaoDB (Franzén et al., 2019) and
uploaded to R/RStudio (R Core Team, 2024) and filtered to keep
only genes that had a human specificity of 0.5 or greater, followed by
Ensembl gene annotations for analysis. R package, edgeR (Robinson
et al,, 2010; McCarthy et al.,, 2012; Chen et al., 2016) was used for
trimmed mean of means (TMM) normalization. One way ANOVA
and Tukey HSD tests were performed on the normalized expression
values using the AICcmodavg (Mazerolle et al., 2023) package. A
gene is considered significantly differentially expressed if the
adjusted p-value is less than 0.05% with fold change greater than
2. Heat maps of specified gene sets were plotted using the
ComplexHeatmap (Gu et al, 2016; Gu, 2022) package. The
Database for Annotation, Visualization, and Integrated Discovery
(DAVID) (https://www.ncbi.nlm.nih.gov/pubmed/35325185) was
employed to identify Gene Ontology pathways that were
enriched in the sorted DMP1 treated groups.

Western blot analysis

Differentiated DPSCs were harvested using a cell scraper,
centrifuged for 15 min at 12,000 rpm and the cell pellets were
lysed in RIPA buffer (Cell Signaling Technology, Danvers, MA)
supplemented with 1% proteinase inhibitor cocktail (Millipore
Sigma, Burlington, MA). The mixture was incubated on ice for
30 min with gentle shaking and was subsequently centrifuged at
14,200 rpm at 4°C for 30 min. The resulting supernatant was utilized
as the total cellular proteins. The concentration was determined
using Bio-Rad Protein Assay Dye Reagent Concentrate (Bio-Rad
Laboratories, Hercules, CA) with BSA (Millipore Sigma) employed
as a standard. Subsequently, 50 pg of the proteins were separated by
electrophoresis on an SDS-PAGE gel and transferred to a PVDF
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membrane (Bio-Rad Laboratories) at 20 V, overnight. The
membranes were probed with specific primary antibodies,
secondary HRP-linked anti-IgG antibody, and visualized using
ECL Western Blotting Substrate (Thermo Fisher Scientific)
and  described
previously (Chen et al, 2021). Primary antibodies were: CD31
(Rabbit polyclonal, Abcam), VEGFA (Rabbit polyclonal, Abcam),
VE-Cadherin (Rabbit mAb, Cell Signaling Technology), ITGB4
(Rabbit, Cell Signaling Technology), ITGB3 (Rabbit, Cell
Signaling  Technology), ITGA6 (Rabbit, Cell
Technology), ITGAV (Rabbit, Cell Signaling Technology),
ACTIN (Mouse mAb, Cell Signaling Technology).

following the manufacturer’s instructions

Signaling

Statistical analysis

The data was reported as the mean and standard deviation
derived from a minimum of 3 independent experiments. Statistical
significance was assessed using the student’s t-test. Significance was
attributed to p-values of <0.05 and <0.01.

Results

Characterization of HUVEC-ECM

ECM extracted from HUVECs were isolated and characterized
for key ECM proteins based on previously published studies
(Kusuma et al, 2012). Immunohistochemical analysis revealed
the presence of collagen IVA, fibronectin, and laminin 1 in the
HUVEC-ECM (Figures 1A1-1A3). The absence of DAPI staining
(data not shown) indicated specific staining for proteins in the ECM.

Morphological changes of
differentiated DPSC

DPSCs seeded on HUVEC-ECM exhibit distinct morphologies.
DPSCs cultured on HUVEC-ECM for 3 and 7 days exhibited an
elongated morphology with negligible number of spindle-shaped
cells (Figure 1B, Control). In contrast, the addition of DMP1 and
culturing for 3 days resulted in long spindle shaped cells which
gradually transformed into smaller, spindle-shape cells at 7 days
(Figure 1B, DMP1), indicating the influence of DMP1 on the
differentiation of DPSCs into ECs cultured on HUVEC-ECM.

Endothelial cell differentiation of DPSCs by
HUVEC-ECM with DMP1

To demonstrate the differentiation of DPSCs into ECs under
HUVEC-ECM with DMP1 conditions, flow cytometry analysis was
performed by labeling the cells with CD31 FITC, CD144-APC
(Figures 2A, B). Our results revealed that under HUVEC-ECM
with DMP1 conditions, the CD31-FITC positive cell population of
DPSCs was 34% at 7 days and 41% at 14 days (Figure 2A1), whereas
under HUVEC-ECM alone, these percentages were notably lower at
7% and 24% for 7 and 14 days (Figure 2A1), respectively. Similarly,
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HUVEC-ECM >

Control

DMP1

FIGURE 1

50uM | FN1

Characterization of decellularized HUVEC-ECM. (A) Representative images of immunofluorescence staining to demonstrate the presence of key
HUVEC proteins in the ECM. ECM proteins shown are collagen type IV (A1), laminin (A2) and fibronectin (A3). (B) Representative phase-contrast
microscopic images showing the morphology of DPSCs seeded on either HUVEC-ECM or HUVEC-ECM supplemented with DMP1 for O, 3 and 7 days.

Scale bar: 50 ym (A); 200 uM (B).

the CD144-APC positive cell population of DPSCs was substantially
higher under HUVEC-ECM with DMP1 conditions compared to
HUVEC-ECM alone, at 9% vs. 41% for 7 days and 28% vs. 47% for
14 days (Figure 2B1). These observations indicate that HUVEC-
ECM contributes to the differentiation of DPSCs to endothelial-like
cells; however, DMP1 synergistically enhanced the efficacy of the
differentiation.

Endothelial-related gene and protein
expression of differentiated DPSCs

DPSCs differentiated into ECs were further analyzed for
endothelial cell signatures. Gene expressions for CD31 and vWF,
two well-known endothelial cell biomarkers were significantly
higher in DPSCs differentiated in the presence of DMP1 (Figures
3A, B). Similarly, the expression of VE-Cadherin (CD144), a pivotal
gene involved in endothelial cell junctions, showed a marked
elevation in the presence of DMP1 (Figure 3C). The pro-
angiogenic VEGFA was upregulated in differentiated DPSCs with
DMP1 (Figure 3D), as well as ANGPT1 to a lesser degree (Figure 3E).
Finally, ENG, a component of the TGFp receptor complex in ECs,
were found to be slightly but significantly elevated in DPSCs treated
with DMP1 (Figure 3F). Under the same differentiation conditions,
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the protein expression of CD31, VE-Cadherin (CD144), and
VEGFA (Figure 3G) was elevated in DPSCs in the DMP1 treated
group compared to the HUVEC-ECM alone as indicated by protein
band densities normalized to P-ACTIN (density ratios indicated
above target blot, Figure 3G.). This is further supported by the
immunofluorescence analysis conducted at the 7 and 14-day time
intervals (Figures 4A, B). Similarly, the expression of VEGFR2 and
GRP78 increased with DMP1 stimulation at 7 and 14 days
(Figures 4C, D).

Integrin gene and protein expression in
differentiated DPSC

Expressions of integrin family members were evaluated at both
the mRNA and protein levels in DPSCs following differentiation
under HUVEC-ECM conditions, with or without DMP1 (Figure 5).
The expression of ITGA6 (Figure 5A) and ITGB4 (Figure 5B)
exhibited significant increase at 7 and 14 days of differentiation
of DPSCs with DMP1, in comparison to the control group. Similarly,
the expression of ITGAV was significantly higher at 14 days
(Figure 5C) while ITGB3 (Figure 5D) was significantly higher at
7 and 14 days in the presence of DMP1 when compared to the
control. Furthermore, Western blot analysis showed that DPSCs
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Detection of endothelial-specific surface markers in differentiated DPSCs. Flow cytometric analyses were carried out on differentiated DPSCs either

for 7 or 14 days to evaluate the expression of CD31 (A) and VE-Cadherin (CD144) (B). The flow cytometric profile of the differentiated DPSCs, either in the
presence or absence of DMP1 displaying the fluorescence intensity on the x-axis and cell number on the y-axis, are presented. Mean and SD of CD31*
cells (A1) and CD144* cells (B1) from three independent analyses are graphically represented. **: p < 0.01.

differentiated with DMP1 exhibited higher EC-specific protein
expression at both 7 and 14 days compared to those cultured in
the absence of DMP1 (Figure 5E).

Endothelial cell-like phenotype of
differentiated DPSCs

Matrigel-based tube formation assay

DPSCs cultured on Matrigel coated with HUVEC-ECM in the
presence of DMP1 exhibited adhesion, migration, and the formation
of capillary-like tubules. These tubules underwent maturation into
tubular networks within 2-24 h, demonstrating a significant
enhancement in branching and vascular network tubule
formation (Figure 6A, DMP1). In contrast, DPSCs cultured on
HUVEC-ECM scaffold without DMP1 stimulation displayed
cellular aggregates with sporadic network, followed by tubule
aggregation at 24 h (Figure 6A, Control). Quantitative analysis
indicated significant increase in tube characteristics, such as
length (Figure 6B), branch numbers (Figure 6C), number of
loops (Figure 6D), and average loop area (Figure 6E). The
endothelial cell markers CD31 and vWF were prominently
expressed in the tubes and nodules derived from DPSCs
subjected to differentiation using HUVEC-ECM scaffold with
DMP1 stimulation (Figure 7A, DMP1 vs. control). Furthermore,
the expression of CD31 and vWF was exclusively evident in these
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cells. Additionally, there was an increase in the expression of VE-
Cadherin (CD144) in the spheroids/sprouts derived from DPSCs
that underwent differentiation with DMP1 (Figure 7B,
DMP1 vs. control).

Spheroid sprouting assay

Spheroids were generated using differentiated DPSCs under
HUVEC-ECM, both with and without DMP1. Subsequently, they
were embedded in a collagen type I scaffold to facilitate sprout
formation, in accordance with the methods outlined. Following a 24-
h incubation period, the sprouts originating from differentiated
DPSCs under HUVEC-ECM with DMP1 demonstrated a notable
increase in number (Figure 8B) and length (Figure 8C) when
compared with those generated under HUVEC-ECM alone
(Figure 8A, DMP1 vs. control).

RNA seq analysis

Of 985 endothelial cell markers, with a specificity in
humans >0.05, 730 were present in RNA sequencing data for
sorted DPSCs treated with DMP1 and HUVECs. Figure 9A
shows 50 genes with the highest relative gene expression and
demonstrates a lack of significant difference  between
transcriptomic profiles for the HUVECs and DMPI1 treated
DPSCs. This is supported by one-way ANOVA and Tukey ad
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FIGURE 3

Gene expression analysis of angiogenic specific markers in the differentiated DPSCs. Quantitative RT-PCR was conducted using total RNA to
evaluate the expression of key endothelial-specific genes. The bar graphs illustrate the fold changes with standard deviations in the expression of CD31
(A), vWF (B), VE-Cadherin (C), VEGFA (D), ANGPTI (E), and ENG (F) in DPSC cells cultured in HUVEC-ECM, both in the absence (Control, grey bar) and
presence of DMP1 (DMP1, black bar) at 7 and 14 days. Fold changes were calculated with GAPDH as housekeeping gene as described in materials and
methods section. *: p < 0.05 and **: p < 0.01. (G) Representative Western blots are shown for key endothelial proteins: VE-Cadherin, CD31 and VEGFA. -
ACTIN served as the internal control. Densitometric analysis of target proteins normalized to p-actin are shown.
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Immunostaining with endothelial markers in the differentiated DPSCs: CD31 and vVWF expression of DPSCs differentiated either on HUVEC-ECM
(Control), or HUVEC-ECM with DMP1 for 7 days (A) and 14 days (B) were detected by immunofluorescence. Similarly VEGFR2 (C) and GRP78 (D)
expression levels were higher with DMP1 stimulation at 7 and 14 days. DAPI (blue) was used as nuclear stain. Scale bar = 100 pm
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hoc testing with p-values >0.8 between all groups shown in
Figure 9A. Differential expression analysis between unsorted and
sorted DPSCs treated with DMP1 generated 1934 differentially
expressed genes (DEGs). Gene ontology biological process
enrichment of the DEG profile demonstrated an enrichment of
endothelial cell differentiation and function, angiogenic, cell
morphogenesis and vasculature and tube development pathways.
Genes upregulated in sorted DPSCs treated with DMP1 show
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presence of markers for cell morphogenesis (Figure 9B) and tube
development (Figure 9C).

Discussion

Blood supply is key in generating 3D tissues for regenerative
medicine applications for cell survival, organ growth and integration
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with the host system (Aghazadeh et al, 2022). Therefore,
development of strategies to generate functional ECs for cell-
based therapeutic vascularization is a fundamental aspect of
tissue engineering.

Several types of stem cell have been investigated for transformation
into endothelial lineages (Jang et al,, 2019). Of these, DPSCs are well
suited for transformation into ECs and stimulating vasculogenesis. They
are highly proliferative and demonstrate multipotent differentiation
capabilities into osteoblasts, chondrocytes, and adipocytes (Aydin and
Sahin, 2019; Luke et al., 2020). DPSCs were shown to readily differentiate
into vascular endothelial lineages in the presence of VEGFR-1 compared
with other mesenchymal cells derived from bone marrow and adipose
tissues (Bergamo et al,, 2021; Li A. et al., 2023). Further evidence also
shows that DPSCs could be primed by VEGF to develop into vascular
ECs and were identified by strong VEGFR1 expression. This
transformation was attributed to VEGF binding to VEGFRI1 instead
of VEGFR2 (Bergamo et al, 2021). Studies from other group have
demonstrated that VEGFR2 knockdown in DPSCs led to
downregulation of VEGF and VEGFA receptors, as well as a
reduction in the in vivo activation of angiogenic factors and
odontoblastic differentiation of DPSCs (Janebodin et al., 2013, 2021)
Therefore, to induce the differentiation of DPSCs towards the
endothelial cell lineage, a combination of growth factors and
differentiation agents are required as external stimuli.

In in vivo, the ECM contributes to cell proliferation, migration,
and differentiation by providing microenvironments containing
biological cues. Mimicking the complexity of the ECM will lead
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to specific cues conducive to the lineage-specific differentiation of
stem cells (Badylak et al., 2009), and scaffolds derived from the ECM
provides closest composition to the native tissue. The ECM is a
crucial acellular three-dimensional macromolecular network that
plays a pivotal role in tissue structure and function. Consisting of
various proteins such as collagen, fibronectin, laminin, and
glycoproteins, the ECM not only offers mechanical support to
cells but also influences their behavior and fate. Recent research
has emphasized the multifaceted functions of the ECM, indicating
its involvement in directing cellular self-differentiation and renewal
processes (Oliveira et al., 2021). Immunostaining of HUVEC-ECM
shows the presence of key ECM proteins such as collagen, laminin
and fibronectin as shown in Figure 1A which could act as a cue/
morphogen to alter the fate of DPSCs to endothelial lineage. The
collagen and non-collagenous proteins in the HUVEC-ECM
enabled the attachment of DPSCs and notably influenced the
morphological changes as shown in Figure 1B. These results are
in accordance with earlier observations reported using stem cells
from exfoliated deciduous teeth (Gong et al., 2017).
Understanding the interaction between the ECM and stem cells
is important to develop translational strategies for the use of
HUVEC-ECM
mineralization and angiogenesis are closely coupled processes

in tissue engineering applications. In fact,
during tooth development as shown by imaging and single cell
RNA sequencing using a mouse model, suggesting that critical
communications exit between mineralized tissue and vasculature

(Matsubara et al., 2022).
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Possible Mechanisms of DMP1 in Directing
DPSCs to Active Endothelial Cells
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A schematic model depicting the DMP1 signaling pathway, resulting in the activation of VEGFA, Integrins (a6p4, avp3) and specific angiogenic
proteins (VE-Cadherin, CD31), that play a crucial role in promoting the differentiation of DPSCs into endothelial-like cells using HUVEC-ECM scaffold.

DMPI is a member of the small integrin-binding ligand
N-linked glycoprotein (SIBLING) family, group of proteins found
in the ECM of bone and tooth (Staines et al., 2012). Apart from its
functions as a calcium phosphate mineral nucleator (He et al., 2003),
it also functions as a morphogen and induces odontogenic
differentiation of stem cells (Narayanan et al., 2001; Almushayt
et al., 2006) and formation of calcified tissues. The addition of
DMP1 to DPSCs seeded onto HUVEC-ECM significantly enhanced
the differentiation of DPSCs to endothelial-like cells, resulting in an
increased percentage of endothelial surface markers (CD31+/
CD144+, **: p < 0.01). Furthermore, additional biochemical and
molecular characterization supports the synergistic effect of
DMPI in promoting the differentiation of DPSCs towards the
endothelial lineage. These findings illustrate that stimulating
DPSCs with DMP1 in conjunction with HUVEC-ECM could
present a robust strategy for the differentiation of DPSCs into
endothelial lineage.

The characterization of the differentiated cells by flow cytometry
reveals a higher percentage of CD31+/CD144+ ECs during the
process 14  days.
Consequently, DMP1 stimulation proved to be essential in

differentiation spanning from 0 to
providing cues that significantly enhanced the transformation
process. The resulting ECs displayed distinct morphological
changes resembling typical ECs. The functional properties
assessment of the converted DPSCs-derived endothelial-like cells
was conducted using a range of endothelial cell functional assays,
including the tube formation assay and spheroid sprout assay. The
differentiated ECs formed tube-like structures and capillaries, with
observable angiogenic sprouts and upregulation of several
angiogenic markers. Additionally, the tube formation assay
demonstrated longer tubes with increased branching and looping
in DPSC-derived endothelial-like cells. In contrast, DPSCs without
DMP1I stimulation exhibited a reduced ability to form capillary-like
structures. Findings from this functional study revealed a
noteworthy increase in tubulogenesis and sprouting of the DPSC-
derived endothelial-like cells with the
DMP1

supplementation of
during the transformation of DPSCs. In addition
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DMP1 was essential to form a tubular network, which remained
stable even after 24 h, and to spread and attach on Matrigel (Pirotte
et al.,, 2011). Taken together, these findings collectively suggest that
DMP1 has the potential to function as a signaling molecule
promoting the transformation of DPSCs into vasculogenic ECs.
HUVEC ECM contributes to the organization and stability of
developing endothelial tubular networks. Consequently, our
findings indicate that the interaction between DPSCs and DMP1,
combined with the cues from the HUVEC matrix, may be
accountable for activating various signaling pathways that induce
their differentiation into ECs, accompanied by alterations in cell
shape and morphology.

Integrins establish dynamic connections between the intracellular
actin cytoskeleton and the ECM, playing a critical role in transmitting
bidirectional signals across the plasma membrane (Schwartz, 2010).
Specifically, interactions between the ECM and a6B4 a laminin-
binding integrin plays a crucial role in the sprouting of ECs from
capillaries and in angiogenesis. aVP3 notably, the outside-in signals
mediated by integrin work in conjunction with other growth factor
receptors facilitate cell proliferation and motility (Li S. et al., 2023;
Pang et al., 2023). This outside-in signaling pathway involves a ligand
binding to the extracellular domain of active integrin, triggering a
conformational change in the cytoplasmic tail. As a result, kinases and
adaptor molecules in the cytosol are activated, contributing to
downstream cellular processes (Morse et al, 2014). The findings
presented in this manuscript indicate that the expression of
a6B4 and oVP3 integrins is higher when supplemented with
DMP1, as evidenced by the results obtained from RT-PCR and
Western blotting analyses. Moreover, it is worth noting that the
expression of aVP3 integrin is induced in microvascular ECs by
VEGF-A (Liu et al, 2003). Thus, the expression pattern of integrin
subunits further authenticates DPSCs differentiation towards
endothelial-like cells. VEGFA is known to promote endothelial cell
migration and proliferation, as well as functions in angiogenesis
(Pauty et al, 2018; Apte et al, 2019). This intricate interplay
underscores the multifaceted nature of the regulatory mechanisms
governing endothelial cell behavior and angiogenesis.
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VE-cadherin expression plays a pivotal role in DPSC capillary
sprouting and establishes a continuous loop with the host
vasculature (Sasaki et al., 2020). Results from this study further
substantiate this concept by illustrating that DMP1 enhances VE-
Cadherin expression at both the gene and protein levels. This
enhancement likely contributes to the development of capillary
sprouting by the converted ECs. Other proteins of interest that
were upregulated with DMP1 stimulation were VEGFR2 and GRP78
(glucose-regulated protein 78) a member of the heat shock protein
70. We had demonstrated earlier that GRP78 functions as a receptor
for DMP1 and facilitates its internalization (Ravindran et al., 2008).
A previous study showed that in ECs, GRP78 was related to AKT-
dependent angiogenesis. However, the mechanism related to
GRP78 activation of AKT remains unknown (Raiter et al., 2010).

RNA sequencing data emphasizes the remarkable similarity in gene
expression signature between the sorted DPSCs treated with DMP1 and
the positive control HUVECs. This discovery underscores the potential
influence of DMP1 treatment on the gene expression patterns of DPSCs,
indicating a significant resemblance to the gene expression signature
observed in HUVECs. These findings could lead to a comprehensive
conception of the molecular mechanisms underlying the effect of
DMP1 treatment on DPSCs, particularly in the context of
transformation to ECs.

In summary, we have demonstrated the ability of the HUVEC-ECM
scaffold along with DMP1 stimulation to drive endothelial lineage-
specific differentiation of DPSCs. Highlights from this study indicate that
DMP1 stimulation influenced the expression of endothelial cell markers,
VEGF, integrins and its downstream effectors (Figure 10). Our future
efforts will be directed toward understanding this process in a more
detailed manner to better understand the functional complexities of
HUVEC-ECM and DMP1-mediated signaling.

Conclusion

In this study, we have developed a methodology for robust lineage-
specific differentiation of DPSCs into VE-Cadherin'/CD31"cells. These
cells showed endothelial phenotype by their morphology, expression of
EC markers at the mRNA and protein levels and expression of EC-
specific integrins. Functional properties of the differentiated cells showed
their ability to form vascular sprouts, tube-formation and vascular
network. Overall, this study strengthens the utility of DPSCs for
vasculogenesis by utilizing HUVEC-ECM scaffold and DMP1.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found below: https://www.ncbi.nlm.nih.gov/geo/,
GSE266875.

References

Aghazadeh, Y., Khan, S. T., Nkennor, B., and Nunes, S. S. (2022). Cell-based therapies
for vascular regeneration: past, present and future. Pharmacol. Ther. 231, 107976.
doi:10.1016/j.pharmthera.2021.107976

Frontiers in Physiology

12

10.3389/fphys.2024.1429247

Ethics statement

Ethical approval was not required for the studies on humans in
accordance with the local legislation and institutional requirements
because only commercially available established cell lines were used.
Ethical approval was not required for the studies on animals in
accordance with the local legislation and institutional requirements
because only commercially available established cell lines were used.

Author contributions

AG: Writing-review and editing, Writing-original draft,
Visualization, Validation, Methodology, Investigation, Formal
Analysis, Data curation, Conceptualization. KN: Writing-review
and editing, Methodology, Formal Analysis, Data curation,
YC:
Methodology, Investigation, Formal Analysis,

Conceptualization. Writing-review  and  editing,
Data curation,
Conceptualization. CV: Writing-review and editing, Software,
Methodology, Investigation, Formal Analysis, Data curation. AG:
Writing-review and editing, Writing-original draft, Visualization,
Validation,

administration, Methodology, Investigation, Funding acquisition,

Supervision, Software, Resources, Project

Formal Analysis, Data curation, Conceptualization.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This study
was supported by grants from the National Institutes of Health
R01 DE028531 and RO1 DE031737 and the Brodie Endowment
Fund. The funders had no role in study design, data collection, and
interpretation, or the decision to submit the work for publication.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Almushayt, A., Narayanan, K., Zaki, A. E., and George, A. (2006). Dentin matrix
protein 1 induces cytodifferentiation of dental pulp stem cells into odontoblasts. Gene
Ther. 13, 611-620. doi:10.1038/sj.gt.3302687

frontiersin.org


https://www.ncbi.nlm.nih.gov/geo/
https://doi.org/10.1016/j.pharmthera.2021.107976
https://doi.org/10.1038/sj.gt.3302687
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2024.1429247

Ganapathy et al.

Aman, J., and Margadant, C. (2023). Integrin-dependent cell-matrix adhesion in
endothelial Health and disease. Circulation Res. 132, 355-378. doi:10.1161/
CIRCRESAHA.122.322332

Apte,R. S, Chen, D. S., and Ferrara, N. (2019). VEGF in signaling and disease: beyond
discovery and development. Cell 176, 1248-1264. doi:10.1016/j.cell.2019.01.021

Aydin, S., and $ahin, F. (2019). “Stem cells derived from dental tissues,” in Cell Biology
and translational medicine, volume 5. Editor K. Turksen (Cham: Springer International
Publishing), 123-132. doi:10.1007/5584_2018_333

Badylak, S., Freytes, D., and Gilbert, T. (2009). Extracellular matrix as a biological
scaffold material: structure and function. Acta Biomater. 5, 1-13. doi:10.1016/j.actbio.
2008.09.013

Bergamo, M. T,, Zhang, Z., Oliveira, T. M., and Nér, J. E. (2021). VEGFR1 primes a
unique cohort of dental pulp stem cells for vasculogenic differentiation. Eur. Cell Mater
41, 332-344. doi:10.22203/eCM.v041a21

Boston, B., Ipe, D., Capitanescu, B., Hamlet, S., Love, R., Nusem, L, et al. (2021).
Angiogenesis-osteogenesis coupling: a key element in bone physiology and
regeneration. Vasc. Cell 13. doi:10.24238/13221-13-1-203

Carlson, M. (2017). org.Hs.eg.db: genome wide annotation for Human. R package
version 3.8.2. doi:10.18129/B9.BIOC.ORG.HS.EG.DB

Chen, Y., Koshy, R., Guirado, E., and George, A. (2021). STIM1 a calcium sensor
promotes the assembly of an ECM that contains Extracellular vesicles and factors that
modulate mineralization. Acta Biomater. 120, 224-239. doi:10.1016/j.actbio.2020.
10.011

Chen, Y, Lun, A. T. L, and Smyth, G. K. (2016). From reads to genes to pathways:
differential expression analysis of RNA-Seq experiments using Rsubread and the edgeR
quasi-likelihood pipeline. F1000Res 5, 1438. doi:10.12688/f1000research.8987.2

Davis, G. E., and Senger, D. R. (2005). Endothelial extracellular matrix: biosynthesis,
remodeling, and functions during vascular morphogenesis and neovessel stabilization.
Circulation Res. 97, 1093-1107. doi:10.1161/01.RES.0000191547.64391.e3

Delle Monache, S., Pulcini, F., Santilli, F., Martellucci, S., Santacroce, C., Fabrizi, J.,
et al. (2022). Hypoxia induces DPSC differentiation versus a neurogenic phenotype by
the paracrine mechanism. Biomedicines 10, 1056. doi:10.3390/biomedicines10051056

De Silva, L., Bernal, P. N, Rosenberg, A., Malda, J., Levato, R., and Gawlitta, D. (2023).
Biofabricating the vascular tree in engineered bone tissue. Acta Biomater. 156, 250-268.
doi:10.1016/j.actbio.2022.08.051

DiPietro, L. A. (2016). Angiogenesis and wound repair: when enough is enough.
J. Leukoc. Biol. 100, 979-984. doi:10.1189/jlb.4MR0316-102R

Eapen, A., Sundivakkam, P., Song, Y., Ravindran, S., Ramachandran, A., Tiruppathi,
C., et al. (2010). Calcium-mediated stress kinase activation by DMP1 promotes
osteoblast differentiation. J. Biol. Chem. 285, 36339-36351. doi:10.1074/jbc.M110.
145607

Franzén, O., Gan, L.-M., and Bjérkegren, J. L. M. (2019). PanglaoDB: a web server for
exploration of mouse and human single-cell RNA sequencing data. Database 2019,
baz046. doi:10.1093/database/baz046

George, A., and Veis, A. (2008). Phosphorylated proteins and control over apatite
nucleation, crystal growth, and inhibition. Chem. Rev. 108, 4670-4693. doi:10.1021/
cr0782729

Gong, T., Heng, B. C, Xu, J,, Zhu, S.,, Yuan, C, Lo, E. C. M,, et al. (2017).
Decellularized extracellular matrix of human umbilical vein endothelial cells
promotes endothelial differentiation of stem cells from exfoliated deciduous teeth.
J. Biomed. Mater. Res. 105, 1083-1093. doi:10.1002/jbm.a.36003

Gu, Z. (2022). Complex heatmap visualization. iMeta 1, e43. doi:10.1002/imt2.43

Gu, Z., Eils, R., and Schlesner, M. (2016). Complex heatmaps reveal patterns and
correlations in multidimensional genomic data. Bioinformatics 32, 2847-2849. doi:10.
1093/bioinformatics/btw313

Hao, J., Zou, B., Narayanan, K., and George, A. (2004). Differential expression
patterns of the dentin matrix proteins during mineralized tissue formation. Bone 34,
921-932. doi:10.1016/j.bone.2004.01.020

He, G, Dahl, T., Veis, A., and George, A. (2003). Dentin matrix protein 1 initiates
hydroxyapatite formation in vitro. Connect. Tissue Res. 44, 240-245. doi:10.1080/
03008200390181726

Heiss, M., Hellstrom, M., Kalén, M., May, T., Weber, H., Hecker, M., et al. (2015).
Endothelial cell spheroids as a versatile tool to study angiogenesis in vitro. FASEB J. 29,
3076-3084. doi:10.1096/1j.14-267633

Janebodin, K., Chavanachat, R., Hays, A., and Reyes Gil, M. (2021). Silencing VEGFR-
2 hampers odontoblastic differentiation of dental pulp stem cells. Front. Cell Dev. Biol. 9,
665886. doi:10.3389/fcell.2021.665886

Janebodin, K., Horst, O. V., Ieronimakis, N., Balasundaram, G., Reesukumal, K.,
Pratumvinit, B., et al. (2011). Isolation and characterization of neural crest-derived stem
cells from dental pulp of neonatal mice. PLoS ONE 6, €27526. doi:10.1371/journal.pone.
0027526

Janebodin, K., Zeng, Y., Buranaphatthana, W., Ieronimakis, N., and Reyes, M. (2013).
VEGFR2-dependent angiogenic capacity of pericyte-like dental pulp stem cells. J. Dent.
Res. 92, 524-531. doi:10.1177/0022034513485599

Frontiers in Physiology

13

10.3389/fphys.2024.1429247

Jang, S., Collin De I'Hortet, A., and Soto-Gutierrez, A. (2019). Induced pluripotent
stem cell-derived endothelial cells: overview, current advances, applications, and future
directions. Am. J. Pathology 189, 502-512. doi:10.1016/j.ajpath.2018.12.004

Kim, B.-C., Bae, H., Kwon, 1.-K,, Lee, E.-]., Park, J.-H., Khademhosseini, A., et al.
(2012). Osteoblastic/cementoblastic and neural differentiation of dental stem cells and
their applications to tissue engineering and regenerative medicine. Tissue Eng. Part B
Rev. 18, 235-244. doi:10.1089/ten.teb.2011.0642

Kim, W., Gwon, Y., Park, S., Kim, H., and Kim, J. (2023). Therapeutic strategies of
three-dimensional stem cell spheroids and organoids for tissue repair and regeneration.
Bioact. Mater. 19, 50-74. doi:lO.1016/j.bioactmat.2022.03.039

Kusuma, S., Zhao, S., and Gerecht, S. (2012). The extracellular matrix is a novel
attribute of endothelial progenitors and of hypoxic mature endothelial cells. FASEB J.
26, 4925-4936. doi:10.1096/1j.12-209296

Lee, E.-J,, Jain, M., and Alimperti, S. (2021). Bone microvasculature: stimulus for
tissue function and regeneration. Tissue Eng. Part B Rev. 27, 313-329. doi:10.1089/ten.
teb.2020.0154

Li, A., Sasaki, J. I, Inubushi, T., Abe, G. L., Nér, J. E., Yamashiro, T., et al. (2023a). Role
of heparan sulfate in vasculogenesis of dental pulp stem cells. . Dent. Res. 102, 207-216.
doi:10.1177/00220345221130682

Li, S., Sampson, C., Liu, C,, Piao, H., and Liu, H.-X. (2023b). Integrin signaling in
cancer: bidirectional mechanisms and therapeutic opportunities. Cell Commun. Signal
21, 266. doi:10.1186/s12964-023-01264-4

Liu, Z.-J., Snyder, R., Soma, A., Shirakawa, T., Ziober, B. L., Fairman, R. M., et al.
(2003). VEGF-A and a v f ; integrin synergistically rescue angiogenesis via N-Ras and
PI3-K signaling in human microvascular endothelial cells. FASEB J. 17, 1-21. doi:10.
1096/§.02-1171fe

Luke, A. M., Patnaik, R., Kuriadom, S., Abu-Fanas, S., Mathew, S., and Shetty, K. P.
(2020). Human dental pulp stem cells differentiation to neural cells, osteocytes and
adipocytes-An in vitro study. Heliyon 6, €03054. doi:10.1016/j.heliyon.2019.e03054

Lutolf, M. P.,, and Hubbell, J. A. (2005). Synthetic biomaterials as instructive
extracellular microenvironments for morphogenesis in tissue engineering. Nat.
Biotechnol. 23, 47-55. doi:10.1038/nbt1055

Matsubara, T, Iga, T., Sugiura, Y., Kusumoto, D., Sanosaka, T., Tai-Nagara, I, et al.
(2022). Coupling of angiogenesis and odontogenesis orchestrates tooth mineralization
in mice. J. Exp. Med. 219, €20211789. doi:10.1084/jem.20211789

Mattei, V., Martellucci, S., Pulcini, F., Santilli, F., Sorice, M., and Delle Monache, S.
(2021). Regenerative potential of DPSCs and revascularization: direct, paracrine or
autocrine effect? Stem Cell Rev Rep 17, 1635-1646. doi:10.1007/s12015-021-10162-6

Mazerolle, M. J. (2023). AICcmodavg: model selection and multimodel inference
based. Available at: https://cran.r-project.org/package=AICcmodavg.

McCarthy, D.J., Chen, Y., and Smyth, G. K. (2012). Differential expression analysis of
multifactor RNA-Seq experiments with respect to biological variation. Nucleic Acids
Res. 40, 4288-4297. doi:10.1093/nar/gks042

Morse, E. M., Brahme, N. N, and Calderwood, D. A. (2014). Integrin cytoplasmic tail
interactions. Biochemistry 53, 810-820. doi:10.1021/bi401596q

Narayanan, K., Lim, V. Y., Shen, J., Tan, Z. W., Rajendran, D., Luo, S.-C,, et al. (2014).
Extracellular matrix-mediated differentiation of human embryonic stem cells:
differentiation to insulin-secreting beta cells. Tissue Eng. Part A 20, 424-433. doi:10.
1089/ten.tea.2013.0257

Narayanan, K., Srinivas, R., Ramachandran, A., Hao, J., Quinn, B., and George, A.
(2001). Differentiation of embryonic mesenchymal cells to odontoblast-like cells by
overexpression of dentin matrix protein 1. Proc. Natl. Acad. Sci. U.S.A. 98, 4516-4521.
doi:10.1073/pnas.081075198

Novoseletskaya, E. S., Grigorieva, O. A., Efimenko, A.Yu., and Kalinina, N. I. (2019).
Extracellular matrix in the regulation of stem cell differentiation. Biochem. Mosc. 84,
232-240. doi:10.1134/S0006297919030052

Oliveira, H., Médina, C., Stachowicz, M.-L., Paiva Dos Santos, B., Chagot, L.,
Dusserre, N., et al. (2021). Extracellular matrix (ECM)-derived bioinks designed to
foster vasculogenesis and neurite outgrowth: characterization and bioprinting.
Bioprinting 22, e00134. doi:10.1016/j.bprint.2021.e00134

Pang, X, He, X,, Qiu, Z,, Zhang, H,, Xie, R,, Liu, Z,, et al. (2023). Targeting integrin
pathways: mechanisms and advances in therapy. Sig Transduct. Target Ther. 8, 1. doi:10.
1038/541392-022-01259-6

Pauty, J., Usuba, R, Cheng, I. G., Hespel, L., Takahashi, H., Kato, K,, et al. (2018). A
vascular endothelial growth factor-dependent sprouting angiogenesis assay based on an
in vitro human blood vessel model for the study of anti-angiogenic drugs. EBioMedicine
27, 225-236. doi:10.1016/j.ebiom.2017.12.014

Pina, S, Ribeiro, V. P., Marques, C. F., Maia, F. R,, Silva, T. H., Reis, R. L., et al. (2019).
Scaffolding strategies for tissue engineering and regenerative medicine applications.
Materials 12, 1824. doi:10.3390/mal2111824

Pirotte, S., Lamour, V., Lambert, V., Alvarez Gonzalez, M.-L., Ormenese, S.,
Noél, A, et al. (2011). Dentin matrix protein 1 induces membrane expression of
VE-cadherin on endothelial cells and inhibits VEGF-induced angiogenesis by
blocking VEGFR-2 phosphorylation. Blood 117, 2515-2526. doi:10.1182/blood-
2010-08-298810

frontiersin.org


https://doi.org/10.1161/CIRCRESAHA.122.322332
https://doi.org/10.1161/CIRCRESAHA.122.322332
https://doi.org/10.1016/j.cell.2019.01.021
https://doi.org/10.1007/5584_2018_333
https://doi.org/10.1016/j.actbio.2008.09.013
https://doi.org/10.1016/j.actbio.2008.09.013
https://doi.org/10.22203/eCM.v041a21
https://doi.org/10.24238/13221-13-1-203
https://doi.org/10.18129/B9.BIOC.ORG.HS.EG.DB
https://doi.org/10.1016/j.actbio.2020.10.011
https://doi.org/10.1016/j.actbio.2020.10.011
https://doi.org/10.12688/f1000research.8987.2
https://doi.org/10.1161/01.RES.0000191547.64391.e3
https://doi.org/10.3390/biomedicines10051056
https://doi.org/10.1016/j.actbio.2022.08.051
https://doi.org/10.1189/jlb.4MR0316-102R
https://doi.org/10.1074/jbc.M110.145607
https://doi.org/10.1074/jbc.M110.145607
https://doi.org/10.1093/database/baz046
https://doi.org/10.1021/cr0782729
https://doi.org/10.1021/cr0782729
https://doi.org/10.1002/jbm.a.36003
https://doi.org/10.1002/imt2.43
https://doi.org/10.1093/bioinformatics/btw313
https://doi.org/10.1093/bioinformatics/btw313
https://doi.org/10.1016/j.bone.2004.01.020
https://doi.org/10.1080/03008200390181726
https://doi.org/10.1080/03008200390181726
https://doi.org/10.1096/fj.14-267633
https://doi.org/10.3389/fcell.2021.665886
https://doi.org/10.1371/journal.pone.0027526
https://doi.org/10.1371/journal.pone.0027526
https://doi.org/10.1177/0022034513485599
https://doi.org/10.1016/j.ajpath.2018.12.004
https://doi.org/10.1089/ten.teb.2011.0642
https://doi.org/10.1016/j.bioactmat.2022.03.039
https://doi.org/10.1096/fj.12-209296
https://doi.org/10.1089/ten.teb.2020.0154
https://doi.org/10.1089/ten.teb.2020.0154
https://doi.org/10.1177/00220345221130682
https://doi.org/10.1186/s12964-023-01264-4
https://doi.org/10.1096/fj.02-1171fje
https://doi.org/10.1096/fj.02-1171fje
https://doi.org/10.1016/j.heliyon.2019.e03054
https://doi.org/10.1038/nbt1055
https://doi.org/10.1084/jem.20211789
https://doi.org/10.1007/s12015-021-10162-6
https://cran.r-project.org/package=AICcmodavg
https://doi.org/10.1093/nar/gks042
https://doi.org/10.1021/bi401596q
https://doi.org/10.1089/ten.tea.2013.0257
https://doi.org/10.1089/ten.tea.2013.0257
https://doi.org/10.1073/pnas.081075198
https://doi.org/10.1134/S0006297919030052
https://doi.org/10.1016/j.bprint.2021.e00134
https://doi.org/10.1038/s41392-022-01259-6
https://doi.org/10.1038/s41392-022-01259-6
https://doi.org/10.1016/j.ebiom.2017.12.014
https://doi.org/10.3390/ma12111824
https://doi.org/10.1182/blood-2010-08-298810
https://doi.org/10.1182/blood-2010-08-298810
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2024.1429247

Ganapathy et al.

Rademakers, T., Horvath, J. M., Blitterswijk, C. A., and LaPointe, V. L. S. (2019).
Oxygen and nutrient delivery in tissue engineering: approaches to graft vascularization.
J. Tissue Eng. Regen. Med. 13, 1815-1829. doi:10.1002/term.2932

Raiter, A., Weiss, C., Bechor, Z., Ben-Dor, I, Battler, A., Kaplan, B., et al. (2010).
Activation of GRP78 on endothelial cell membranes by an ADAM15-derived peptide
induces angiogenesis. J. Vasc. Res. 47, 399-411. doi:10.1159/000281580

Ravindran, S., and George, A. (2014). Multifunctional ECM proteins in bone and
teeth. Exp. Cell Res. 325, 148-154. doi:10.1016/j.yexcr.2014.01.018

Ravindran, S., Narayanan, K., Eapen, A. S., Hao, J., Ramachandran, A., Blond,
S., et al. (2008). Endoplasmic reticulum chaperone protein GRP-78 mediates
endocytosis of dentin matrix protein 1. J. Biol. Chem. 283, 29658-29670. doi:10.
1074/jbc.M800786200

R Core Team (2024). R: a language and environment for statistical computing.
Available at: https://www.R-project.org.

Robinson, M. D., McCarthy, D. J., and Smyth, G. K. (2010). edgeR: a Bioconductor
package for differential expression analysis of digital gene expression data.
Bioinformatics 26, 139-140. doi:10.1093/bioinformatics/btp616

Sasaki, J. I, Zhang, Z., Oh, M., Pobocik, A. M., Imazato, S., Shi, S., et al. (2020). VE-
cadherin and anastomosis of blood vessels formed by dental stem cells. J. Dent. Res. 99,
437-445. doi:10.1177/0022034520902458

Schott, N. G., Friend, N. E,, and Stegemann, J. P. (2021). Coupling osteogenesis and
Vasculogenesis in engineered onhopedic tissues. Tissue Eng. Part B Rev. 27, 199-214.
doi:10.1089/ten.teb.2020.0132

Frontiers in Physiology

14

10.3389/fphys.2024.1429247

Schwartz, M. A. (2010). Integrins and extracellular matrix in mechanotransduction.
Cold Spring Harb. Perspect. Biol. 2, a005066. doi:10.1101/cshperspect.a005066

Shi, Z., Yao, C,, Shui, Y., Li, S, and Yan, H. (2023). Research progress on the
mechanism of angiogenesis in wound repair and regeneration. Front. Physiol. 14,
1284981. doi:10.3389/fphys.2023.1284981

Staines, K. A., MacRae, V. E.,, and Farquharson, C. (2012). The importance of the
SIBLING family of proteins on skeletal mineralisation and bone remodelling.
J. Endocrinol. 214, 241-255. doi:10.1530/JOE-12-0143

Vestweber, D. (2008). VE-cadherin: the major endothelial adhesion molecule
controlling cellular junctions and blood vessel formation. ATVB 28, 223-232.
doi:10.1161/ATVBAHA.107.158014

Witjas, F. M. R,, Van Den Berg, B. M, Van Den Berg, C. W., Engelse, M. A,, and Rabelink, T.
J. (2019). Concise review: the endothelial cell extracellular matrix regulates tissue homeostasis
and repair. Stem Cells Transl. Med. 8, 375-382. doi:10.1002/sctm.18-0155

Xia, H,, Li, X, Gao, W., Fu, X,, Fang, R. H., Zhang, L., et al. (2018). Tissue repair and
regeneration with endogenous stem cells. Nat. Rev. Mater 3, 174-193. doi:10.1038/
541578-018-0027-6

Xie, C,, Ye, J., Liang, R., Yao, X., Wu, X, Koh, Y., et al. (2021). Advanced strategies of
biomimetic tissue-engineered grafts for bone regeneration. Adv. Healthc. Mater. 10,
2100408. doi:10.1002/adhm.202100408

Xu, M, He, J., Zhang, C.,, Xu, J., and Wang, Y. (2019). Strategies for derivation of
endothelial lineages from human stem cells. Stem Cell Res. Ther. 10, 200. doi:10.1186/
$13287-019-1274-1

frontiersin.org


https://doi.org/10.1002/term.2932
https://doi.org/10.1159/000281580
https://doi.org/10.1016/j.yexcr.2014.01.018
https://doi.org/10.1074/jbc.M800786200
https://doi.org/10.1074/jbc.M800786200
https://www.R-project.org
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1177/0022034520902458
https://doi.org/10.1089/ten.teb.2020.0132
https://doi.org/10.1101/cshperspect.a005066
https://doi.org/10.3389/fphys.2023.1284981
https://doi.org/10.1530/JOE-12-0143
https://doi.org/10.1161/ATVBAHA.107.158014
https://doi.org/10.1002/sctm.18-0155
https://doi.org/10.1038/s41578-018-0027-6
https://doi.org/10.1038/s41578-018-0027-6
https://doi.org/10.1002/adhm.202100408
https://doi.org/10.1186/s13287-019-1274-1
https://doi.org/10.1186/s13287-019-1274-1
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2024.1429247

	Dentin matrix protein 1 and HUVEC-ECM scaffold promote the differentiation of human dental pulp stem cells into endothelial ...
	Introduction
	Materials and methods
	Cell culture
	HUVEC-ECM preparation
	Differentiation of DPSCs on HUVEC-ECM
	Immunofluorescence staining
	Real-time quantitative PCR
	Functional assessment of differentiated DPSCs
	Tube formation assay
	Spheroid sprouting assay

	Flow cytometry analysis and cell sorting
	RNA Seq-Analysis
	Western blot analysis
	Statistical analysis

	Results
	Characterization of HUVEC-ECM
	Morphological changes of differentiated DPSC
	Endothelial cell differentiation of DPSCs by HUVEC-ECM with DMP1
	Endothelial-related gene and protein expression of differentiated DPSCs
	Integrin gene and protein expression in differentiated DPSC
	Endothelial cell-like phenotype of differentiated DPSCs
	Matrigel-based tube formation assay
	Spheroid sprouting assay

	RNA seq analysis

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


