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Abstract

Purpose The purpose of this study was to investigate the
effect of recombinant human bone morphogenetic protein-7
(rthBMP-7) with or without osteogenic differentiation medium
(ODM) on osteogenic differentiation of primary human bone-
marrow-derived mesenchymal stem cells (hBMSCs) in vitro.
Method The hBMSCs were isolated from medullary reaming
tissue. At 80% confluence, hABMSCs were treated with different
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concentrations of thBMP-7 with and without ODM. Alkaline
phosphatase (ALP) activity, calcium deposition and messenger
RNA (mRNA) expression of osteocalcin (OC) and osteopontin
(OPN) were examined.

Results ALP activity and calcium deposits in hBMSC culture
were significantly increased by rhBMP-7 at 0.1 pg/ml (0.23+
0.07 IU and 28.9+4.2 mg/dl) and 1.0 pug/ml (0.32+0.03 IU and
38.7+3.0 mg/dl), respectively, in the presence of ODM,
showing a clearly dose-dependent osteoblastic differentiation.
However, the same dose of 0.1 pg/ml thBMP-7 without ODM
and ODM alone induced low level of ALP and calcium
deposits, indicating a synergistic effect of thBMP-7 and ODM
on committed osteogenic differentiation. Quantitative real-time
reverse-transcriptase polymerase chain reaction (RT-PCR)
analysis showed up-regulated OC and OPN mRNA levels,
corroborating the synergistic effect of thBMP-7 and ODM.
Conclusion Our study showed that thBMP-7 with ODM
created a synergistic effect on up-regulation of osteogenic
genes as well as osteogenic differentiation of primary
hBMSCs in vitro. In the presence of ODM, the lowest
concentration of rhBMP-7 needed to induce significant
osteogenic differentiation of hBMSCs was 0.1 ug/ml.

Introduction

During the past decade, recombinant human bone morpho-
genetic protein-7 (thBMP-7) has been used to promote
healing of bone defects in various animal models and in
clinical trials for therapeutic purposes [1—6]. thBMP-7 is
commercially available for treatment of clinically defined
bone disorders [7, 8]. However, the clinical treatment
protocol for bone healing calls for a supraphysiological
dose of rhBMP-7 (1,500 pg/ml), whereas endogenous
levels of the protein are at least 1,000-fold lower.
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Unfortunately, the adverse side effects seen in clinical
practice may be in part related to the supraphysiological
dosage of thBMP-7 [9].

The roles of BMPs in stimulating or promoting
differentiation of mesenchymal stem cells (MSCs) towards
osteogenic cell linage have been extensively studied in
recent years [10]. Some studies demonstrated a dose-
dependent osteogenic differentiation under the influence
of BMP-7 and in vitro bone formation by using rat or
mouse bone-marrow-derived stem cells (BMSCs) [11, 12],
as well as a human osteosarcoma cell line [13]. However,
the dose effect of thBMP-7 on osteogenic differentiation of
human BMSCs (hBMSCs) is largely unknown. In addition,
osteogenic differentiation medium (ODM) demonstrated
strong osteoinductivity to hBMSCs in vitro [14]. However,
little is known about its complementary role in osteogenic
differentiation of hBMSCs in the presence of thBMP-7.

In this study, we investigated in vitro osteogenic
differentiation of hBMSCs under the influence of a
different concentration of thBMP-7 in the presence or
absence of ODM. In vitro osteogenic biomarkers, such as
the level of alkaline phosphatase (ALP) and cumulative
calcification, were examined. The mRNA expression level
of the specific osteogenic cytokines osteocalcin (OC) and
osteopontin (OPN) were also quantified using quantitative
real-time reverse-transcriptase polymerase chain reaction
(RT-PCR). The purpose of the study was twofold: (1) to
investigate the synergistic effect of hBMP-7 and ODM on
osteogenic differentiation of primary hBMSCs in vitro, and
(2) to identify the minimal-effective dose threshold of
rhBMP?7 for osteogenic differentiation of primary hBMSCs.

Materials and methods
Primary hBMSCs isolation and culture

Primary hBMSCs from healthy donors were isolated and
characterised as described [15]. Briefly, primary hBMSCs
were initially cultured and maintained in mesenchymal
stem-cell growth medium (MGM) Dulbecco's modified
Eagle's medium (DMEM) (Invitrogen, Carlsbad, USA)
containing 10% foetal bovine serum (FBS) (Invitrogen)
and 4 ng/ml fibroblast growth factor-2 (FGF-2) (Millipore,
Billerica, USA) at 37°C with 5% humidified carbon dioxide
(CO,). Ethical approval was obtained from the Ethical
Committee at the university to use human bone reamings.

Treating hBMSCs with thBMP-7 and osteogenic
differentiation medium

The ODM used for hBMSC cell culture consisted of
DMEM with 10% FBS, 10 nM dexamethasone, 5 mM f3-
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glycerophosphate and 50 mg/L L-ascorbic acid-2-
phosphate (all from Sigma, Oakville, Canada). Primary
hBMSCs were seeded at a density of 3,000~3,500 cells/
cm? in six-well plates and cultured in 2.0 ml of MGM at
37°C with 5% of CO, until they reached 70-80%
confluence. Six study groups were designed as follows:
MGM alone (1), MGM with 0.1 pg/ml thBMP-7 (Stryker
Biotech, Hopkinton, USA) (2), ODM alone (3) and ODM
with thBMP-7 concentrations of 0.01 pg/ml (4), 0.1 pug/ml
(5) and 1 pg/ml (6). Media were changed twice a week, and
hBMSCs were harvested 17 days after treatment to assess
osteogenic differentiation biomarkers, including ALP ac-
tivity, and OC and OPN mRNA levels. hBMSCs were also
harvested for quantitative measurement of calcium deposi-
tion using a colorimetric assay at 17 and 35 days.

Alkaline phosphatase assay

ALP activity was quantitatively measured by a colorimetric
assay (BioAssay Systems, Hayward, USA) following the
manufacturer’s instruction. The cells in triplicate cultures
were collected with a lysis buffer containing 1% Triton,
100 mM Tris-hydrochloride (HCI) and 10 mM magnesium
chloride (MgCl,). The lysate was then transferred to a 96-
well plate and incubated with ALP substrate at 37°C for
30 min, and then the reaction was halted with the stop
buffer. The p-nitrophenol formed by enzymatic hydrolysis
of the p-nitrophenyl-phospate substrate was measured at
405 nm using a plate reader.

Calcium assay and staining

Cells and the extracellular matrix were demineralised by
adding 1 ml of 0.5 N hydrochloric acid to each well and
incubated at 4°C on a shaker overnight. Supernatants were
collected after being centrifuged at 10,000 rpm for 10 min.
Calcium concentrations were quantified using the Quanti-
Chrom Calcium Assay Kit (BioAssay Systems) according to
manufacturer’s instructions. The amount of calcium deposited
was expressed in the concentration as milligrams per decilitre.
On the 35th day of osteogenic induction, alizarine red staining
was performed to characterise calcium deposition. Samples
were first washed with phosphate-buffered saline (PBS) three
times and fixed by 75% ethanol at 4°C for one hour. Samples
were then washed with water three times, stained by 40 mM
alizarine red solution (Sigma) for 10 min and washed with
water three times to remove dissociative dye.

Total RNA isolation and reverse transcription
Total RNA was isolated from attached cells using Trizol

(Invitrogen). Reverse transcription was performed using the
single-step iScript complementary DNA (cDNA) synthesis
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kit (Bio-Rad, Mississauga, Canada). Reactions were set up
in 20 pl of final volume with the following protocol:
incubate at 25°C for 5 min, followed by 42°C for 5 min and
85°C for 5 min, and store at 4°C for further experiment.

Quantitative real-time PCR

Real-time PCR reactions were run in duplicate with final
volume of 25 ul using the 1Q5 system (Bio-Rad) in which
fluorescence intensity data were collected and transformed.
The reaction mixture contained 10 ng cDNA from RT-PCR
of individual sample, 200 nM each of the primers and 1x iQ
SYBR Green supermix (Bio-Rad). The specific primers for
each target gene were designed at the junction between two
exons or within two exons separately. The nucleotide
sequences of OC and OPN primers and their references
are shown in Table 1. Real-time PCR was performed with
the following conditions: denature at 95°C for 3 min, run
45 thermal cycles with the denature at 95°C for 10 s,
annealing at 58°C for 20 s and extension at 72°C for 10 s.
Specificity of the PCR products was evaluated using the
melting curve analysis. Triplicate reactions for each sample
were assessed. glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used as an endogenous reference gene
(amplified with GAPDHF/GAPDHR) , and a 700-bp
DNA fragment of GAPDH (amplified with GAPDHFC/
GAPDHRC) with known copy numbers was used as the
external standard for quantification (Table 1) .

Statistical analysis

Data are presented as mean with standard deviation (SD).
The overall statistical significance of any difference result-
ing from treatment was determined by analysis of variance
(ANOVA). Bonferroni post hoc test was used to determine
significant difference between different groups using the
statistical package SPSS 17.0 for windows (SPSS, Chicago,
IL, USA). The significance between different treatment
groups is considered as P<0.05 (all tests were two-sided).

Table 1 Description of the designed primers

Results

Morphological changes of primary hBMSCs were observed
under treatment with thBMP-7 and ODM. Primary hBMSCs
cultured in MGM showed spindle-shaped morphology that
then turned into cuboidal-shaped cells with rich cytoplasm after
they were exposed to thBMP-7, ODM and ODM/thBMP-7.
There was no sign of cell detachment from the bottom of
culture wells up to the 35th day of the experiment.

Alkaline phosphatase activity and calcium deposit in vitro

The level of ALP activity in cultured hBMSCs at at the 17th
day did not increase noticeably in MGM alone, MGM with
0.1 pg/ml thBMP-7, ODM alone or ODM with 0.01 pg/ml
rthBMP-7. With 0.1 pug/ml thBMP-7, a significantly higher
level of ALP activity was found in the group with than in the
group without ODM (0.23 +0.07 IU vs 0.02+0.01 U, P<0.001,
Fig. 1). Moreover, ALP activity in the ODM group with
0.1 pg/ml thBMP-7 was also higher than that of 0.01 pg/ml
rthBMP-7 (0.23 £0.07 TU vs 0.04+0.02 IU, P<0.001). In the
ODM group with the highest thBMP-7 concentration of
1.0 pg/ml, the level of ALP activity was further enhanced
(0.3240.03 TU) compared with activity in the ODM with
0.1 pg/ml of thBMP-7, clearly showing a dose-dependent
effect of thBMP-7 on osteogenic differentiation of primary
hBMSCs.

There was no apparent calcium deposition in any treatment
group except for the ODM group with 1.0 pug/ml rhBMP-7
(6.6+£3.74 mg/dl) at day 17 of the culture (Fig. 2a). At day 35,
calcium deposit was remarkably augmented by ODM with
0.1 pg/ml thBMP-7 (28.9+4.2 mg/dl) and 1.0 pg/ml
rhBMP-7 (38.7£3.0 mg/dl) in comparison with the other
treatment groups (all P<0.001). Calcium content in the
ODM + 1.0 pug/ml thBMP-7 group was significantly higher
than that of the ODM + 0.1 pg/ml thBMP-7 group at both
day 17 and 35 (P<0.002). No apparent calcium deposition
was found in MGM + 0.1 pg/ml thBMP-7, ODM alone or
ODM + 0.01 pg/ml thBMP-7. Alizarine red staining also

Candidate gene Sequence label Sequence (5'-3")

Length (nt) Product length(bp)

GAPDH GAPDHFC CGCTGAGTACGTCGTGGAGT 20 704
GAPDHRC CCACCACCCTGTTGCTGTAG 20

GAPDH GAPDHF GGACTCATGACCACAGTCCAT 21 109
GAPDHR CAGGGATGATGTTCTGGAGAG 21

OPN OPNF2 ATGGCCGAGGTGATAGTGTG 20 146
OPNR2 GATGGCCTTGTATGCACCAT 20

oc OCF GAAGCCCAGCGGTGCA 16 70
OCR CACTACCTCGCTGCCCTCC 19

GAPDH glyceraldehyde 3-phosphate dehydrogenase, OPN osteopontin, OC osteocalcin
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Fig. 1 Alkaline phosphatase activity (ALP) according to six treatment
groups

showed apparent calcification in ODM groups treated with
0.1 and 1.0 pg/ml thBMP-7 at day 35 (Fig. 2B).

mRNA expression of osteocalcin and osteopontin
of hBMSC in vitro

Quantitative analysis on the level of gene expression in the
terms of copy numbers of mRNA using real-time RT-PCR
demonstrated that mRNA expression of OC was signifi-
cantly up-regulated in the ODM group with 0.1 pg/ml
rhBMP-7 (5.43E+05+7.61E+04) and the ODM group with
1.0 pg/ml thBMP7 (7.48E+05+2.18E+05) in comparison
with the other groups (P<0.012, Fig. 3).

Significant up-regulation of OPN mRNA expression was
also observed in the ODM group treated with 1.0 pg/ml
rthBMP-7 (8.77E+07+1.52E+06) in comparison with the
0.1 pg/ml thBMP7( 5.96E+06+7.15E+04) group and the
other groups (P<0.001, Fig. 4).

Discussion

Osteogenesis is an orchestrated process with engagement of
committed mesenchymal stem cells, osteoprogenitors,
osteoblasts and osteoclasts and is characterised by sequen-
tial expression of a cascade of relevant genes. The level of
the tissue nonspecific isoform of ALP has been recognised
as a functional biomarker of osteoblast differentiation [16]
and calcium deposition in the extracellular matrix as an
indicator of subsequent endochondral bone formation. In
our study, ALP activity in hBMSC culture was significantly
increased at 0.1 pg/ml thBMP-7 and was further enhanced
at the concentration of 1.0 pg/ml in the presence of ODM,
showing a clear dose-dependent increment of osteoblastic
differentiation in vitro. However, the same dose of 0.1 pg/
ml thBMP-7 failed to induce high levels of ALP response
when primary hBMSCs were cultured in MGM medium in
the absence of ODM. This observation suggests a syner-
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gistic effect of thBMP-7 and ODM on committed osteo-
genic differentiation of hBMSCs. It appears that an thBMP-7
concentration of <0.01 pg/ml was not sufficient to increase
ALP activity and thus indicates that there is a minimal dose
threshold of BMP-7 required for inducing differentiation of
hBMSCs towards osteogenic lineage in vitro.

The osteoinductive ingredients in ODM include [3-
glycerophosphate (5 mM), L-ascorbic acid (50 mg/l) and
dexamethasone (10 nM). Previous studies reported that
BMP-2, 4, 5, 6 and 7 with two concentrations (0.05 and
0.1 pg/ml) induced high levels of ALP activity of primary
adult rat bone marrow cells at ten days when (-
glycerophosphate (5 mM) and L-ascorbic acid (100 mg/l)
were added to the culture medium [11]. Although ODM
without rhBMP-7 increased ALP activity above the
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Fig. 2 a Cumulative calcium deposit at both day 17 and day 35
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according to six treatment groups
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Fig. 3 Quantitative analysis on the level of osteocalcin (OC) gene
expression in the terms of copy numbers of messenger RNA (mRNA)
using real-time reverse-transcriptase polymerase chain reaction (RT-
PCR) according to six treatment groups

baseline level, the ODM with 0.1 pg/ml thBMP-7 induced
a five-fold higher ALP level comparatively. There was also
a significant difference of thBMP-7-induced ALP levels
between 0.01 pg/ml and 0.1 pg/ml thBMP-7 concentra-
tions in the presence of ODM. Yeh et al. reported that the
dose threshold was >0.2 pg/ml BMP-7 for differentiation of
mouse pluripotent precursor cell line C2C12 into osteo-
blasts [12]. Our study demonstrated that the minimal dose
for inducing in vitro osteoblastic differentiation of hBMSCs
was>0.1 pg/ml thBMP-7 under synergistic effect of ODM.
We observed that thBMP-7 did not promote calcium
deposit in vitro culture of primary hBMSCs at an early
stage (17 days), except for a moderate increase in calcium
content in the ODM group with 1.0 pg/ml thBMP-7.
However, calcium deposit was significantly enhanced with
rhBMP-7 at concentrations of 0.1 and 1.0 pg/ml at the later
stage (35 days) of osteogenic differentiation in the presence
of ODM. The time frame for calcium deposition corre-
sponds well with the clinical timing of bone healing in
humans. Calcium content in hBMSC culture was 30%
higher in the 1.0 pg/ml thBMP-7 group than that in the
0.1 pg/ml thBMP-7 group, indicating a dose-dependent
effect. The synergistic effect of thBMP-7 and ODM on the
increase of calcium content in hBMSC culture was also
evidenced, as thBMP-7 at 0.1 pg/ml in MGM had no effect
at all. Our results support the conclusion that the effect of
BMP-2, 4, 5, 6 and 7 on mineralised bone-nodule formation
in vitro is facilitated by ascorbic acid and 3-glycerophosphate,
the components of ODM [11].

Dexamethasone is another factor that may interplay with
rthBMP-7 to create the synergistic effect of ODM and
rhBMP-7 observed in this study. Although the effect of
dexamethasone on osteogenic differentiation of bone
marrow MSCs has been extensively studied for several
decades [17-21], the synergistic effect between dexameth-
asone and BMPs was recently examined. Jéger et al.
reported that BMP-2 enhanced ODM-induced osteogenic
differentiation in human mesenchymal bone marrow cells
[22]. A later study conducted in rat dental follicle
progenitor cells showed that the joint application of
dexamethasone and BMP-2 achieved the highest ALP
activity, calcium and phosphonium and osteocalcin content
compared with the groups treated with dexamethasone or
BMP-2 alone [23]. The synergistic effect of dexamethasone
and BMP-2 on in vitro matrix mineralisation was then
observed in mouse C3H10T1/2 pluripotent stem cells [24]
and clonal rat mesenchymal progenitor cell line ROB-C26
(C26) [25]. Compared with the extensive study on the
synergistic effect of dexamethasone and BMP-2 on
osteoinduction, only a few studies have reported the
synergistic effect between dexamethasone and BMP-7.
Recently, Hu and colleagues reported that BMP-7 itself
had little effect on in vitro osteogenic differentiation of
human embryonic stem-cell-derived MSCs; however, there
was a synergic effect between dexamethasone (100 nM)
and BMP-7 in promoting osteogenesis [26]. In conclusion,
we believe the synergistic effect between OGM and
rhBMP-7 on osteoinduction in our study is highly likely
due to the interplay of dexamethasone and thBMP-7.
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Fig. 4 Quantitative analysis on the level of osteopontin (OPN) gene
expression in the terms of copy numbers of messenger RNA (mRNA)
using quantitative real-time reverse-transcriptase polymerase chain
reaction (RT-PCR) according to six treatment groups
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OC is a noncollagenous protein present in bone and
secreted by osteoblasts [27]. OC plays an active role in
bone mineralisation and is often used as a biomarker for the
bone formation process. OPN, one of the extracellular
matrix molecules in bone, is another common biomarker for
bone formation [28]. The results of our study showed that
ODM alone and ODM with 0.01 pg/ml rhBMP-7 had no
effect on mRNA expression levels of either OC or OPN
after 17 days of culture (i.e. equivalent to baseline level of
OC and OPN in MGM). Our findings are consistent with
Laflamme and Rouabhia’s study, which reported no
significant effect on OC mRNA expression of MG-63
human osteosarcoma cell line with 0.01 or 0.1 ug/ml BMP7
compared with the control group. However, OC mRNA
expression increased significantly when osteoblasts were
stimulated with a combination of BMP-2 and BMP-7 [13].
The synergistic effect of thBMP-7 and ODM on OC
mRNA levels of hBMSCs was revealed at 0.1 pg/ml
rhBMP-7 in our study. The magnitude of dose-dependent
up-regulation of OC mRNA level was not obvious in
comparison with OPN, in which OPN mRNA level
increased 14 times when thBMP-7 dose increased from
0.1 pg/ml to 1.0 pug/ml in the presence of ODM. The up-
regulation of mRNA expression level of OC and OPN
provided further evidence of the critical dose of thBMP-7
in this study.

Taken together, hBMP-7 and ODM posed a synergistic
effect on up-regulation of osteogenic genes as well as an
increase in the level of biomarkers for osteogenic differen-
tiation of primary hBMSCs in vitro. In the presence of
simple chemical molecules contained in ODM, the func-
tional dose of thBMP-7 for bone induction was much less
than thBMP-7 alone. The mechanism of interaction
between those molecules and thBMP-7 on committed
osteogenic differentiation of hBMSCs remains largely
unknown. A complicated signalling and regulatory pathway
at cellular or receptor levels are expected to be involved
during BMP-induced endochondral bone formation. In
conclusion, thBMP-7 induced osteogenic differentiation of
primary hBMSCs derived from middle-aged adults in a
dose-dependent manner in the presence of ODM. Human
BMSCs were not very responsive to low-dose thBMP-7
stimulation in vitro without other osteogenic components or
otherwise required higher dosage of rhBMP-7. Further
investigation of thBMP-7 synergy with other molecules in
improving osteogenic differentiation of hBMSCs may be
warranted, ultimately with aim of reducing costs and
complications related to superphysiological dosage of
rhBMPs in therapeutic protocols.
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