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Abstract

Vasculogenesis is the process of de novo blood vessel formation observed primarily during 

embryonic development. Emerging evidence suggest that post-natal mesenchymal stem cells are 

capable of recapitulating vasculogenesis when these cells are engaged in tissue regeneration. 

However, the mechanisms underlining the vasculogenic differentiation of mesenchymal stem cells 

remain unclear. Here, we used stem cells from human permanent teeth (DPSC) or deciduous teeth 

(SHED) as models of post-natal primary human mesenchymal stem cells to understand 

mechanisms regulating their vasculogenic fate. GFP-tagged mesenchymal stem cells seeded in 

human tooth slice/scaffolds and transplanted into immunodeficient mice differentiate into human 

blood vessels that anastomize with the mouse vasculature. In vitro, VEGF induced the 

vasculogenic differentiation of DPSC and SHED via potent activation of Wnt/β-catenin signaling. 

Further, activation of Wnt signaling is sufficient to induce the vasculogenic differentiation of post-

natal mesenchymal stem cells, while Wnt inhibition blocked this process. Notably, β-catenin-

silenced DPSC no longer differentiate into endothelial cells in vitro, and showed impaired 

vasculogenesis in vivo. Collectively, these data demonstrate that VEGF signaling through the 

canonical Wnt/β-catenin pathway defines the vasculogenic fate of post-natal mesenchymal stem 

cells.
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Schematic representation of the role of the Wnt/β-catenin signaling axis on the determination of 

the vasculogenic fate of post-natal mesenchymal stem cells. It has been previously demonstrated 

that dentin-derived BMPs induce the odontoblastic differentiation of dental pulp stem cells [39]. 

This manuscript shows that VEGF signaling through the canonical Wnt/β-catenin pathway 

regulates the differentiation of post-natal mesenchymal stem cells into vascular endothelial cells.
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engineering

Introduction

Mesenchymal stem cells are characterized by multipotency and self-renewal, and play 

critical roles in embryonic development and tissue regeneration. Several populations of 

tooth-related mesenchymal stem cells have been characterized over the last 15 years, as for 

example the dental pulp stem cells (DPSC) from permanent teeth [1], the stem cells from 

human exfoliated deciduous teeth (SHED) [2], and the stem cells from the apical papilla 

(SCAP) [3, 4]. These mesenchymal stem cells display multipotency being able to 

differentiate into osteo/odontogenic, adipogenic, and neurogenic lineages [5]. Interestingly, 

stromal stem cells from human dental pulps can differentiate into both, osteoblasts and 

endotheliocytes [6]. At about the same time, the Nakashima laboratory demonstrated that a 

sub-fraction of side population (SP) cells that are negative for CD31 and CD146 are capable 

of stimulating blood vessel formation via secretion of pro-angiogenic factors such as 

vascular endothelial growth factor (VEGF)-A [7]. Evidence from our laboratory suggested 

that dental pulp stem cells have the ability to differentiate into vascular endothelial cells [8, 

9]. However, mechanisms underlying the determination of dental stem cell fate are poorly 

understood. Understanding mechanisms regulating the mesenchymal stem cell fate will help 

determining the role of these cells during tooth development, and likely unveil biological 

modifiers that can be exploited when using these cells therapeutically in tissue regeneration 

purposes.

Wnt signaling plays important roles in the regulation of cell proliferation and polarity, 

apoptosis, branching morphogenesis, inductive processes, and differentiation of stem cells 

[10–13]. It has been shown that Wnt signaling promotes hematoendothelial cell development 

from human embryonic stem cells [14]. Wnt signaling controls the specification of definitive 

and primitive hematopoiesis from human pluripotent stem cells (hPSCs), and the 

specification of definitive progenitor cells (KDR+CD235-) [15]. Wnt-β-catenin signaling 

mediates endothelial cell differentiation from human pluripotent stem cells (hPSCs) via a β-

catenin-dependent process [16]. In the central nervous system (CNS), canonical Wnt 

signaling regulates organ-specific assembly and differentiation of the vasculature [12]. 

Notably, loss- and gain-of-function experiments of members of the Wnt signaling pathway 

caused marked alterations of vascular development and endothelial cell specification [17]. 

Collectively, these studies demonstrate a prominent role for the Wnt-β-catenin signaling 

pathway in angiogenic differentiation during development. However, the role of this 
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pathway in the regulation of vasculogenic differentiation of post-natal mesenchymal stem 

cells remains poorly understood.

VEGF is a 46-kDa homodimeric protein that specifically binds to two receptor tyrosine 

kinases (RTK), namely the fms-like tyrosine kinase Flt-1 (VEGFR1) and KDR (VEGFR2) 

[18–22]. VEGF binds to VEGFR1 and VEGFR2 with high affinity, i.e. Kd=16 pM and 

Kd=760 pM respectively [23]. While VEGFR1 expression can be found rather ubiquitously, 

the expression of VEGFR2 is more limited to vascular endothelial cells [24]. We have shown 

that VEGF-dependent tumor angiogenesis requires an inverse and reciprocal regulation of 

VEGFR1 and VEGFR2 [25]. We have also shown that quiescent dental pulp stem cells 

strongly express VEGFR1 but no VEGFR2, and that long-term VEGF treatment modifies 

this balance by inducing VEGFR2 expression [8]. Notably, gene-silencing experiments 

revealed that VEGFR1 signaling is required for VEGF-induced endothelial differentiation of 

dental pulp stem cells. We postulate that VEGFR1 enables VEGF signaling in mesenchymal 

stem cells, and that these cells begin expressing VEGFR2 while differentiating into vascular 

endothelial cells.

Here, we performed a series of studies that explored downstream mechanisms triggered by 

VEGF that regulate the vasculogenic fate of dental pulp stem cells. Collectively, our data 

demonstrate that Wnt/β-catenin signaling regulates the vasculogenic differentiation of dental 

pulp stem cells. These studies unveiled a series of signaling events that explain how post-

natal human mesenchymal stem cells can differentiate into endothelial cells that form blood 

vessels.

Materials and Methods

Cell culture

Dental pulp stem cells (DPSC) [1] and stem cells from human exfoliated deciduous teeth 

(SHED) [2] (kindly provided by Songtao Shi) were cultured in α-Minimum Essential 

Medium (MEM; Invitrogen, Carlsbad, CA, USA) supplemented with 5–15% fetal bovine 

serum (FBS, Invitrogen) and 1% penicillin/streptomycin (Invitrogen) at 37°C and 5% CO2. 

Human bone marrow stem cells (HBMSC) kindly provided by Russell S. Taichman 

(University of Michigan) and University of Michigan Squamous Cell Carcinoma (UM-

SCC)-1 cells (obtained from the Tissue Biorepository, University of Michigan Head and 

Neck SPORE) were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; Invitrogen) 

supplemented with 10% FBS, 100 U/ml penicillin, and 100 µg/ml streptomycin. Pooled 

human dermal microvascular endothelial cells (HDMEC; Lonza, Walkersville, MD, USA) 

were cultured in endothelial growth medium-2 for microvascular cells (EGM2-MV; Lonza). 

Cells were serum-starved overnight, and treated with 0–50 ng/ml rhVEGF165 (R&D 

Systems, Minneapolis, MN, USA) or 0–50 ng/ml rhWnt1 (Cell Sciences, Canton, MA, 

USA) for indicated time points. When indicated, cells were cultured with α-MEM 

supplemented with 5% FBS and 0–10 µM JW67 or 0–10 µM CHIR99021 (Tocris 

Bioscience, Minneapolis, MN, USA).
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Western Blots

Cells were lysed in 1% Nonidet P-40 (NP-40) lysis buffer (50 mM Tris-HCL, PH 7.4, 10% 

glycerol, 200 mM NaCl and 2 mM MgCl2) containing protease inhibitors. Protein lysates 

were loaded onto 8–15% SDS-PAGE. Membranes were blocked with 5% non fat milk in 1X 

TBS containing 0.3% Tween-20, then incubated overnight at 4°C with the following primary 

antibodies: rabbit anti-human EGFR, rabbit anti-human VEGFR1, VEGFR2, E-cadherin, 

CD31, mouse anti-human VE-cadherin, mouse anti-human β-catenin, rabbit anti-human 

Frizzled-3, Frizzled-4 (Fzd-3, Fzd-4), mouse anti-human β-actin conjugated with HRP 

(Santa Cruz Biotechnology, Santa Cruz, CA, USA); rabbit anti human LRP-5, LRP-6, rabbit 

anti-human Frizzled-5, Frizzled-6 (Fzd-5, Fzd-6), rabbit anti-human P-GSK-3β, GSK-3β, 

rabbit anti-human Bmi-1, rabbit anti-human Axin2, rabbit anti-human Tie-2, rabbit anti-

human Wnt1 (Invitrogen), mouse anti-GAPDH (Chemicon, Billerca, MA, USA). Affinity-

purified secondary antibodies conjugated with horseradish peroxidase (Jackson 

Laboratories, West Grove, PA, USA) were used and immunoreactive proteins were 

visualized by SuperSignal West Pico chemiluminescent substrate (Thermo Scientific, 

Rockford, IL, USA).

In vitro sprouting assay

5×104 DPSC cells/well were seeded in 12-well plates coated with growth factor reduced 

Matrigel (BD Biosciences, Bedford, MA, USA). HDMEC cells were used as positive control 

for capillary tube formation. The cells were cultured with EGM2-MV medium 

supplemented with 50 ng/ml rhVEGF165 in presence of 0–5 µM JW67 (Tocris Bioscience).

Reverse transcriptase PCR

Total RNA was prepared in Trizol (Invitrogen) according to manufacturer’s instructions. 

cDNA was synthesized with SuperScript II Reverse Transcriptase (RT) (Invitrogen) and 

PCR was performed with Platinum Taq DNA Polymerase (Invitrogen). The primers used in 

this study were, as follows: VEGFR-1, sense 5’-ACT CCC TTG AAC ACG AGA GTT 

C-3’, antisense 5’-GAT TTC TCA GTC GCA GGT AAC C-3’; VEGFR-2 sense 5’-GCT 

GTC TCA GTG ACA AAC CCA T-3’, antisense 5’-CTC CCA CAT GGA TTG GCA GAG 

G-3’; CD31 sense 5’-TAC TCA GTC ATG GCC ATG GT −3’, antisense 5’-TTG GCC TTG 

GCT TTC CTC AG −3’; VE-cadherin sense 5’-CCT GGT ATA ACC TGA CTG TG-3’, 

antisense 5’-TGT GAT GGT GAG GAT GCA GA-3’; Tie-2 sense 5’-TAC ACC TGC CTC 

ATG CTC AG-3’, antisense 5’-GCA GAG ACA TCC TTG GAA GC-3’; DSPP sense 5’-

TCA CAA GGG AGA AGG GAA TG-3’, antisense 5’-TGC CAT TTG CTG TGA TGT 

TT-3’; DMP-1 sense 5’-CAG GAG CAC AGG AAA AGG AG-3’, antisense 5’-CTG GTG 

GTA TCT TGG GCA CT-3’; GAPDH sense 5’-GAC CCC TTC ATT GAC CTC AAC T-3’, 

antisense 5’-CAC CAC CTT CTT GAT GTC ATC-3’. RT-PCR products were verified by 

electrophoresis in agarose gel.

Immunohistochemistry and immunofluorescence

4 µm-thick sections were deparaffinized and rehydrated. Antigen retrieval was performed, 

and sections were incubated overnight at 4°C with the following primary antibodies: rabbit 

anti-human CD31 (Bethyl Laboratories, Montgomery, TX, USA), rabbit anti-mouse CD31 

Zhang et al. Page 4

Stem Cells. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Abcam), rabbit anti-factor VIII related antigen/Von Willebrand Factor Ab-1 (Thermo 

Scientific), rabbit anti-GFP (Abcam) or mouse anti-GFP (Santa Cruz), mouse anti-SMA-α 
(Millipore). The EnVision™+ system (Dako, Troy, MI, USA) and 3,3-diamino benzidine 

(Dako) were utilized for visualization (IHC). Alexa Flour 488 goat anti-rabbit, goat anti-

mouse IgG (green) (Life Technologies) and Alexa Flour 594 goat–anti mouse, goat anti-

rabbit IgG (red) (Life Technologies) were used as secondary antibody to detect blood vessels 

labelled with anti-human-CD31, anti-GFP or anti-SMA-α primary antibody, respectively. 

Isotype-matched non-specific IgG was used as negative control.

β-catenin silencing in DPSC

HEK293T cells were transiently co-transfected with the lentiviral packaging vectors 

psPAX2, pMD2G (Vector Core, University of Michigan) and shRNA-β-catenin or scramble 

sequence control (shRNA-C) (Addgene, Cambridge, MA, USA) by the calcium phosphate 

method. DPSC cells were infected with supernatants containing lentivirus and selected with 

1 µg/ml of puromycin (Sigma-Aldrich, St. Louis, MO) for at least 1 week. Knock-down of 

β-catenin was verified by western blot.

Tooth slice/scaffolds for stem cell transplantation

Extracted non-carious human third molars were collected in the Department of Oral Surgery 

(University of Michigan) under an approved Institutional Review Board protocol. The pulp 

tissue was thoroughly removed, 1.2 mm thick tooth slices were prepared and poly-L-lactic 

acid (PLLA) (Boehringer Ingelheim, Ingelheim, Germany) scaffolds were casted within the 

pulp chamber [26]. 1×106 DPSC stably transduced with GFP, shRNA-β-catenin, or shRNA-

scrambled sequence vector control were resuspended in a 1:1 mix of growth factor reduced 

Matrigel (BD Biosciences) and EGM2-MV medium (Lonza), seeded in tooth slice/scaffolds 

(n=8), and transplanted into the subcutaneous space of immunodeficient mice (CB.17.SCID; 

Taconic, Germantown, NY, USA), as we described [26]. After 1–4 weeks, mice were 

euthanized, tooth slice/scaffolds were removed, fixed with 10% buffered formalin 

phosphate, decalcified with Decalcifier II (Leica Biosystems, Buffalo Grove, IL, USA) and 

prepared for immunohistochemistry or immunofluorescence.

Statistical Analysis

Data was evaluated by t-test or one-way ANOVA followed by appropriate post-hoc tests 

using the SigmaStat 2.0 software (SPSS, Chicago, IL, USA). Statistical significance was 

determined at p<0.05.

Results

Vasculogenic differentiation of dental pulp stem cells

To begin to understand mechanisms regulating the vasculogenic differentiation of dental 

pulp stem cells (DPSC), cells stably transduced with green fluorescence protein (DPSC-

GFP) were seeded in tooth slice/scaffolds [26] and transplanted into the subcutaneous space 

in the dorsum of immunodeficient mice. Several complementary methods were used to 

confirm that, indeed, the blood vessels (i.e. blood-carrying vessels) observed within the 

scaffolds were lined with human DPSC cells that were transplanted and that differentiated 
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into vascular endothelial cells. Human DPSC-derived vessels were identified by 

immunohistochemistry (IHC) and immunofluorescence (IF) with anti-human specific CD31 

antibody in tooth slice/scaffolds seeded with DPSC cells (Fig. 1). In addition, we also 

performed IHC for GFP and direct fluorescence identification in tooth slice/scaffolds seeded 

with DPSC-GFP cells (Fig. 1). IHC showed human blood vessels containing mouse blood 

that were lined with cells that were positively stained for human CD31 and for GFP (Fig. 

1A). Co-immunofluorescence for human CD31 and GFP demonstrated that the endothelial 

cells forming blood vessels are DPSC cells that underwent endothelial differentiation (Fig. 

1B). We also found that these blood vessels were positively stained for GFP and human 

CD31 but negative for mouse CD31 (Supporting Information Fig. S1A). These data provide 

further evidence that the blood vessels are indeed lined by human endothelial cells derived 

from the vasculogenic differentiation of the human DPSC cells. Interestingly, we observed 

areas where most human CD31-positive cells were scattered (Fig. 1C). We interpret these 

findings as areas with predominance of primitive vascular structures at the onset of 

vasculogenesis. In addition, we observed cells that were positive for GFP, but negative for 

both human and mouse CD31 (Supporting Information Fig. S1B). We interpret these 

findings as DPSC-GFP cells that remained in an undifferentiated state and/or divided into 

daughter stem cells via self-renewal. CD31-positive cells aligned into long sprouts that 

eventually formed branches and vascular networks that anastomized with the mouse 

vasculature, as demonstrated by the presence of mouse blood cells in the lumen (Fig. 1C). 

This series of cellular events closely resembles the process of vasculogenesis, i.e. de novo 
blood vessel formation [27]. Interestingly, areas of anastomosis between human and mouse 

blood vessels were depicted by the presence of human-CD31 positive endothelial cells and 

human-CD31 negative cells (mouse endothelial cells) side-by-side in the walls of chimeric 

blood vessels (Supporting Information Fig. S1C).

To begin to understand the process of vessel maturation upon vasculogenic differentiation of 

dental pulp stem cells, tooth slice/scaffolds containing DPSC were transplanted into mice 

and retrieved after 1–4 weeks. We observed that, 1 week after transplantation, most of the 

cells were scattered throughout the tissue. After 2 weeks, a few blood vessels were formed. 

They were positively stained for human CD31 with a few of them also stained for smooth 

muscle actin (SMA)-α, a marker for smooth muscle cells/pericytes [28, 29]. After 3–4 

weeks, the majority of the blood vessels were clearly positive for human CD31 and for 

SMA-α. Collectively, these data indicates the maturation of DPSC-derived blood vessels, as 

defined by progressive investment of these vessels with smooth muscle cells/pericytes (Fig. 

2).

DPSC organize into sprout-like structures in Matrigel

In attempt to establish an in vitro model that would be more amenable to mechanistic 

studies, we performed a series of experiments to address whether DPSC can form sprout-like 

structures in Matrigel. DPSC cells were seeded in growth factor-reduced Matrigel-coated 

plates and cultured with vasculogenic differentiation medium, i.e. endothelial cell growth 

medium (EGM2-MV, Lonza) supplemented with rhVEGF165. Human dermal microvascular 

endothelial cells (HDMEC) were used as positive control for tube formation. After 1 day, 

HDMEC cells formed capillary sprouts-like structures when cultured vasculogenic 
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differentiation medium, but not when cultured in serum-free, growth factor-free endothelial 

basal medium (EBM). Interestingly, DPSC cells cultured for 1 day in vasculogenic 

differentiation medium did not form sprout-like structures (Supporting Information Fig. 

S2A). We then performed a time course experiment for 11 days with HDMEC and DPSC 

cells seeded in Matrigel and cultured with vasculogenic medium or control EBM medium 

(Supporting Information Fig. S2B). Since HDMEC are fully differentiated cells, sprout-like 

structures were readily visible within 24 hours and persisted for 11 days albeit a gradual 

decrease in the density of sprouts being observed over time. With DPSC cells, the overall 

trends are very different. At day 1, individual DPSC cells cultured with vasculogenic 

differentiation medium were spread throughout the 3-D matrix. By day 3, small branches of 

sprouting cells began to be observed. Longer branches and vascular networks were observed 

around day 8 and were readily visible throughout the Matrigel by day 11 (Supporting 

Information Fig. S2B). In contrast, DPSC cells cultured in serum-free, growth factor-free 

EBM medium did not form sprout-like structures in any time period of this experiment 

(Supporting Information Fig. S2B). Collectively, these data demonstrate that undifferentiated 

DPSC cells require culture medium supplemented with vasculogenic factors and several 

days to differentiate into endothelial cells and form sprout-like structures in vitro, while the 

fully differentiated endothelial cells can form sprouts within 24 hours.

VEGF activates the canonical Wnt/β-catenin signaling in dental pulp stem cells

To understand signaling pathways involved in the regulation of endothelial differentiation of 

dental pulp stem cells, we determined the baseline expression levels of endothelial markers 

(Fig. 3A, 3B) and Wnt pathway-related proteins (Fig. 3C, 3D) in DPSC and SHED cells. 

Endothelial cells (HDMEC) were used as positive controls. Human head and neck squamous 

cell carcinoma cells (UM-SCC-1) were used as negative controls for endothelial cell 

markers, and positive control for epithelial cell markers. Unstimulated DPSC and SHED 

cells did not express the endothelial cell markers VEGFR2, Tie-2, VE-cadherin and CD31 

(Fig. 3A). DPSC and SHED did not express the epithelial-specific marker E-cadherin, but 

showed baseline expression of EGFR (Fig. 3A). We also evaluated the transcriptional 

expression level of odontoblastic/osteoblastic and endothelial cell markers by RT-PCR (Fig. 

3B). As expected, DPSC and SHED did not express odontoblastic/osteoblastic markers 

DSPP and DMP-1. In contrast, they strongly expressed VEGFR1, confirming our previous 

reports [8, 9]. Aligned with the Western blots (Fig. 3A), unstimulated DPSC and SHED did 

not express the endothelial markers VEGFR2, VE-cadherin and CD31 (Fig. 3B). 

Interestingly, DPSC and SHED expressed Tie-2 at the RNA level (Fig. 3B) but not at the 

protein level (Fig. 3A), suggesting some level of post-transcriptional regulation for this gene 

in these cells. Unstimulated DPSC and SHED expressed variable levels of key Wnt 

signaling-related proteins, i.e. LRP-5, LRP-6, Fzd-3, Fzd-4, Fzd-5, Fzd-6, Wnt1, P-GSK-3β, 

GSK-3β, active β-catenin and β-catenin (Fig. 3C, 3D). Collectively, these data demonstrate 

that DPSC and SHED express VEGFR1 and key components of the Wnt signaling pathway 

and therefore are capable of responding to signaling initiated by VEGF and Wnt.

Next, we evaluated the effect of VEGF- and Wnt1-initiated signaling in dental pulp stem 

cells, using endothelial cells (HDMEC) as controls. Cells were starved overnight, then 

treated with 50 ng/ml rhVEGF165, 50 ng/ml Wnt1, or left untreated as negative controls 
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(Fig. 3E). Both VEGF and Wnt1 induced expression of the Wnt receptors LRP-6 and Fzd-6, 

and induced activation of β-catenin in DPSC and SHED (Fig. 3E). In contrast, VEGF and 

Wnt1 induced expression of Fzd-6 in endothelial cells, but did not induce β-catenin 

activation. The possible reason for this difference in response might be the high endogenous 

level of active-β-catenin in HDMEC. Also, VEGF induced expression of Wnt1 in DPSC and 

SHED, but not in the fully differentiated endothelial cells (Fig. 3E). To confirm these 

observations, we exposed DPSC to increasing concentrations of VEGF and observed that it 

upregulated Wnt1, LRP-6, Fzd-6, and activated β-catenin in a dose-dependent manner (Fig. 

3F). To understand which receptor is mediating VEGF-induced activation of the Wnt 

signaling pathway, we used neutralizing anti-VEGFR1 or anti-VEGFR2 antibodies 

(Supporting Information Fig. S3). These experiments revealed that VEGFR1 is the primary 

receptor mediating these responses. Blockade of VEGFR1 signaling inhibited VEGF-

induced expression of Wnt1, LRP-6, Fzd-6, and active β-catenin, while VEGFR2 blockade 

had no measurable effect. Surprisingly, we observed that both VEGF and Wnt1 induce 

expression of the self-renewal marker Bmi-1 in short-term experiments (Fig. 3E, 3F), 

particularly when used together to treat DPSC cells (Fig. 3G). We will explore these 

unexpected observations further in long-term experiments shown in Figure 4.

VEGF and Wnt mediate endothelial differentiation of dental pulp stem cells

To understand mechanisms of vasculogenic differentiation of dental pulp stem cells, we have 

exposed DPSC and SHED to 50 ng/ml VEGF and/or 50 ng/ml Wnt1 for several days and 

evaluated expression of endothelial cell differentiation markers (e.g. VEGFR2, VE-

Cadherin, Tie-2 and/or CD31) by Western blot (Fig. 4). Both, VEGF and Wnt1 induced 

expression of endothelial cell markers in DPSC, particularly after 7–10 days of treatment 

(Fig. 4A, 4B), While individually VEGF or Wnt1 are sufficient to induce expression of 

markers of endothelial differentiation in DPSC (Fig. 4C) and SHED (Fig. 4D), when cells 

are exposed to VEGF and Wnt1 together we observed a further increase in the expression 

levels of endothelial markers in both cell types. To verify the specificity of the effect of 

VEGF and Wnt on the endothelial differentiation of dental pulp stem cells, we repeated 

these experiments with another mesenchymal stem cell, i.e. human bone marrow stem cells 

(HBMSC). We observed that VEGF and Wnt1 induced expression of the endothelial 

markers (VEGFR2, VE-cadherin, Tie-2, CD31) in HBMSC (Supporting Information Fig. 

S4). This effect was potentiated by the treatment with VEGF and Wnt1 together. 

Interestingly, as DPSC and SHED acquired the endothelial phenotype characterized by 

expression of differentiation markers, these cells gradually lost self-renewal as demonstrated 

by a reduction in the expression of the self-renewal marker Bmi-1 (Fig. 4E, 4F). 

Collectively, these data indicates that both VEGF and Wnt1 are capable of inducing 

endothelial differentiation of dental pulp stem cells.

GSK-3β inhibition is sufficient to induce vasculogenic differentiation of dental pulp stem 
cells

To evaluate the effect of Wnt signaling on the endothelial differentiation in dental pulp stem 

cells, we used the GSK-3β inhibitor CHIR99021 [30] to upregulate signaling through the 

canonical Wnt signaling pathway. As expected, CHIR99021 downregulated P-GSK-3β in a 

time-dependent and a dose-dependent manner (Fig. 5A). P-GSK-3β downregulation with 
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CHIR99021 was accompanied by the expected activation of β-catenin (Fig. 5B). 

Interestingly, we also observed a time-dependent and dose-dependent increase in expression 

of Frizzled-6 and its co-receptor LDL-receptor-related protein (LRP)-6. Surprisingly, 

enforced activation of β-catenin with CHIR99021 for 14 days was sufficient to induce 

vasculogenic differentiation of DPSC and SHED cells, as shown by upregulated expression 

of VEGFR2, VE-Cadherin, CD31 and Tie-2 (Fig. 5C). To confirm these unexpected 

observations, we used the Wnt pathway inhibitor JW67 [31] to perform reverse experiments 

and verify the responses obtained with CHIR99021. As expected, JW67 induced a time-

dependent and dose-dependent phosphorylation of P-GSK-3β and upregulation of AXIS 

inhibition protein (Axin)-2 (Fig. 5D), which forms a complex with β-catenin leading to its 

degradation. Inhibition of the canonical pathway with JW67 resulted in inhibition of 

vasculogenic differentiation of DPSC and SHED cells, as measured by decreased VEGFR2 

and Tie-2 expression (Fig. 5E). A capillary sprouting assay with DPSC cells seeded in 

Matrigel-coated plates confirmed that inhibition of Wnt signaling with JW67 is sufficient to 

inhibit the vasculogenic potential of DPSC cells (Fig. 5F, 5G), without significant toxicity to 

the cells (data not shown).

β-catenin silencing is sufficient to inhibit vasculogenic differentiation of dental pulp stem 
cells

To verify the data obtained with chemical inhibitors, we used a genetic approach to inhibit 

the canonical Wnt signaling pathway by silencing β-catenin expression in DPSC cells with 

short hairpin-encoding lentiviral vectors. Transduced DPSC were incubated with 50 ng/ml 

Wnt1 or 50 ng/ml VEGF to confirm silencing of total β-catenin and inhibition of β-catenin 

phosphorylation (Fig. 6A, 6C). Two shRNA sequences were evaluated, but the sequence 

shRNA-β-catenin(1) proved to be the most efficient in silencing β-catenin expression (Fig. 

6A). Silencing of β-catenin abrogated the vasculogenic differentiation of DPSC cells 

induced by Wnt1 (Fig. 6B) or VEGF (Fig. 6D). Sprouting assays with DPSC cells cultured 

in Matrigel confirmed these results, as β-catenin-silenced cells showed significantly less 

sprouting formation (Fig. 6E, 6F). Finally, the effect of β-catenin-silencing on the 

vasculogenic differentiation of DPSC cells was also evaluated in vivo with cells seeded in 

tooth slice/scaffolds [26] and transplanted in the subcutaneous space of immunodeficient 

mice (Fig. 7). We observed a significant decrease in microvessel density in scaffolds seeded 

with β-catenin-silenced DPSC cells when compared to scrambled sequence controls (Fig. 

7A, 7B). Collectively, these data showed that the canonical Wnt signaling pathway is 

required for the vasculogenic differentiation of dental pulp stem cells.

Discussion

Vasculogenesis and angiogenesis are the processes by which new blood vessels are formed 

[27, 32, 33]. Vasculogenesis is defined as the differentiation of precursor cells into 

endothelial cells and de novo formation of a primitive vascular network, whereas 

angiogenesis is defined as the growth of new capillaries from pre-existing blood vessels 

[33]. Here, we showed that dental pulp stem cells can be induced to differentiate into 

vascular endothelial cells that formed de novo blood vessels via a process that closely 

resembles the vasculogenesis observed during early embryonic development. We also 
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showed that the canonical Wnt-β-catenin signaling pathway plays a critical role regulating 

this process.

In the early 2000s, we demonstrated that human microvascular endothelial cells seeded in 

biodegradable scaffolds and transplanted into the subcutaneous space of immunodeficient 

mice were capable of organizing themselves into blood vessels [34]. At that time, we 

postulated that endothelial cells were “pre-programmed” to form tubular structures and find 

existing host vessels to anastomize and become blood-carrying vessels. Here, we went one 

step further and showed that human mesenchymal stem cells of dental origin can be induced 

to differentiate into vascular endothelial cells that are capable of de novo blood vessel 

formation. Individual stem cells that can be found spread throughout the scaffold eventually 

begin to proliferate and form initial lumen-less sprouts that further mature into blood-

carrying vessels. These findings suggest that these post-natal mesenchymal stem cells have 

the potential to function as angioblast-like cells that can initiate the process of 

vasculogenesis in ways that resemble processes observed only early in embryonic 

development.

VEGF is the major regulator of endothelial cell proliferation, migration, differentiation, and 

survival [22, 35, 36]. It induces differentiation of human embryonic stem cells (hESCs) into 

vascular endothelial cells that can be used to provide vascularization of tissue engineered 

implants [37]. VEGF functions via signaling through its major vascular receptors, VEGFR1 

(expressed in several cell types) and VEGFR2 (expressed primarily in endothelial cells), to 

regulate vasculogenesis and angiogenesis [38]. We have shown that unstimulated 

mesenchymal stem cells from permanent teeth or deciduous teeth express constitutively 

VEGFR1 [8] providing a pathway through which VEGF can initiate signaling in these stem 

cells. Indeed, we have shown that VEGFR1-silenced SHED cells no longer differentiate into 

endothelial cells [8]. What we did not understand at that time is how the vasculogenic fate of 

dental pulp stem cells could be downregulated even in presence of VEGF. Such regulatory 

mechanism has to exist to explain how some stem cells seeded in tooth slice/scaffolds 

differentiate into endothelial cells while others differentiate into odontoblasts [8, 39] when 

transplanted into the relatively hypoxic subcutaneous space of immunodeficient mice where 

there is ample supply of VEGF. The observation that the canonical Wnt-β-catenin signaling 

pathway plays a major role in the regulation of vasculogenic differentiation of these 

mesenchymal stem cells provides a possible explanation for the different cell fates observed 

under similar environmental conditions.

Elegant work from the Wang laboratory demonstrated that Wnt-β-catenin signaling inhibits 

odontoblastic differentiation of dental pulp stem cells [40]. We have demonstrated 

previously that dental pulp stem cells are capable of differentiating into functional 

odontoblasts or vascular endothelial cells [8]. Here, we showed that activation of the 

canonical Wnt-β-catenin signaling is sufficient to induce vasculogenic differentiation of 

these cells. In contrast, blockade of this pathway with a small molecule inhibitor (JW67), or 

by β-catenin gene silencing, prevents the vasculogenic differentiation of dental pulp stem 

cells. Collectively, these studies demonstrate that dental pulp stem cells are driven towards 

the vasculogenic fate when the canonical Wnt-β-catenin signaling pathway is active. These 

data also suggest that, if Wnt-β-catenin signaling is blocked, the vasculogenic fate is 
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inhibited, enabling these stem cells to follow other fates (e.g. odontoblastic, osteoblastic 

differentiation). Our laboratory has recently started studies that will further address the 

intriguing hypothesis that the Wnt-β-catenin pathway serves as a “switch” regulating the 

decision between the osteoblastic/odontoblastic fate and the vasculogenic fate of 

mesenchymal stem cells.

Conclusions

In conclusion, we have shown that post-natal mesenchymal stem cells can be induced to 

differentiate into blood vessels in vivo via a process that resembles embryonic 

vasculogenesis. The vasculogenic potential of these stem cells requires the function of the 

canonical Wnt-β-catenin signaling pathway. Indeed, we observed that direct activation of the 

canonical Wnt-β-catenin signaling pathway is sufficient to induce the vasculogenic 

differentiation of these mesenchymal stem cells. These findings may have implications to 

the understanding of mechanisms involved in the vascularization of the dental papilla during 

early tooth development. They may also accelerate the therapeutic use of dental pulp stem 

cells for tissue regeneration. Understanding the process of vasculogenic differentiation of 

mesenchymal stem cells may lead to mechanism-based strategies to effectively modulate 

cell fate to optimize tissue regeneration.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Dental pulp stem cells (DPSC) differentiate into blood vessels in vivo. 1×106 DPSC or 

DPSC-GFP (stably transduced with GFP) cells were seeded in tooth slice/scaffolds and 

transplanted in the subcutaneous space of the dorsum of SCID mice (n=8). Five weeks later, 

tooth slice/scaffolds were retrieved and processed for imaging by immunohistochemistry 

(IHC) or immunofluorescence (IF). (A): Blood vessels originated from the human DPSC 

were detected by IHC for GFP (brown color) in tooth slice/scaffolds seeded with DPSC-

GFP. Alternatively, we performed IHC or IF for CD31 in tooth slice/scaffolds seeded with 
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DPSC cells. (B): DPSC-derived human blood vessels were detected by double staining with 

anti-human CD31 (green) and GFP (red) in tooth slice/scaffolds seeded with DPSC-GFP 

cells. (C): Stages of DPSC-mediated vasculogenesis as shown by IHC for anti-human 

CD31. Left panel: Scattered CD31-positive cells. Middle panel: Elongated CD31-positive 

cells connecting with each other. Right panel: Connected branches forming complex 

vascular networks. Scale bars: 25 µm.
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Figure 2. 
Process of DPSC-derived vessel maturation, as determined by progressive investment with 

smooth muscle actin (SMA)-positive smooth muscle cells/pericytes. 1×106 DPSC cells were 

seeded in tooth slice/scaffolds and transplanted in the subcutaneous space of the dorsum of 

SCID mice. Tooth slice/scaffolds were collected after 1–4 weeks (n=4), retrieved and 

processed for immunofluorescence. DPSC-derived human blood vessels were detected in the 

pulp chamber with anti-human CD31 (green) and anti-SMA antibody was used to detect 

smooth muscle cells/pericytes (red) lining the walls of these newly formed blood vessels. 
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Green arrow points to a human CD31-positive cell and red arrow points to a SMA-positive 

smooth muscle cell. Scale bars: 25 ***m.
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Figure 3. 
VEGF activates the canonical Wnt/β-catenin signaling in dental pulp stem cells. (A): 
Western blots for EGFR, E-cadherin, VEGFR-2, Tie-2, VE-cadherin and CD31 from whole 

cell lysates of DPSC, SHED, UM-SCC-1 and HDMEC. (B): RT-PCR for odontogenic/

osteoblastic markers (DSPP, DMP-1), and for endothelial cell markers (VEGFR2, Tie-2, 

VE-cadherin, CD-31). Total RNA was prepared from odontoblasts retrieved from freshly 

extracted sound human 3rd molars, whole human pulp tissue, or from DPSC, SHED, 

HDMEC cells. (C): Western blot for Wnt pathway receptors LRP-5, LRP-6, Fzd-3, Fzd-4, 

Fzd-5 and Fzd-6 in DPSC and SHED, using as controls UM-SCC-1 and HDMEC. (D): 
Western blot for Wnt1, P-GSK-3β, GSK-3β, active-β-catenin and β-catenin. (E): Western 

blots for LRP-6, Fzd-6, active-β-catenin, β-catenin, Wnt1 and Bmi-1 in DPSC, SHED or 

HDMEC starved overnight and treated with 50 ng/ml rhVEGF165 or 50 ng/ml rhWnt1 for 24 

hours. (F): Western blot for LRP-6, Fzd-6, active-β-catenin, β-catenin, Wnt1 and Bmi-1 in 

DPSC starved overnight and treated with 0–150 ng/ml rhVEGF165 for 24 hours. Numbers 

depict the band density normalized against untreated controls and GAPDH. (G): Western 

blot for Bmi-1 in DPSC starved overnight and treated with 50 ng/ml rhVEGF165 and/or 50 

ng/ml rhWnt1 for 24 hours.
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Figure 4. 
VEGF and Wnt mediate endothelial differentiation of dental pulp stem cells. (A): Western 

blots for VEGFR1, VEGFR2 and VE-cadherin from DPSC cells treated with 50 ng/ml 

rhVEGF165 or 50 ng/ml rhWnt1 for 5–15 days. (B, C): Western blots for VEGFR2 and 

Tie-2 from DPSC treated with 50 ng/ml rhWnt1 for 7–21 days (B) or with 50 ng/ml VEGF 

and/or 50 ng/ml rhWnt1 for 14 days (C). (D): Western blots for VEGFR2 and CD31 from 

SHED treated with 50 ng/ml VEGF and/or 50 ng/ml rhWnt1 for 14 days. Numbers depict 

the band density normalized against untreated controls and GAPDH. (E, F): Western blots 

for the self renewal marker Bmi-1 from DPSC (E) or SHED (F) treated with 50 ng/ml 

VEGF or 50 ng/ml rhWnt1 for the indicated time points.
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Figure 5. 
GSK-3β inhibition is sufficient to induce vasculogenic differentiation of dental pulp stem 

cells. (A): Western blots for Fzd-6, P-GSK-3β, and GSK-3β from DPSC treated with 10 µM 

CHIR99021 for up to 24 hours. Alternatively, we performed a dose-dependent experiment 

with DPSC cells treated with 0–10 µM CHIR99021 for 24 hours. Numbers depict the band 

density normalized against untreated controls and GAPDH. (B): Western blots for LRP-6, 

Fzd-6, active-β-catenin, β-catenin and Wnt1 from DPSC or SHED starved overnight, and 

treated with 0–10 µM CHIR99021 for 24 hours. (C): Western blots for endothelial 
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differentiation markers (VEGFR2, VE-Cadherin, Tie-2 and CD31) from DPSC or SHED 

cells treated with 0–2.5 µM CHIR99021 for 14 days. (D): Western blots for Axin-2, P-

GSK-3β, and GSK-3β from DPSC or SHED treated with 0–10 µM JW67 for 24 hours. (E): 
Western blots for vasculogenic differentiation markers (VEGFR2, Tie-2) from DPSC or 

SHED cells treated with 50 ng/ml rhWnt1 and/or 0–5 µM JW67 for 14 days. (F): 
Photomicrographs of DPSC cells seeded in 12-well plates (5×104 cells/well) coated with 

growth factor-reduced Matrigel and incubated with EGM2-MV supplemented with 50 ng/ml 

rhVEGF165 with or without 0–5 µM JW 67 for up to 11 days. Scale bars: 100 µm. (G): 
Graph depicting the number of sprouts formed by DPSC treated with 0, 2.5 or 5 µM JW67 in 

EGM2-MV medium supplemented with 50 ng/ml rhVEGF165. Three independent 

experiments using triplicate wells per experimental condition were performed to verify 

reproducibility of the data. * p<0.01, ** p<0.001.
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Figure 6. 
Knockdown of β-catenin inhibits angiogenic differentiation of DPSC in vitro(A–D): DPSC 

stably transduced with shRNA-scrambled or two different sequences (1 or 2) of shRNA-β-

catenin were treated with 50 ng/ml rhWnt1 (A, B) or 50 ng/ml VEGF (C, D) for 14 days. 

Western blots were performed for active-β-catenin, β-catenin (A, C) or VEGFR2, Tie-2 (B, 
D). HDMEC cells were used as positive control for VEGFR2 and Tie-2. Numbers depict the 

band density normalized against untreated controls and GAPDH. (E): Photomicrographs of 

DPSC-shRNA-β-catenin (sequence 1 or 2) or control DPSC-shRNA-Scrambled cells seeded 

in 12-well plates (5×104 cells/well) coated with growth factor-reduced Matrigel and 

incubated with EGM2-MV supplemented with 50 ng/ml rhVEGF165 for up to 16 days. Scale 

bars: 100 µm. (F) Graph depicting the number of sprouts formed by DPSC-shRNA-β-

catenin (sequence 1 or 2) or control DPSC-shRNA-Scrambled cells (E). Three independent 

experiments using triplicate wells per experimental condition were performed to verify 

reproducibility of the data. Asterisk indicates p<0.01.
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Figure 7. 
Knockdown of β-catenin inhibits angiogenic differentiation of DPSC in vivo(A): DPSC 

stably transduced with shRNA-β-catenin(1) or control shRNA-scrambled were seeded in 

tooth slice/scaffolds (n=8), and transplanted into the subcutaneous space of immunodeficient 

mice. Five weeks after transplantation, the tooth slice/scaffolds were retrieved from the 

mice, fixed, decalcified and prepared for IHC. Blood vessels (brown color) were detected 

with anti-factor VIII antibody. Scale bars: 50 µm. (B): Graph depicting the blood vessel 

density observed in the tissues generated with DPSC cells in (A). Asterisk indicates p<0.01.
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