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Notch-1 inhibition reduces proliferation and promotes osteogenic
differentiation of bone marrow mesenchymal stem cells
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Abstract. Low differentiation and high proliferation rates are
critical factors affecting bone marrow mesenchymal stem cell
(BMSC) tumorigenesis. The present study aimed to investigate
the role of the Notch signaling pathway in BMSC proliferation
and osteogenic differentiation. Mouse BMSCs were divided into
control, vector, Notchl-small interfering (siRNA, y-secretase
inhibitor, and Notchl-siRNA + vy-secretase inhibitor groups.
The siRNA-Notchl, y-secretase inhibitor, and Notchl-siRNA
+ y-secretase inhibitor groups were treated with Notchl
siRNA and/or y-secretase inhibitor. Following treatment,
cell proliferation was evaluated using a Cell Counting Kit-8.
Tumor-related factors, including transforming growth factor
(TGF)-B1, c-Myc and p53, were detected by reverse transcrip-
tion-quantitative polymerase chain reaction and western blot
analyses. BMSC osteogenic differentiation was induced and
the cells were stained with alizarin red at 14 and 21 days.
Alkaline phosphatase (AKP) activity was also evaluated. The
siRNA-Notchl and y-secretase inhibitor both reduced BMSC
proliferation and the expression of TGF-B1 and c-Myc and
increased the expression of p53. Following the induction of
osteogenesis and staining with alizarin red, the level of AKP
was significantly higher in cells in the siRNA-Notchl and
v-secretase inhibitor groups compared with that in the control
group. It was found that Notchl inhibition reduced prolifera-
tion and promoted the osteogenic differentiation of BMSCs.

Introduction

Osteosarcoma is histologically defined as abnormal osteoid
arising from malignant spindle tumor cells. This condition may
arise from bone marrow mesenchymal stem cells (BMSC), a
type of pluripotent stem cell, during their differentiation into
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mature osteoblasts (1). BMSCs differentiate into a variety of
mature cells, including bone cells (osteoclasts and osteoblasts),
chondrocytes and adipocytes, and possess the ability to renew,
differentiate and be involved in angiogenesis (2). Due to the
unique properties of BMSCs, including easy isolation, in vitro
amplification, differentiation and immune tolerance (3), this
cell type has therapeutic potential in vascularization and tissue
repair. Therefore, BMSCs are widely used in cell therapy
clinical trials (4,5) and pre-clinical studies (6,7). In addition,
the prospect of applications in alternative therapy is broad.
However, abnormal BMSC differentiation and uncontrolled
proliferation may lead to the development of osteosarcoma (8).

The Notch signaling pathway serves an important role
in the regulation of cell fate during embryonic and postnatal
development and is involved in regulating the differentiation of
adult stem cells (9,10). It is a conserved cell signaling mecha-
nism found in most multicellular organisms (11). Once a Notch
receptor binds with ligands on the surface of adjacent cells,
the intracellular domain dislocates from the cell membrane,
transports into the nucleus and interacts with downstream
molecules to regulate the Notch cascade (12). The Notch
pathway also mediates intercellular signaling, thus affecting
endothelial cell proliferation, survival and differentiation (13).
The Notch signaling pathway serves a vital role in angiogenesis,
and changes in the pathway lead to the abnormal development
of blood vessels (13). Previous studies have reported that the
Notch signaling pathway serves an important role in stem cell
proliferation and angiogenesis (14).

However, whether this pathway is involved in the malig-
nant transformation of BMSCs remains to be elucidated. The
present study aimed to investigate how the Notch signaling
pathway influences BMSC differentiation and malignant
transformation. The study also aimed to provide a theoretical
basis for understanding the pathophysiologic mechanism
of osteosarcoma in detail and provide a foundation for the
eventual incorporation of MSCs into tissue engineering and
clinical application.

Materials and methods

Cell culture. A BMSC cell line was gifted by Professor Yang
Xiang (Human Aging Research Institute, Nanchang University,
Nanchang, China) and cultured in GlutaM AXTM-1 Dulbecco's
modified Eagle's medium (DMEM,; cat. no. 1859228; Gibco;
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Thermo Fisher Scientific, Inc.) supplemented with 10% fetal
bovine serum (FBS; Hyclone; GE Healthcare Life Sciences) in
5% CO, at 37°C. The cells were divided into the following five
groups: Control,vector,smallinterferingRNA (siRNA)-Notchl,
v-secretase inhibitor (DAPT; Selleck Chemicals), and siRNA
Notchl + y-secretase inhibitor groups. Cells (5x10%/well) at
80% confluence were transfected with 1 pg/ml empty vector
(F: 5-CCUACGCCACCAAUUUCGU-3', R: 5-ACGAAA
UUGGUGGCGUAGG-3) or Notchl-siRNA (F: 5-GCACGC
GGAUUAAUUUGCA-3', R: 5-UGCAAAUUAAUCCGC
GUGC-3"; GenePharma Co. Ltd.) using Lipofectamine® 3000
(Invitrogen; Thermo Fisher Scientific, Inc.). After 6 h, the
medium was replaced with fresh DMEM containing 10% FBS
and cultured in a 5% CO, incubator at 37°C for 48 h. The cells
(5x10%/well) were then cultured in normal medium and treated
with 5 uM DAPT for an additional 24 h. Cell proliferation was
confirmed and tumor-related proteins were detected.

Cell counting Kit-8 (CCK-8) assay. The cells (3x10°/ml)
were seeded in 96-well plates. Following experimental
treatment, 10 1l DMEM with CCK-8 (cat. no. KGA317,
Jiangsu KeyGen Biotech Co., Ltd., Nanjing, China) was
added. The cells were incubated for an additional 4 h in
a CO, incubator at 37°C and the absorbance at 560 nm
was recorded using a microplate reader (Thermo Fisher
Scientific, Inc.). The optical density (OD) values measured
represented cell viability.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR) analysis. Total mRNA was extracted using a
TRIzol assay kit (Baosheng Science & Technology Innovation
Co, Ltd.). The mRNA was transcribed into cDNA using a
TakaraReverse Transcription kit according to the manufac-
turer's protocol (cat. no. RR0O37A; Takara Biotechnology Co.,
Ltd.). RT-qPCR analysis was performed to detect the expres-
sion level of target genes using SYBR Green. The amplification
reactions were performed with initial denaturation at 95°C
for 10 min, followed by 38 cycles of two-step PCR at 95°C
for 17 sec and 61°C for 1 min. The levels of Notchl, TGF-fl1,
c-Myc and p53 were normalized to those of GAPDH using
the 224% method (15). The primers were designed by Sangon
Biotech and were as follows: Notchl, forward (F) 5-CGAAGT
GGACATTGACGAGT-3' and Notchl, reverse (R) 5-GGC
ATAAGCAGAGGTAGGAGT-3'; TGF-p1, F 5-CCTGTC
CAAACTAAGGCTCG-3' and TGF-p1, R 5-ATGGCGTTG
TTGCGGTC-3'; ¢-Myc, F 5-GCTCGCCCAAATCCTGT-3'
and c-Myc, R 5-TCTTCCTCATCTTCTTGCTCTT-3" p53, F
5-TGGAGGAGTCACAGTCGGA-3' and p53, R 5-CCATAG
TTGCCCTGGTAAGTT-3"; GAPDH, F 5-CCTGGAAGA
TGGTGATGGG-3' and GAPDH, R 5-GAAGGTCGGAGT
CAACGGAT-3".

Western blot analysis. Proteins were extracted from the
treated cells using a protein isolation kit (cat. no. 28-9425-44;
ReadyPrep; GE Healthcare Life Sciences) and the protein
levels were quantified using a bicinchoninic acid protein assay
kit. The protein (25 pg/lane) was ran on sodium-dodecyl
sulfate-polyacrylamide gels (10%) and then transferred onto
nitrocellulose membranes. The membranes were blocked with
5% skim milk for 2 h at room temperature. The following
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Figure 1. Notchl inhibition reduces the cell viability of bone marrow
mesenchymal stem cells. "P<0.05 vs. control (one-way ANOVA). si, small
interfering RNA.

primary antibodies were applied for overnightincubation at4°C:
Anti-TGF-f1 (cat. no. ab92486), anti-c-Myc (cat. no. ab39688),
anti-p53 (cat. no. ab131442), anti-Notchl (cat. no. ab65297; all
1:1,000; Abcam) and anti-GAPDH (cat. no. TA-08; 1:2,000;
OriGene Technologies, Inc.). Following washing with PBST
(0.2% Tween-20), the membranes were incubated with a
secondary antibody (cat. no. ab131368; 1:100; Abcam) for
2 h at room temperature. An enhanced chemiluminescence
kit (cat. no. RJ239676; Thermo Fisher Scientific, Inc.) was
used and applied to the membrane prior to visualization with
ChemiDoc™ XRS (Bio-Rad Laboratories, Inc.). Densitometry
was performed using Quantity One v1.4.6 (Bio-Rad
Laboratories, Inc.).

Alizarin red S staining. Osteogenesis was induced using osteo-
genic differentiation medium (cat. no. MUCMX-90021, Cyagen
Biosciences, Inc.) 24 h following transfection with Notchl
siRNA or treatment with y-secretase inhibitor. Osteogenesis
was visualized with alizarin red staining at 14 and 21 days.
Following the removal of medium, 1X PBS (pH 7.2, without
calcium or magnesium) was used to the wash cells, which were
then fixed using 4% polyformaldehyde for 15 min at room
temperature. Alizarin red dye was added for staining of the
cells at 37°C for 60 min. Images were subsequently captured
under light microscopy. Grey intensity was analyzed using
ImageProPlus 6.0 (National Institutes of Health). Four fields
in each section were analyzed. The intensity was normalized
to that in the control group.

Measurement of alkaline phosphatase (AKP) activity. AKP
activity was detected 21 days following the induction of
osteogenesis using an AKP assay kit according to the manu-
facturer's instructions (cat. no. A059-2, Nanjing Jiancheng
Bioengineering Institute). The AKP content was determined
according to the following formula: AKP activity in culture
medium (KU/100 ml)=(OD value-Blank OD value)/(OD
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Figure 2. Notchl inhibition reduces the expression of Notchl, TGF-f1 and c-Myc, and promotes the expression of p53 at the mRNA level. (A) Notchl;
(B) TGF-B1; (C) ¢-Myc; (D) p53. In each group, there were six repeats. "P<0.05 vs. control (one-way ANOVA). TGF-f1, transforming growth factor-p1; si,

small interfering RNA.

value-Blank OD value) x phenol standard concentration
(0.02 mg/ml) x100 ml x sample dilution prior to determination.

Statistical analysis. Data are presented as the mean + SEM.
Statistical significance was assessed by one-way ANOVA with
Newman-Keuls post-test (SPSS 17.0; SPSS, Inc.). P<0.05 was
considered to indicate a statistically significant difference.

Results

Notchl inhibition reduces BMSC viability. As shown in
Fig. 1, siRNA-Notchl and y-secretase inhibitor treatment
significantly reduced MSC viability compared with that in
the control (P<0.05). Of note, combined siRNA-Notchl and
v-secretase inhibitor treatment did not reduce cell viability
to a greater extent than single siRNA-Notchl or y-secretase
inhibitor treatment, indicating the specific effect of Notchl
inhibition by siRNA-Notchl or the y-secretase inhibitor.

Notchl inhibition reduces the expression of Notchl, TGF-[51
and c-Myc, and promotes the expression of p53. As shown in
Fig. 2A-D, treatment with siRNA Notchl and the y-secretase
inhibitor significantly reduced the expression of Notchl,
TGF-p1 and c-Myc, and promoted the expression of pS3 at the

mRNA level, respectively, compared with levels in the control
(P<0.05). Combined treatment with siRNA-Notchl and the
v-secretase inhibitor did not alter gene expression to a greater
extent than single siRNA Notchl or y-secretase inhibitor treat-
ment.

Consistently, siRNA Notchl and y-secretase inhibitor
treatment significantly reduced the expression of Notchl,
TGF-p1 and c-Myc, and promoted the expression of p53 at the
protein level, compared with levels in the control (P<0.05).
Combined siRNA-Notchl and y-secretase inhibitor treatment
did not alter gene expression to a greater extent than single
siRNA-Notchl or y-secretase inhibitor treatment (Fig. 3A-E).

Notchl inhibition accelerates osteogenic differentiation. As
shown in Fig. 4A, siRNA Notchl and y-secretase inhibitor
treatment significantly accelerated osteogenic differentiation at
days 14 and 21, respectively, compared with that in the control
group (P<0.05). Combined siRNA-Notchl and y-secretase
inhibitor treatment did not promote osteogenic differentiation
to a greater extent than single siRNA-Notchl or y-secretase
inhibitor treatment.

Notchl inhibition promotes AKP activity. As shown in
Fig. 5, siRNA-Notchl and y-secretase inhibitor treatment
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Figure 3. Notchl inhibition reduces the expression of Notchl, TGF-f1 and c-Myc, and promotes the expression of p53 at the protein level. (A) Representative

blots; (B) Notchl; (C) TGF-B1; (D) c-Myc; (E) p53. In each group, there were six repeats. ‘P<0.05 vs. control (one-way ANOVA). TGF-1, transforming growth
factor-f31; si, small interfering RNA.
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Figure 4. Notch1 inhibition improves osteogenic differentiation. (A) Representative images (magnification, x200). (B) Grey value of cells on day 14. (C) Grey
value of cells on day 21. In each group, there were six repeats. ‘P<0.05 vs. control (one-way ANOVA). si, small interfering RNA.
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Figure 5. Notchl inhibition promotes AKP activity. In each group, there were
six repeats. "P<0.05 vs. control, "P<0.05 vs. siNOTCH1+DAPT (one-way
ANOVA). AKP, alkaline phosphatase; si, small interfering RNA.

significantly promoted AKP activity, respectively, compared
with that in the control (P<0.05). Combined siRNA-Notchl
and y-secretase inhibitor treatment further promoted osteo-
genic differentiation compared with that following treatment
with either siRNA-Notchl or y-secretase inhibitor treatment
alone.

Discussion

The present study demonstrated that Notchl inhibition by
siRNA or a specific inhibitor reduced MSC viability, as
evidenced by the decreased expression of TGF-f1 and c-Myc
and increased expression of p53, but it promoted osteogenic
differentiation.

Osteosarcoma is a condition likely arising from cancerous
stem cells. Gibbs er al (16) first isolated stem cell-like tumor
cells from an osteosarcoma. These cells were found to express
embryonic stem cell markers (Oct 3/4 and Nanog) and surface
molecules of MSCs (Stro-1, CD105 and CD44). Osteosarcoma
stem cells are considered to be homologous to MSCs. Based on
the common pathological manifestations of osteosarcoma, in
addition to previous findings of malignant MSCs and osteoid
cells (17,18), it has been suggested that the condition likely
originates from adult stem cells (16-18). In addition, MSCs and
tumor stem cells have several similar characteristics, including
the capacity of unlimited proliferation and differentiation, a
common molecular diffusion mechanism, and telomerase
activity. The microenvironment is important for MSC differ-
entiation and regulation. These cells are also involved in the
formation and maintenance of the microenvironment, which
is vital for effective networking between tumor cells. MSC
homing to the tumor mass also promotes tumor growth and
metastasis (19,20). For the aforementioned reasons, MSCs can
be considered as potential cancer therapy targets.

The Notch signaling pathway is a conserved signaling
mechanism that is widely distributed among most multicellular
organisms. This pathway has been reported to exert a major
influence on the proliferation of mouse embryonic fibroblasts
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in the process of bone morphogenetic protein-9-induced
osteogenic differentiation (21). In a previous study, the over-
expression of Notchl improved the proliferation, migration
and survival of MSCs induced by cigarette smoke extract (22).
However, the effects of Notchl on the proliferation of MSCs
under normal conditions were not evaluated. In the present
study, it was demonstrated that Notchl inhibition reduced
BMSC proliferation, suggesting that Notchl is a potential
oncogene for BMSC transformation into osteosarcoma.

TGF-p1, a multifunctional cytokine (23,24), is involved
in the differentiation, survival and growth of a variety of cell
types. TGF-B1 promotes the differentiation of bone MSCs
in vitro (25) and has been reported to serve an important role
in the development of the mouse myocardium via the induc-
tion of mouse embryonic stem cell differentiation into cardiac
myocytes (26). This cytokine is also involved in SMAD2
and SMAD3 signaling pathways and the induction of neural
crest stem cell differentiation into functional smooth muscle
cells (27). TGF-p1 also induces cardiomyocyte hypertrophy
via SMAD4/SMAD3 protein complex interactions and the
alteration of downstream gene functions (28). The present
study found that Notchl inhibition reduced the expression
of TGF-B1 at the mRNA and protein levels. As TGF-f1 can
promote tumorigenesis in this setting (29-31), a reduction in
TGF-B1 by Notchl inhibition further underscored the onco-
genic activity of Notchl.

c-Myc is one of the three closely related transcription
factor family genes, and Myc genes are upregulated in various
types of human cancer. The upregulated expression of c-Myc
promotes cell proliferation and cell growth, the synthesis of
ribosomes and proteins, energy production (i.e. glycolysis) and
anabolism (32,33). The present study found that siRNA-Notch1
and y-secretase inhibitor treatment reduced the expression
of TGF-PB1 and c-Myc and increased the expression of p53.
Excessive expression of c-Myc reduces the effect of growth
factors and promotes cell proliferation. It also downregulates
c-Myc and may arrest cells at the G1 phase, thus slowing the
rate of cell growth (34).

Once osteoblasts are differentiated, they secrete extracel-
lular matrix proteins and control the mineralization of bone
matrix (35). AKP, characteristically expressed in osteoblasts,
serves a key role in calcification in vitro. In an alkaline buffer,
AKP catalyzes the hydrolysis of a-monophosphate to produce
a-naphthol, which is coupled to a stable diazonium salt to
produce insoluble azo dyes. In the present study, the results
of alizarin red staining and AKP activity assays indicated
that the inhibition of Notchl reduced BMSC proliferation
and promoted osteogenic differentiation. These results indi-
cate that the Notch signaling pathway was inhibited during
BMSC differentiation, suggesting that Notch signaling has
a negative effect on BMSC osteogenic differentiation (35).
In the present study, Notchl inhibition was performed by
knocking out Notchl at the gene level and by using y-secretase
inhibitors. No difference between the y-secretase inhibitor
and siRNA Notchl was observed regarding cell viability
and the molecular changes of different proteins. In addition,
the combination of y-secretase inhibitor and siRNA Notchl
did not further promote the effects. These data implicate the
specific effects of Notchl inhibition by siRNA-Notchl or the
y-secretase inhibitor.
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There were several limitations in the present study.
Firstly, a CCK assay was used to detect cell viability,
which explained cell proliferation to an extent. However,
the tumorigenesis of BMSCs can be assessed by other
methods, such as adding proliferating cell nuclear antigen
as an indicator. Secondly, further experiments are required
to confirm that the development of osteosarcoma is related
to Notchl. Whether Notchl activation correlates with the
development of osteosarcoma could be confirmed in the
future. Finally, in vivo data of tumorigenesis may provide
further evidence.

In conclusion, Notchl inhibition reduced BMSC prolif-
eration and promoted the osteogenic differentiation of this
cell type. The results of the present study outline a novel
potential therapeutic target in the prevention of BMSC
tumorigenesis and provides a foundation for future clinical
applications.
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