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Notch-Hes pathway mediates the impaired osteogenic
differentiation of bone marrow mesenchymal stromal
cells from myelodysplastic syndromes patients
through the down-regulation of Runx2
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Abstract: Previous studies have demonstrated that bone marrow mesenchymal stromal cells (BMMSCs) from pa-
tients with myelodysplastic syndromes (MDS) display defective proliferative potential and impaired osteogenic dif-
ferentiation ability. However, the underlying mechanisms are unclear. In the present study, the impaired osteogenic
differentiation potential of BMMSCs was found in cases with RARS (83.3%), RCMD (75.0%), RAEB | (44.4%), RAEB
Il (40%). We also observed that MDS-BMMSCs with impaired osteogenic differentiation potential exhibited accel-
erate senescence and decreased hematopoietic supporting function. Further, we found that an abnormal activa-
tion of Notch-Hes signaling pathway in MDS-BMMSCs. By overexpression of Notch intracellular domain (NICD) in
BMMSCs from healthy donors, we confirmed that Notch signaling pathway negatively regulated BMMSCs osteogen-
esis through inhibition of Runx2 transcriptional activity. Importantly, treatment with DAPT, a y-secretase inhibitor
of Notch signaling reversed the osteogenic differentiation in MDS-BMMSCs. Collectively, we provide evidence that
activation of Notch-Hes signaling pathway is involved in the impaired osteogenic differentiation of MDS-BMMSCs
and support the concept of a primary BMMSCs defect that might have a contributory effect in MDS pathogenesis.
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Introduction

Myelodysplastic syndromes (MDS) are a het-
erogeneous group of clonal hematologic malig-
nancies characterized by clonal dysplasia of
hematopoietic stem/progenitor cells, leading
to ineffective hematopoiesis and high risk of
developingleukemia [1]. The abnormal of bone
marrow microenvironment-the so called niche-
is a very important factor in the pathogenesis
of MDS. Bone marrow mesenchymal stromal
cells (BMMSCs) are the main components in
the niche with a critical role in the regulation
of normal hematopoietic stem cells (HSCs) and
their diverse progeny. Several groups have re-
ported that BMMSCs from MDS patients were
characterized as reduced proliferative capacity,
increased senescence, impaired osteogenic
differentiation ability, and diminished ability
to support HSCs in long-term culture [2, 3]. In
our previous study, we also demonstrated that

MDS-BMMSCs (mainly in lower-risk groups) had
impaired osteogenic differentiation ability and
reduced Runx2-positive osteoblast in bone
marrow biopsy [4]. However, the molecular
mechanisms associated with these abnormali-
ties in MDS-BMMSCs are not understood well.

Notch signaling is a highly conserved signaling
pathway associated with cell-fate determina-
tion, self-renewal potential, and apoptosis [5,
6]. Notch receptors (Notch1-4) and their ligands
(Jagged1-2 and Delta-likel,3,4) are families of
transmembrane proteins with large extracellu-
lar domains. Both are expressed in BMMSCs.
Notch signaling pathway has also been report-
ed to be involved in the regulation of osteogenic
differentiation of BMMSCs [7, 8]. When Notch
interacts with membrane-bound ligands on the
surface of neighboring cells, y-secretase-de-
pendent cleavage of the Notch intracellular
domain (NICD) will occur. The NICD then trans-
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Table 1. The clinical characteristic of all MDS
patients

Characteristic

Median age (range) 61 (46-71)
Sex Male 39
Female 28
WHO classification RA 3
RARS 6
RCMD 32
RAEB | 15
RAEB Il 11
IPSS Lower risk (£ 1) 45

Higher risk (> 1) 22
IPSS, International Prognostic Scoring System; RA, refrac-
tory anaemia; RARS, refractory anaemia with ringedsid-
eroblasts; RCMD, refractory cytopenia with multilineage
dysplasia; RAEB, RA with excess blasts.

locates into the nucleus, where it interacts with
the CSL family of transcriptional regulators and
initiates transcription of target genes such as
Hes and Hey which inhibit Runx2, a transcrip-
tion factor involved in osteogenic differentia-
tion [9].

Notch signaling activation have been found in a
variety of hematological malignancies and non-
hematologic cancers, such as T cell acute lym-
phoblastic lymphomas/leukemias (T-ALL) and
chronic lymphocytic leukemia (CLL), and is
correlated with the prognostic and progression
of these diseases [10]. However, the precise
mechanism by which the Notch signaling path-
way contributes to the pathogenesis of MDS
remains elusive. Therefore, the aim of this
study is to evaluate the osteogenic differentia-
tion ability of BMMSCs from patients with MDS
and to explore the role of Notch signaling
pathway in the osteogenic differentiation of
BMMSCs and the disturbed stromal function
observed in patients with MDS.

Materials and methods
Patients

67 patients with MDS (median age 61 years,
aged from 46 to 71) and 22 (median age 59
years, age from 43 to 69) normal controls were
investigated in this study. All patients were
untreated when they were recruited into this
study. MDS was diagnosed in accordance with
the minimum diagnostic criteria established by
the Conference on MDS (Vienna, 2006) [11].
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Assignment to different groups was decided
according to the 2008 World Health Organi-
zation (WHO) classification [12] and the Inter-
national Prognostic Scoring System (IPSS) [13].
All patients were classified for the study as
“lower-risk (LR)” (IPSS-low/int-1), and as “high-
er-risk(HR)” (IPSS-int-2/high). Detailed informa-
tion about these MDS patients is presented in
Table 1. All subjects provided informed con-
sent. This study was approved by the Ethics
Committee of the Sixth Hospital affiliated with
Shanghai Jiao Tong University, and all patient
relevant research strictly abided by the De-
claration of Helsinki.

Isolation and culture of BMMSCs

The BM mononuclear cells (BMMNCs) were
isolated by Ficoll-Paque Plus (GE Healthcare,
Uppsala, Sweden). BMMNCs were seeded at an
initial concentration of 1x10° cells/ml and cul-
tured in Human Mesenchymal Stem Cell Growth
Medium (Cyagen Biosciences Inc, Guangzhou,
China) supplemented with 10% fetal bovine
serum (FBS) at 37°C with 5% CO,, in fully humid-
ified atmosphere. The supernatant containing
non-adherent cells was removed and replaced
with fresh supplemented medium every 3-4
days. When the monolayer was established
(80-90% confluence), cells were detached with
0.25% trypsin-EDTA (Gibico), At the third pas-
sage (P3), BMMSCs were evaluated by flow
cytometry for the absence of CD34, CD45 anti-
gens and the presence of CD73, CD90, CD105
and CD166.

Cell growth assay

BMMSCs were seeded at 2000 cells/well in
96-well plate for 1-7 days. At different time
points the cell number was measured using
Cell-Counting Kit-8 (CCK8) proliferation assay
kit (Beyotime, China). BMMSCs were mixed with
10 pl of CCK-8 solution/well and incubated for
further 2 hours at 37°C. The amount of forma-
zan dye generated by cellular dehydrogenase
activity was measured for absorbance at 450
nm with a microplate reader. The optical densi-
ty (OD) values of each well represented the sur-
vival/proliferation of BMMSCs.

SA-B-Gal assay

BMMSCs cultured on plates were washed with
PBS and fixed in 4% paraformaldehyde for 15
min at room temperature. After rinsing with
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Table 2. The sequence of primers used for real time PCR

sciences, NJ, USA) and was

> 90%. 1.2x10° BMMSCs

Prime Forward (5’-3") Reverse (5’-3’) i q 96-well
GAPDH  CCCACTCCTCCACCTTTGA CCACCCTGTTGCTGTAGCC were cultivated on 96-we

plates until at least 80%
Notch1  CTTGTGTCAACGGCGGC TTGGGACCGCTGAAGCC

Notch2 GGCCACCTGAAGGGAAGCACATA CACAGAGGCTGGGAAAGGATGATA
TGGAAGGTGACACTGCGTTGG

Hes1 AGGCTGGAGAGGCGGCTAAG

confluence was reached
and then irradiated with
30 Gray. Afterwards, 1x10*

Hes5 ACCAGCCCAACTCCAAGCT GGCTTTGCTGTGCTTCAGGTA CD34* cells were plated on
Hey1 GGATCACCTGAAAATGCTGCATAC CCGAAATCCCAAACTCCGATAG these BMMSCs feeder lay-
Hey2 GAACAATTACTCGGGGCAAA TCAAAAGCAGTTGGCACAAG ers and cultivated in long
HeyL AGCCAGGAAGAAACGCAGAGG ~ GCTGTTGAGGTGGGAGAGAAGG term bone marrow culture
Deltalikel TCCTGATGACCTCGCAACAGA  ACACACGAAGCGGTAGGAGT (LTBMC) medium consisting

Jaggedl TCGGGTCAGTTCGAGTTGGA

ALP CCATTCCCACGTCTTCACATT

of MyeloCult H5100 (Stem
Cell Technologies, Vancou-
ver, BC, Canada) supple-
mented with 10® mol/L
hydrocortisone (Sigma) for

AGGCACACTTTGAAGTATGTGTC
Runx2 AGTGGACGAGGCAAGAGTTTC CCTTCTGGGTTCCCGAGGT
AAGGGCTTCTTGTCTGTGTCACT
coL1 CACCAATCACCTGCGTACAGAA  CAGATCACGTCATCGCACAAC

BSP GACAGTTCAGAAGAGGAGGAG ~ AGCCCAGTGTTGTAGCAGA 5 weeks with weekly chang-
OCN AGGGCAGCGAGGTAGTGAA TCCTGAAAGCCGATGTGGT es of culture medium. After
OPN TTTACAACAAATACCCAGATGC  ATGGCTTTCGTTGGACTTACT 5 weeks, the medium was

PBS, cells were incubated with a freshly pre-
pared SA-B-Gal staining solution (Beyotime,
China) for 16 h at 37°C. Under light microscopy,
the number of blue cells (SA-B-Gal positive
cells) out of at least 500 cells in 10 randomly
chosen fields was used to calculate the per-
centage of senescent cells.

Osteogenic differentiation assay

BMMSCs were seeded at 3x10* cells/well in
6-well plate pre-coated with gelatin solution in
Human Mesenchymal Stem Cell Osteogenic
Differentiation Medium (Cyagen Biosciences
Inc, Guangzhou, China), then the medium was
replaced every 3-4 days. After 3 weeks differ-
entiation, cells can be fixed and stained with
Alizarin red, visualized using light microscopy.
After photography, the bound staining was elut-
ed with 10% (wt/vol) cetylpyridinium chloride
(sigma), and alizarin red-S in samples was
quantified by measuring absorbance at 572
nm. ALP activity was assessed using alkaline
phosphatase activity kit (Jiancheng Biotech-
nology Institute, Nanjing, China), following the
manufacturer’s instructions.

Hematopoietic assay

CD34" cells were isolated by magnetic-activat-
ed cell sorting (MACS) (Miltenyi Biotec, Bergisch
Gladbach, Germany) from BMMNCs. CD34*
cells purity was evaluated with FACS (BD Bio-
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replaced by clonogenic me-
thylcellulose medium con-
sisting of 50 ng/mL of SCF, 10 ng/mL of IL-3
(Sigma), 20 ng/mL of GM-CSF (Sigma), and 4
U/mL of erythropoietin (Sigma). After 2 weeks,
hematopoietic colonies greater than 50 cells
were counted.

Reverse transcriptase-polymerase chain reac-
tion (RT-PCR)

Total RNA was extracted from BMMSCs using
the RNeasy Mini Kit (QIAGEN, Germany) accord-
ing to the manufacturer’s instructions. cDNA
was prepared using the RevertAidTM First
Strand cDNA Synthesis Kit (Fermentas, Bur-
lington, Canada) following the manufacturer’s
protocol. To perform real-time PCR, each 20 ul
RT-PCR mix contained 10 pl of RealMasterMix
(Takara, Dalian, China), 0.8 ul of each prime, 2
ML cDNA, and distilled water. PCR was per-
formed on an ABI 7500 real-time PCR machine
(Applied Biosystems). The primer sequences of
Notch-1, Notch-2, Deltalike-1, Jagged-1, hairy
and Enhancer of split homolog-1 (Hes1), hairy
and Enhancer of split homolog-2 (Hes2), hairy
and Enhancer of split homolog-5 (Hesb), hes-
related family bHLH transcription factor with
YRPW motif 1 (Heyl), hes-related family bHLH
transcription factor with YRPW motif 2 (Hey2),
hes-related family bHLH transcription factor
with YRPW motif L (HeylL), runt related tran-
scription factor 2 (Runx2), Osterix, bone sialo-
protein (BSP), alkaline phosphatase (ALP),
Typel collagen (COL-1), osteopontin (OPN) and
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Figure 1. Impaired osteogenic differentiation potential of MDS-BMMSCs. A. After 21 days of osteogenic induction,
Alizarin red staining was used to visualize osteogenic differentiation. Representative micrographs of BMMSCs de-
rived from healthy controls (HC) and different MDS subtypes are shown. B. Relative calcium production (OD 572 nm)
by BMMSCs from some MDS subtypes (all MDS n = 36, RARS n = 6, RCMD n = 16), patients was reduced after 21
days of differentiation when compared to healthy controls (HC n = 11), and some MDS subtypes BMMSCs (RAEB |
n =9, RAEB Il n = 5) showed no difference when compared with healthy controls BMMSCs. C. mRNA expression of
Runx2 was determined using RT-PCR without osteogenic induction in BMMSCs of healthy controls (HC n = 22) and
MDS (all MDS n =67, RAn =3, RARS n =6, RCMD n = 32, RAEB | n = 15, RAEB Il n = 11). The results showed that
MRNA expression of Runx2 was significantly reduced in BMMSCs from some MDS subtypes (RARS, RCMD). The
results were expressed as means + SD. Compared with HC-BMMSCs, significance was set as *p < 0.05, **p < 0.01.

osteocalcin (OCN) are listed in Table 2. GAPDH
served as reference control, and differences in
mMRNA expression levels were calculated as fold
changes by the 2722t method.

Western blot analysis

Whole cell lysates were obtained from BMMSCs
and equal quantities of protein were separat-
ed by 12% SDS-PAGE and blotted onto a
PVDF membrane. The PVDF membranes were
blocked with Tris-buffered saline (TBS) contain-
ing 5% skimmed milk powder for 1 h, incubated
with rabbit hes1l (Abcam Inc.), rabbit Runx2
(Abcam Inc.) and mouse GAPDH (Abcam Inc) as
loading control. Membranes were incubated
with either anti-mouse or anti-rabbit IgG horse-
radish peroxidase-conjugated secondary anti-
body (Amersham Biosciences). Specific bands
were visualized by using ECL Western Blott
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ing Detection Reagents (Amersham Bioscien-
ces).

Treatment with the Notch1 inhibitor DAPT

MDS-BMMSCs were cultured in osteogenic
induction medium containing the Notchl inhi-
bitor N-[N-(3,5-Difluorophenacetyl)-lI-alanyl]-S-
phenylglycinet-butyl Ester (DAPT, 5 nM; Sigma,
Saint Louis, MO, USA), or vehicle (dimethyl sulf-
oxide, DMSOQ; Sigma, Saint Louis, MO, USA) for
48 hours.

Generation of lentivirus vector constructs and
transduction

The adenovirus expression vector that encodes
human NICD was generated by using the
Adeno-X Expression System (BD Biosciences
Clontech). The recombinant virus was pack-
aged and amplified in HEK293 cells and puri-
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Figure 2. SA-B-Gal activity, proliferation and stem cell-supporting capacity of MDS-BMMSCs. MDS-BMMSCs were
divided into two groups: well-osteo MDS-BMMSCs (relative calcium production OD 572 nm value > 1.5, n = 11) and
impaired-osteo MDS-BMMSCs (relative calcium production OD 572 nm value < 1.5, n = 25). A, B. Cellular senes-
cence was assessed by SA-B-Gal staining in BMMSCs of normal controls and MDS patients. The number of blue cells
(SA-B-Gal positive cells) out of at least 500 cells in 10 randomly chosen fields was used to calculate the percent-
age of senescent cells. The mean percentage of SA-B-Gal positive cells is higher in impaired-osteo MDS-BMMSCs
compared to normal BMMSCs. C. Growth curve of BMMSCs was tested by CCK-8 assay. The absorbance was shown
as the proliferation rate. BMMSCs from impaired-osteo MDS patients grew more slowly than those from the control
group and well-osteo MDS. D. BMMSCs were cultured in LTBMC medium with CD34* cells for 5 weeks followed by
methylcellulose progenitor culture for additional 2 weeks. The number of CFU-GM, BFU-E and CFU-GEMM on MDS-
derived BMMSCs was significantly less than that of normal-BMMSCs. The results were expressed as means + SD.

Compared with HC-BMMSCs, significance was set as *p < 0.05, **p < 0.01.

fied by CsCl density gradient centrifugation. To
package adenovirus, the adenoviral vectors
were linearized with the restriction enzyme
Pacl and transfected into HEK293 cells using
Lipofectamine2000. After several rounds of
propagation, recombinant adenovirus was
purified by an AdEasy virus purification kit
(Stratagene). The transfection was performed
according to the manufacturer’s protocol.

Statistical analysis

The data were presented as mean + SD. All
statistical analyses were performed using the
SPSS 17.0 System. Comparison of mRNA levels
between healthy controls and different MDS
subtypes was using a Student’s t test, one-
way analysis of variance (ANOVA) was used
to assess multiple pairwise comparisons. p <
0.05 was considered statistically significant.
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Results

Decreased osteogenic differentiation in
BMMSCs of MDS patients

The first step of our study comprised the evalu-
ation of the osteoblastic differentiation poten-
tial of BMMSCs from MDS patients and healthy
controls. After 21 days of osteogenic induct-
ion, Alizarin red staining was used to visual-
ize osteogenic differentiation. Relative calcium
production by BMMSCs from MDS subtypes
(RARS 5/6, RCMD 14/16, RAEB | 4/9, RAEB I
2/5) patients was reduced after 21 days of dif-
ferentiation when compared to healthy controls
(Figure 1A, 1B). mRNA expression of Runx2
was determined using RT-PCR without osteo-
genic induction in BMMSCs, the results show-
ed that Runx2 was significantly reduced in
BMMSCs from some MDS subtypes (RARS,
RCMD) (p < 0.05) (Figure 1C).

Am J Transl Res 2015;7(10):1939-1951
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Figure 3. Relative MRNA expression of Notch signaling ligands, receptors and downstream genes in MDS-BMMSCs.
RT-PCR was performed in detecting the mRNA expression levels of Notch signaling ligands (Jagged-1 and Delta
like-1), receptors (Notchl, Notch2) and downstream genes (hes1, hesb, heyl, hey2 and heylL). MDS-BMMSCs were
divided into two groups: lower-risk MDS (LR-MDS n = 45) and higher-risk-MDS (HR-MDS n = 22). The results showed
that mRNA expression of Jagged-1, Notch1, Notch2, hes1 and hes5 was significantly increased in BMMSCs from
LR-MDS compared to healthy controls (HC n = 22). The mRNA expression of hes1, Jagged-1 and Delta like-1 was
significantly upregulated in BMMSCs from HR-MDS. The results were expressed as means + SD. Compared with

HC-BMMSCs, significance was set as *p < 0.05, **p < 0.01.

MDS-BMMSCs with impaired osteogenic dif-
ferentiation were prone to senescence, accom-
panied by decreased proliferation and stem
cell-supporting capacity

To further analyze the biological characteristics
of MDS-BMMSCs which have poor osteogenic
differentiation potential. MDS-BMMSCs were
divided into two groups: well-osteo MDS-
BMMSCs (relative calcium production OD 572
nm value > 1.5) and impaired-osteo MDS-
BMMSCs (relative calcium production OD 572
nm value < 1.5). The degree of osteogenic
potential was estimated by relative calcium
production after 21 days of osteogenic induc-
tion. SA-B-Gal was used to examine BMMSCs
senescence, the cell count revealed that the
number of SA-B-gal-positive cells from impaired-
osteo MDS-BMMSCs were significantly higher
than normal BMMSCs and well-osteo MDS-
BMMSCs (p < 0.05) (Figure 2A, 2B). The prolif-
eration of BMMSCs was measured with CCK-
8 assay, BMMSCs from impaired-osteo MDS
patients grew more slowly than those from the
other groups (p < 0.05) (Figure 2C). To assess
the ability of hematopoietic support by BMMSCs
from MDS patients, colony-forming units (CFU)
such as Colony forming unit-granulocyte, mac-
rophage (CFU-GM), Burst forming unit-erythroid
(BFU-E) and Colony forming unit-granulocyte,
erythrocyte, macrophage, megakaryocyte (CFU-
GEMM) were counted. The results showed that
the number of CFU-GM, BFU-E and CFU-GEMM
on MDS-derived BMMSCs was significantly less
than that of normal-BMMSCs (p < 0.05) (Figure
2D).

Up-regulation of the Notch-Hes signaling path-
way in BMMSCs of MDS patients

To determine whether the impaired osteogenic
differentiation ability of BMMSCs in MDS pati-
ents was associated with abnormal Notch sig-
naling pathway, we investigated the expression
of genes implicated in the Notch signaling
(including Notch ligands Jagged-1 and Delta-
like-1, Notch receptors Notchl and Notch2,
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Notch signaling downstream genes hes1, hesb,
heyl, hey2 and heylL) by RT-PCR. The results
showed that mRNA expression of Jagged-1,
Notchl1, Notch2, hesl and hes5 was signifi-
cantly increased in BMMSCs from LR-MDS
compared to healthy controls (p < 0.05 ). The
mRNA expression of hesl, Jagged-1, and Delta
like-1 was significantly upregulated in BMMSCs
from HR-MDS (p < 0.05 ) (Figure 3).

Treatment with DAPT reversed the osteogenic
differentiation in MDS-BMMSCs with impaired
osteogenic differentiation

To further assess whether Notch signaling was
functionally involved in the osteogenic commit-
ment of BMMSCs from MDS patients. We used
DAPT, a y-secretase inhibitor to inhibit Notch
activation. Addition of 10 mM DAPT in growth
medium for 48 h reduced the level of hesl,
hes5 and hey2 expression for MDS-BMMSCs
with impaired osteogenic differentiation (Fig-
ure 4A). Impaired-osteo MDS-BMMSCs show-
ed increased mRNA expression of osteogenic
differentiation related genes (Runx2, ALP, COL-
1, OCN) after culturing in osteogenic induction
medium supplemented with DAPT for 7 days
(Figure 4B). In order to confirm quantitative
PCR data, Western blot analysis was per-
formed. After DAPT treatment, BMMSCs from
impaired-osteo MDS patients showed a lower
protein expression of hes1 and a higher protein
expression of Runx2 (Figure 4C), supporting
gene expression results. In line with the ge-
ne expression, impaired-osteo MDS-BMMSCs
treated with DAPT demonstrated increased
mineralization after 21 days of osteogenic
induction and enhanced ALP activity after 3
days of osteogenic induction (p < 0.05) (Figure
4D, 4F).

Overexpression of NICD in normal-BMMSCs
impaired osteogenesis

In the following experiment, we used normal-

BMMSCs transfected with adenovirus carrying
Notch intracellular domain (NICD) (GFP-NICD)

Am J Transl Res 2015;7(10):1939-1951
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Figure 4. DAPT-treated MDS-BMMSCs with impaired osteogenic differentiation. A. Addition of 10 mM DAPT in growth medium for 48 h reduced the level of (hes1,
hesb, hey2) expression for MDS-BMMSCs with impaired osteogenic differentiation. B. Impaired-osteo MDS-BMMSCs showed increased mRNA expression of osteo-
genic differentiation related genes (Runx2, ALP, COL-1, OCN) after culturing in osteogenic induction medium supplemented with DAPT for 7 days. C. Inhibition of
hes1 production by DAPT significantly enhanced the protein levels of Runx2. D, E. Impaired-osteo MDS-BMMSCs treated with DAPT demonstrated increased miner-
alization assessed by alizarin red staining after 21 days of osteogenic induction. F. DAPT-treated impaired-osteo MDS-BMMSCs showed enhanced ALP activity after
3 days of osteogenic induction. The results were expressed as means * SD, significance was set as *p < 0.05.
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Representative micrographs of normal-BMMSCs, GFP control-transduced BMMSCs and NICD adenovirus transfection BMMSCs. D. Relative calcium production by
NICD adenovirus transfection cells was reduced after 21 days of differentiation when compared to GFP control-transduced cells. E. The osteogenic differentiation
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related genes (Runx2, BSP, ALP, OPN, OCN) was reduced in NICD adenovirus transfection cells compared to GFP
control-transduced cells after 7 days of osteogenic induction differentiation. F. Overexpression of NICD significantly
downregulated the protein levels of Runx2. The results were expressed as means + SD. Compared with GFP control-

BMMSCs, significance was set as *p < 0.05, **p < 0.01.

or GFP (GFP-control). hes1 (the key gene of
Notch signaling downstream genes) expression
was considerably increased in the GFP-NICD
BMMSCs at both the mRNA (Figure 5B) and
protein (Figure 5F) levels (p < 0.05). The mRNA
expression of other Notch target genes (hesb,
heyl, hey2 and heyl) were also upregulated in
the GFP-NICD BMMSCs (p < 0.05) (Figure 5B).
After 21 days of osteogenic induction, relative
calcium production by NICD adenovirus trans-
fection cells was reduced after 21 days of dif-
ferentiation when compared to GFP control-
transduced cells (Figure 5C, 5D). The osteogen-
ic differentiation related genes (Runx2, BSP,
ALP, OPN, OCN) was reduced in NICD adenovi-
rus transfection cells compared to GFP control-
transduced cells after 7 days of osteogenic
induction differentiation (p < 0.05) (Figure 5E).
Overexpression of NICD significantly downregu-
lated the protein levels of Runx2 (Figure 5F).

Discussion

Recent research showed that deletion of Dicerl
(miRNA processing endonuclease) from osteo-
progenitor cells led to an impaired osteogenic
differentiation of BMMSCs and induced an
MDS phenotype in an animal model [14], sug-
gesting that alterations of the microenviron-
ment alone might induce MDS. However,
whether osteoprogenitor cell abnormalities are
involved in the pathogenesis of MDS is still
unknown. In our previous study, we found that
there was downregulation of Dicerl in MDS-
BMMSCsandt impaired osteogenic differentia-
tion potential existed largely in lower-risk-MDS
patients [4, 15], which were consistent with
other studies [16, 17]. To clarify the underlying
pathogenetic mechanism, in the present study,
we investigated the osteogenic differentiation
potential and the activation of Notch signaling
pathways of BMMSCs in MDS patients.

Our results confirmed that there was impaired
osteogenic differentiation potential of BMMSCs
in cases with RARS (83.3%), RCMD (75.0%),
RAEB | (44.4%), RAEB Il (40%), which was
characterized as the downregulation of Runx2
MRNA expression and relative calcium produc-
tion. To investigate the biological characteris-

1948

tics of MDS-BMMSCs with poor osteogenic
differentiation potential, we divided MDS-
BMMSCs into two groups: well-osteo BMMSCs
and impaired-osteo BMMSCs. The data reveal-
ed that impaired osteogenic MDS-BMMSCs
were prone to senescence, accompanied by
decreased proliferation and damaged stem
cell-supporting capacity. As we know, osteo-
blast represent a regulatory component of the
BM niche, controlling the size of HSCs pool and
HSCs quiescence [18, 19]. The abnormal osteo-
blasts would directly affect the composition of
BM niche. Thus, the impaired osteogenic differ-
entiation potential of BMMSCs may be a con-
tributing factor of the ineffective hematopoie-
sis in patients with MDS.

A growing body of evidence has shown that
increased expression of Notch genes and their
ligands are detected in many hematopoietic
malignant cells [20, 21]. However, little is
known about the Notch signaling in MDS-
BMMSCs. We have therefore studied the ex-
pression of several Notch signaling related
genes in BMMSCs by RT-PCR. Among all tested
genes, the expression of Notch ligands Delta-
like-1, Jagged-1 were significantly up-regulated
in MDS-BMMSCs compared to healthy controls.
These results, which were consistent with
results of Geyh et al. [16] and Varga et al. [22].
Since the over-expression of soluble Jaggedl
on MDS-BMMSCs has been shown to result in
a reduced rate of cobble-stone forming cells in
MDS stromal coculture [22], raising a interest-
ing possibility that the increased expression of
Jagged-1 by MDS-BMMSCs could be involved
in their defective hematopoiesis supporting
capacity. Other studies also found that Delta-
like-1 was strongly over-expressed in MDS BM
trephines and BMMSCs [23, 24]. Besides up-
regulation of Notch ligands, we found the ex-
pression levels of several Notch receptors and
downstream genes such as Notchl, Notch2,
hesl, hesb also altered in MDS-BMMSCs. The
above evidences suggested that their deregula-
tion contributes to the insufficient hematopoi-
etic support of MDS-BMMSCs.

In bone marrow, Notch signaling plays a role in
maintaining the pool of MSCs by suppressing
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osteogenic differentiation through inhibition of
Runx2 transcriptional activity [10]. We may
therefore hypothesize that the diminished
osteogenic differentiation of MDS-BMMSCs
might be associated with the activation of the
Notch signaling. To confirm our hypothesis,
DAPT, a y-secretase inhibitor, was used to inhib-
it Notch activation [25]. The results showed
that addition of DAPT reduced expression lev-
els of hesl and enhanced the expression of
Runx2 in impaired osteo-MDS-BMMSCs. In
addition, inhibition of Notch signaling enhanced
the expression of osteogenic markers, and re-
markably increased ALP activity and mineral-
ization deposition compared with control cells.
These results suggested that activation of
notch signaling pathway was involved in the
impaired osteogenic differentiation of MDS-
BMMSCs and Notch inhibitor might be an effec-
tive approach to promote osteogenesis of
MDS-BMMSCs. Our study also demonstrated
the role of Notch signaling in the osteogenic
differentiation of healthy controls-BMMSCs,
we showed that activation of Notch signaling
(through NICD) in these cells strongly impair
their osteogenic differentiation potential char-
acterized by a reduction in calcium deposits
and the expression of osteoblastic maker
genes. Consistent results were also found in
multiple myeloma (MM) derived-BMMSCs, in
which maintenance of Notch signaling activity
was involved in a suppression of the osteogenic
differentiationin MM-BMMSCs [8]. Interestingly,
our study revealed that impaired osteogenic
MDS-BMMSCs were prone to senescence.
However, the activated Notch signaling could
induce senescence of BMMSCs through the
p53/p21 pathway [26], and senescent cells
have harmful effects on the tissue microenvi-
ronment by secrete several pro-inflammatory
cytokines [27, 28]. These studies indicated that
activated Notch signaling might be responsible
for the abnormal microenvironment in MDS.

Notch signaling pathway is considered as an
attractive target for treatment in cancer [29,
30]. Notch modulating drugs are already in clin-
ical trials [31]. Reducing Notch activity in can-
cer stem cells may promote their differentia-
tion, thus reducing their ability to form the
tumor mass [32]. Similarly, Notch inhibitor
might be an effective approach to promote
osteogenesis of BMMSCs and adjust BM niche.
The specific stromal target therapy of MDS still
needs further research.

1949

In summary, our data demonstrate that activa-
tion of Notch signaling pathway is involved in
the impaired osteogenic differentiation of MDS-
BMMSCs and reflect an abnormal microenvi-
ronment that fails to support normal haemato-
poiesis. Our results support the theory that a
primary stromal defect may have a contributory
effect in MDS.
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