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Abstract. Bone morphogenetic protein 9 (BMP9), also 
known as growth differentiation factor 2, plays a key role 
in promoting osteosarcoma growth. However, the underlying 
mechanism remains to be determined. The aim of the present 
study was to determine the mechanism of BMP9 promoting 
the growth of osteosarcoma mediated by the Notch signaling 
pathway. Osteosarcoma cell lines, 143B and MG63, were used 
for the in vitro experiments. Cell proliferation, cell migration 
and cell cycle transformation were monitored under various 
settings. The control and experimental groups used in the 
present study were BMP9 adenovirus (AdBMP9), a recom-
binant adenovirus expressing the dominant-negative mutant 
of Notch1 (AdR-dnNotch1), AdBMP9+AdR-dnNotch1 and 
AdBMP9+compound E (blocker of the Notch signaling 
pathway). The results showed that Notch ligands DLL1, 
JAG1 and JAG2, as well as Notch receptors Notch1, Notch2 
and Notch3 were markedly expressed in the two cell 
lines. Cell proliferation and migration ability increased 
in the AdBMP9 group and were higher than that in the 
AdBMP9+AdR-dn Notch1 and AdBMP9+compound E 
group. Cell proliferation and migration in the AdR-dnNothc1 
group was lower than that in the AdBMP9 group, although 
the differences were not statistically significant (P>0.05). 
The cell cycle ratio in the S/G2 phase increased signifi-
cantly in the AdBMP9 group and was higher than that in 
the AdBMP9+AdR-dnNotch1 and AdBMP9+compound E 
groups. By contrast, the ratio of the cell cycle in S/G2 phase 
in the AdR-dnNotch1 group was lower than that in the 
AdBMP9 group. The differences were not statistically 

significant (P>0.05). In conclusion, the results showed that 
the Notch signaling pathway plays an important role in medi-
ating the growth of osteosarcoma promoted by BMP9.

Introduction

Bone morphogenetic protein 9 (BMP9) also known as growth 
differentiation factor 2, plays a key role in the promotion 
of osteosarcoma growth (1,2). Findings of previous studies 
suggest that the Notch signaling pathway plays a central 
role in mediating the signal activity of BMP9 (3,4). The 
Hey1 gene significantly increases during pluripotent stem 
cell differentiation induced by BMP9 (5). The Hey1 gene 
is highly conserved and the classical target gene of Notch 
signaling pathway is involved in the regulation of cell 
proliferation, differentiation and apoptosis (6). Additionally, 
there is an interaction between the Notch signaling pathway 
and the TGF-β/BMP signaling pathway (7). It has also 
been reported that the abnormal Notch signaling pathway 
resulted in the abnormality of cell proliferation and differ-
entiation (8,9).

The Notch signaling pathway is a mechanism whereby 
adjacent cells communicate with each other, conveying 
spatial information and genetic instructions for cells (9). 
The abnormal Notch signaling pathway occurred in various 
common types of human malignant tumors, such as T-cell 
leukemia, lung cancer, colon cancer, prostatic cancer, and 
breast cancer. Based on these findings, this study verified 
that the mechanism of BMP9 promotes the growth of osteo-
sarcoma mediated by the Notch signaling pathway in vitro.

Materials and methods

Materials. Osteosarcoma cell lines 143B and MG63 were 
purchased from the American Type Culture Collection 
(Manassas, VA, USA) and saved by the Bone and Molecular 
Oncology Research Center of the University of Chicago 
(Chicago, IL, USA). The adenovirus vector BMP9 adeno-
virus (AdBMP9) was constructed and saved by the Bone and 
Molecular Oncology Research Center of the University of 
Chicago. Compound E (γ‑secretase inhibitor XXI) blocker of 
the Notch signaling pathway was purchased from Enzo Life 
Sciences, Inc. (Farmingdale, NY, USA), dissolved in DMSO 
and kept in the freezer at ‑80˚C.
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Experimental grouping. Control and experimental groups 
used in this study were as follows: i) AdBMP9, ii) a recombi-
nant adenovirus expressing the dominant-negative mutant of 
Notch1 (AdR-dnNotch1), iii) AdBMP9+AdR-dnNotch1 and 
iv) AdBMP9+compound E. These were used to process the 
143B and MG63 cell lines, and to observe how they affect cell 
proliferation, migration and transformation of the cell cycle.

Construction of AdR‑dnNotch. Polymerase chain reaction 
(PCR) fragments containing target genes were constructed. A 
nucleotide sequence for the Notch1 receptor gene was obtained 
from Genebank, and the Notch1 receptor protein was analyzed 
using the Swiss-Prot database, to determine the extracellular 
structure domain, transmembrane segment and intracellular 
domain. The primers (5'‑CCTGAGGGCTTCAAAGTGTC‑3’, 

5’‑CGGAACTTCTTGGTCTCCAG‑3'), which only ampli-
fied the fragments containing the extracellular structure 
domain and transmembrane segment of Notch1 receptor, were 
designed using Primer3 software (PrimerPremier & Oligo, 
Whitehead Institute, Cambridge, CA, USA). The coding 
regions containing the extracellular domain and transmem-
brane segment of Notch1 receptor were used for high fidelity 
PCR amplification. PCR products were purified and cloned 
into plasmid vector pAdTrace-TOX4. The cloning steps were 
as follows: PCR product and vector pAdTrace-TOX4 were 
digested with corresponding restriction enzyme. Digested 
fragments were purified and ligated with T4 ligase to the 
pAdTrace-TOX4 plasmid. Then, the product was diluted 
to 200 µl  with ddH2O and mixed with 700 µl ethanol, and 
centrifuged for 5 min at 13,000 x g and ethanol precipitation 
was conducted. The precipitate was subsequently dissolved 
in 30 µl dH2O. Subsequently, electrotransformation was 
conducted followed by the selection of positive clones and 
identification.

Detection methods. The cell proliferation ability was detected 
by cresyl violet-stained (Beyotime, Shanghai, China) and 
quantitative analysis. Cell migration ability was detected 
using the scratch test. Cell cycle transition was tested using 
flow cytometry (BD‑LSR II, BD Biosciences, San Jose, CA, 
USA). The expression of receptors and Notch ligands induced 
by BMP9 and the nucleocytoplasmic traffic level of Notch 
intracellular domain (NICD) were examined using RT‑PCR 
and immunofluorescence staining.

Figure 1. Expression of the ligands and Notch receptors.

Figure 2. The expression of Notch intracellular domain NICD1.

Figure 3. Comparison of (A) cell proliferation ability and (B) cell migration 
ability. AdBMP9, bone morphogenetic protein 9 adenovirus; AdR-dnNotch1, 
adenovirus expressing the dominant-negative mutant of Notch1.
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Statistical analysis. SPSS 19.0 (SPSS, Inc., Chicago, IL, USA)
was used for the statistical analysis. Measurement data were 
presented by mean ± standard deviation. ANOVA was used for 
comparisons between groups. Counting data were presented as 
(%), and χ2 test was used for comparisons among groups. P<0.05 
was considered to indicate a statistically significant difference.

Results

Ligand and Notch receptor expression. We detected high 
levels of expression for Notch ligands DLL1, JAG1 and JAG2, 
as well as Notch receptors Notch1, Notch2 and Notch3 in 
the two cell lines. NICD1, an intracellular reactive molecule 
released by Notch, which was expressed in the cells, appeared 
brown and uniformly distributed, suggesting a positive 
expression of Notch1 receptors in situ in osteosarcomas 
(Figs. 1 and 2).

Comparison of the ability of cell proliferation and migra‑
tion. Cell proliferation ability and migration increased in the 
AdBMP9 group and this increase was more prominent than that 
in the AdBMP9+AdR-dnNotch1 and AdBMP9+compound E 
groups (Fig. 3). The differences were statistically significant 
(P<0.05). However, the ability of cell proliferation and migra-
tion in the AdR-dnNothc1 group was lower than that in the 
AdBMP9 group. Differences had not statistically significant 
(P>0.05).

Comparison of the cell cycle ratio. The cell cycle ratio in 
the S/G2 phase increased considerably in the AdBMP9 
group and the increase was more intense than that in the 
AdBMP9+AdR-dnNotch1 and AdBMP9+compound E groups 
(Fig. 4). The differences were statistically significant (P<0.05). 
Nevertheless, the cell cycle ratio in the S/G2 phase in the 
AdR-dnNotch1 group was lower than that in the AdBMP9 
group, although the differences were not statistically signifi-
cant (P>0.05).

Discussion

Notch signaling is an unusual signaling pathway, whose 
activity does not depend on secondary messengers for 
amplification. Instead, Notch signaling is modulated by 
glycosylation, differential intracellular trafficking, and ubiq-
uitin-dependent degradation. The Notch signaling pathway 
consists of various Notch receptors including Notch1, Notch2, 
Notch3 and Notch4; Notch ligands including Jag1, Jag2, Dll1, 
Dll3 and Dll4; positive and negative regulators and transcrip-
tion factors (10). The majority of Notch ligands are type I 
transmembrane proteins. Some signaling pathways such as 
the transforming growth factor (TGF)-β/Smad signaling 
pathway, mitogen-activated protein kinase (MAPK)-mediated 
signaling pathway, Wnt signaling pathway and Notch 
signaling pathway are involved in the regulation of the 
mechanism of osteogenesis and osteosarcoma process in 
the bone marrow mesenchymal stem cells (11,12). Previous 
studies have demonstrated that early target gene regulation 
in BMP9 such as in Hey1 gene was among the characteristic 
targets for the Notch pathway (13). Knockout mice with Notch 
gene showed severe skeletal abnormalities. The Dll3 mutation 
caused spinal ribs hypoplasia. The overexpression of Notch 
ligands and Notch receptors damaged the differentiation of 
osteoblasts and osteoclasts of progenitor cells.

The Notch receptors are composed of the extracellular, 
transmembrane and intracellular domains. The extracellular 
domain has several epidermal growth factor receptor (EGFR) 
(EGF-like repeats) and three Lin/Notch repeats. The intracel-
lular domain of Notch, containing the RAM (recombination 
binding protein-J associated molecular) structural domain, 
Notch cytokine response region, six Ankyrin repeats (also 
known as CDC10), and proline-glutamate-serine-threonine 
rich region, is responsible for transferring extracellular signals 
to the nucleus (14,15).

With the Notch ligands binding to Notch receptors, the 
receptor conformation is modified and the S2 and S3 sites 

Figure 4. Comparison of the cell cycle ratio. AdBMP9, bone morphogenetic protein 9 adenovirus; AdR-dnNotch1, adenovirus expressing the dominant-negative 
mutant of Notch1.
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within the extracellular domain are cut by a disintegrin and 
metalloprotease 10 and γ‑secretase (2). NICD is then released 
and transported into the nucleus and interacts with transcrip-
tion factors such as CSL/RBPJk and the mastermind-like 
(MAML) protein, replacing the co-repressor complex to acti-
vate CSL and collect co-activators, such as MAML and p300, 
and subsequently initiating transcription from the down-
stream target genes (2-4). The main target genes for Notch 
are hairy/enhancer of split (HES) family, and HES-relate 
repressor. Other factors involved in Notch regulation include 
cell cycle regulatory factors, such as p21, cyclin D1, c-Myc, 
nuclear factor-κB2 and factors regulating apoptosis (16,17).

The Notch proteins were shown to fulfill various func-
tions in tumor development and the expression patterns for 
Notch ligands and receptors were different in the same type of 
tumors (18,19). The Notch signaling pathway is dysregulated 
in many human malignancies (12). Notch1 is a typical cancer 
gene and carcinogenesis may be achieved by interacting with 
other signaling pathways, including the Ras/MAPK, TGF-β, 
vascular endothelial growth factor, human epidermal growth 
factor 2 signaling pathways (20). The results of the present 
study show that the ability of cell proliferation and migra-
tion in the AdBMP9 group markedly increased and this 
increase was more intense compared to that observed in the 
AdBMP9+AdR-dnNotch1 and AdBMP9+compound E groups. 
Nevertheless, the ability of cell proliferation and migration in 
the AdR-dnNothc1 group was lower than that in the AdBMP9 
group, although the differences were not statistically signifi-
cant (P>0.05). The cell cycle ratio in the S/G2 phase increased 
significantly in the AdBMP9 group and was higher than that 
in the AdBMP9+AdR-dnNotch1 and AdBMP9+compound E 
groups. Thus, the Notch signaling pathway potentially plays 
an important role in mediating the growth of osteosarcoma 
promoted by BMP9.
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