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Abstract
Background/Aims: Mesenchymal stem cells (MSCs) are multipotent progenitors that 

activation of BMP9 and Notch signaling yields effective osteogenesis-angiogenesis coupling 
in MSCs. Methods: Recently-characterized immortalized mouse adipose-derived progenitors 
(iMADs) were used as MSC source. Transgenes BMP9, NICD and dnNotch1 were expressed 

Osteogenic activity was assessed by in vitro assays and in vivo ectopic bone formation model. 
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Results: BMP9 upregulated expression of Notch receptors and ligands in iMADs. Constitutively-
active form of Notch1 NICD1 enhanced BMP9-induced osteogenic differentiation both in vitro 
and in vivo, which was effectively inhibited by dominant-negative form of Notch1 dnNotch1. 
BMP9- and NICD1-transduced MSCs implanted with a biocompatible scaffold yielded highly 
mature bone with extensive vascularization. NICD1 enhanced BMP9-induced expression of key 
angiogenic regulators in iMADs and Vegfa in ectopic bone, which was blunted by dnNotch1. 
Conclusion: Notch signaling may play an important role in BMP9-induced osteogenesis and 
angiogenesis. It’s conceivable that simultaneous activation of the BMP9 and Notch pathways 

engineering.

Introduction

Large bone defects and/or nonunion caused by trauma, metastatic cancers, chronic 

site morbidity, and is limited in availability. The use of alternative allograft for repairing 
extensive bone defects is also limited by the possibility of infection and host immunological 

and biocompatible scaffold materials holds great promise in the treatment of extensive bone 

promote bone regeneration in large bony defects and/or fracture nonunion in clinical 
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induced osteogenic differentiation both in vitro and in vivo

in vtro and Vegfa in ectopic bone tissues. Thus, these results demonstrate that 

successful bone tissue engineering. 

Materials and Methods

Cell culture and chemicals

as 

Construction and generation of recombinant adenoviral vectors Ad-NICD1, Ad-dnNotch1, and AdBMP9 

Synthesis of polyethylene glycol citrate-co-N-isopropylacrylamide (PPCN) 

RNA isolation and touchdown quantitative PCR (TqPCR) 

Gapdh was used as a reference gene. 

Gapdh

http://dx.doi.org/10.1159%2F000471945


Cell Physiol Biochem 2017;41:1905-1923
DOI: 10.1159/000471945
Published online: April 04, 2017 1908

Liao et al.: Coupled Osteoangiogenic Activity by BMP9 and Notch Crosstalk

Cellular Physiology 

and Biochemistry

Cellular Physiology 

and Biochemistry
© 2017 The Author(s). Published by S. Karger AG, Basel

www.karger.com/cpb

The expression of osteogenic regulators 

Alkaline phosphatase (ALP) assay

recorded using bright light microsco

were lysed by cell culture lysis reagent 

Lupo buffer were mixed well, followed 

Table 1. 

by total cellular protein concentrations among the samples.

Matrix mineralization assay (Alizarin Red S staining)

Subcutaneous stem cell implantation and ectopic bone formation

http://dx.doi.org/10.1159%2F000471945
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Micro–Computed Tomographic (µCT) imaging analysis

3

Hematoxylin and Eosin (H&E) and Masson’s Trichrome staining

Immunohistochemical staining

used as a negative control. 

Statistical analysis

expressed as mean 

Results

BMP9 up-regulates the expression of notch receptors and ligands at an intermediate stage 
of BMP9-induced osteogenic differentiation of MSCs

Activation of Notch signaling by the Notch1 intracellular domain (NICD1) enhances 
BMP9-induced osteogenic differentiation

http://dx.doi.org/10.1159%2F000471945
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signaling. 

in vitro

A dominant-negative Notch1 (dnNotch1) diminishes BMP9-induced osteogenic 
differentiation in MSCs

Fig. 1.

ligands at the intermediate stage of 

were normalized with the referen

ce gene Gapdh. Each assay conditi

on was done in triplicate. Relative 

expression was calculated by divi

ding the relative expression values 

group.
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Fig. 2.

osteogenic differentiation in vitro

a b

c & d

reference gene Gapdh

a

b

vs.

a b
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quality of BMP9-induced ectopic bone formation by increasing angiogenic activity and 
neovascularization

in vivo
in vitro.

Fig. 3.

a b

c d e f

vs.
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have more robust bone formation, more trabecular structure and better mineralization 

Fig. 4.
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these in vivo
ectopic bone formation by increasing angiogenic activity and neovascularization, especially 

Activation of Notch signaling enhances BMP9-induced angiogenic activity in MSCs

vs.

Fig. 5.
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vs.

Fig. 6.

ly improves the maturity and 

topic bone formation, which is 

bone masses from different 

were quantitatively analyzed 

to determine the average bone 

only groups. Trabecular bone 

of the retrieved bone masses 

Trabecular bone is indicated by 

arrows. Representative images 

are shown.
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Discussion

Limited vascularization may seriously affect the overall success of the engineered bone 

grafts and host bone and is the main cause for the failure of bone autografts or allografts 

differentiation both in vitro and in vivo

Fig. 7.
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it should be pointed out that the in vivo

to determine whether such enhanced osteoangiogenic activity can be reproduced in immune 
competent animal models.

as osteosarcoma postoperative reconstruction.

Fig. 8. 

receptors and ligands. The activation 

signaling and neovascularization in 

newly formed bone. The presence of 
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in vivo

immunogenicity, and providing a structural support for the cells with a platform for growth 

in vitro and in vivo, which was blunted 

led to the formation of more mature bone with extensive angiogenesis and vascularization 

tissue engineering.
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