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Abstract: Bone engineering is a promising therapeutic approach to correct skeletal defects, and genetically-modified stem cells have been
implicated in engineering new bone. However, the use of genetically-modified human mesenchymal stem cells targeting an osteogenic
growth factor Wnt is not yet investigated. In the present study, a proliferation assay and the alkaline phosphatase (ALP) activity and
expression of runt-related transcription factor 2 (Runx2) and osteocalcin (OC) transcripts were investigated to examine the effect of
Wnt2 overexpression, Wnt3a overexpression, and Wnt9a knockdown on cell proliferation and osteoblast differentiation of bone marrow-
derived mesenchymal stem cells (BMSCs). The results showed that the expression of Wnt2 and Wnt3a was up-regulated throughout
the osteoblast differentiation period of BMSCs, whereas that of Wnt9a was down-regulated. Overexpression of Wnt3a stimulated
cell proliferation while knockdown of Wnt9a increased the ALP activity and the expression of Runx2 and OC. Double transfection
producing Wnt3a overexpression and Wnt9a knockdown simultaneously resulted in up-regulation of osteoblast differentiation markers,
i.e., the ALP activity and the Runx2 expression. In conclusion, simultaneous genetic modification of Wnt3a overexpression and
Wnt9a knockdown enhances osteoblast differentiation of BMSCs, suggesting its osteogenic potency to regenerate new bone in vivo.
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1. Introduction

Bone engineering, currently considered as a promising
therapeutic approach to correct skeletal defects,
includes the use of three key components including
stem cells, scaffolds, and signaling molecules such
as growth factors [1,2]. Recently, genetic engineering
technology has been implicated in stem cell-based
bone engineering. During this process, genetically-
modified stem cells are used to produce a sustained
increase in osteogenic cytokines and growth factors [3],
thus subsequently stimulating osteoblast differentiation
of the implanted stem cells and the recipient stem
cells [3,4]. For example, overexpression of bone
morphogenetic protein-2 (BMP-2) in mesenchymal
stem cells has been reported to increase new bone
formation in bone defects [4]. In addition, genetic
engineering of a number of other growth factor genes,
such as BMP-4 and -7 [3], and of transcription factors,
such as runt-related transcription factor 2 (Runx2) and

* E-mail: s-wrech@tu.ac.th

osterix (Osx) [5-8], have also been shown to induce
osteoblast differentiation of progenitor cells.

Wnts (mammalian homologue of Drosophila
wingless) family of growth factors have been shown
to play an important role in growth and development
of various cell types [9,10], including those of
mesenchymal stem cells [11]. It has also been reported
that Wnts regulate the differentiation of stem cells in to
muscle cells [12], nerve cells [13,14] and chondocytes
[15,16], further suggesting that Wnts are involved in
multilineage differentiation of stem cells. Wnt3a, Wnt5a
and Wnt10b have been shown to stimulate osteoblast
differentiation of stem cells by suppression of the
adipogenic differentiation [17-19]. Moreover, it has been
demonstrated that Wnt3a induces the ALP activity, a
key marker of early osteoblast differentiation [17,20].
Recently, Wnt4 has been shown to enhance osteoblast
differentiation of mesenchymal stem cells both in vitro
and in vivo [21]. However, given that Wnt4 was
expressed at the late stage of osteoblast differentiation
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of mesenchymal stem cells, it would suggest that the
osteogenic role occurs during the late stage of this
process [21]. It has also been demonstrated that the
expression of Wnt9a mRNA transcripts was down-
regulated during the osteoblast differentiation of stem
cells [22].

Although several lines of evidence suggest the
osteogenic activity of Wnts, little is known about the
role of genetically-modified human mesenchymal stem
cells targeting Wnt genes in osteogenesis. The present
study was therefore carried out to examine the effect
of Wnt2 overexpression, Wnt3a overexpression and
Wnt9a knockdown on cell proliferation and osteoblast
differentiation of human bone marrow-derived
mesenchymal stem cells (BMSCs). We have shown,
for the first time, that double genetically-modified bone
engineering using simultaneous Wnt3a overexpression
and Wnt9a knockdown significantly facilitates osteoblast
differentiation of BMSCs.

2. Experimental Procedures
2.1 Cell culture

Human bone marrow-derived mesenchymal stem cells
(BMSCs; Lonza Biologics plc, Cambridge, UK) were
cultured in a-Modified Eagle’s Medium (a-MEM) (Gibco
Life Technologies Ltd, Paisley, UK) containing 15% fetal
calf serum (FCS) (PAA Laboratories, Yeovil, UK) (15%
FCS-MEM) supplemented with 200 U/ml penicillin,
200 pg/ml streptomycin, 2 mM L-glutamine (all from
Gibco) at 37°C in a humidified atmosphere of 5% CO, in
air. BMSCs between passages 3 and 5 were used in the
present study.

2.2 Osteoblast differentiation of BMSCs

For osteogenic differentiation, cells were plated
(2x10* cells/cm?) in 6-well plates and incubated for
48 h, at which time osteogenic media (OM) was
added (10% FCS-MEM and osteogenic supplements
containing dexamethasone, ascorbate-phosphate, and
B-glycerolphosphate) and the cultures re-incubated for
up to 14 days.

2.3 Knockdown of Wnt9a using small interfering
RNA (siRNA)
BMSCs were transfected with either plasmid DNA or
siRNA using a reverse transfection method with some
modifications, as previously reported [23]. Briefly, on
the day of transfection, exponentially-growing bone cells
were harvested by trypsinization with trypsin-EDTA for
5 min at 37°C and resuspended in MEM without FCS
and antibiotic supplements at 5x10° cells/ml. For each

reaction, transfection complexes were prepared in a
final volume of 100 ml of FCS/antibiotics-free a-MEM
by mixing 4 ml of metafectene (2 mg/ml; Invitrogen) with
10 ml of a ‘scramble’ siRNA, which has limited sequence
similarity to known genes, or with Wnt9a siRNA (10 mM;
Insight Biotechnology, Wembley, UK). After incubating at
room temperature for 30 min, 100 ml of the transfection
complexes were gently mixed with 900 ml of cell
suspension, prepared as described above, and then
placed into 6-well plates. The cells were incubated for
24 h at 37°C in a humidified atmosphere of 5% CO, in
air. One milliliter of a-MEM containing 20% FCS and 2x
antibiotic supplements were then added to each well and
the cells incubated for another 24 h prior to assay. Cells
transfected with scramble siRNA were used as a control.
In preparation for cell transfection and subsequent ALP
activity assay of the transfected cells, a 96-well plate
was used, and the number of cells and the amount of
reagents adjusted accordingly, in accordance with the
manufacturer’s recommendations.

2.4 Qverexpression of Wnt2 and Wnt3a
Plasmid DNA for Wnt2 and Wnt3a were obtained using
the method described previously [24]. Briefly, total RNA
was isolated from BMSCs and cDNA was synthesized,
as described above. The Wnt2 and Wnt3a were
amplified using specific primers, as follows:
Wnt2 forward &’
ACAGGATCCATGGCCCCACTCGGATA Y
reverse 5’
CTGCTCGAGCTTGCAGGTGTGCAGGTC ¥
Whnt3a forward 5’
ACAGGATCCATGAACGCCCCTCTCGGT &
reverse &’
CTGCTCGAGTGTAGCGGTTGTCCAGTC ¥
PCR products of Wnt2 and Wnt3a were cut and
ligated into pcDNA3.1 mammalian expression vector,
and then transformed into JM 109 and DH5a competent
cells. The plasmids were purified and sequenced, and
the Wnt2 plasmid, Wnt3a plasmid, and control plasmid
transfected into BMSCs using reverse transfection as
described previously [23,24]. Cells transfected with
control plasmid were used as a control. In preparation
for cell transfection and subsequently performing the
ALP activity assay of the transfected cells, a 96-well
plate was used, and the number of cells and the amount
of reagents adjusted accordingly, in accordance with the
manufacturer’s recommendations.

2.5 Western blotting (WB)

Samples were first washed once with PBS and lysed in
ice cold lysis buffer containing 50 mM Tris-HCI (pH 7.4),
1% NP-40, 0.25% sodium deoxycholate, 150 mM NaCl,
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1 mM EDTA, 1 mM phenylmethyl sulphonyl fluoride
(PMSF), and 1 mg/ml of each of aprotinin, leupeptin,
pepstatin (all from Sigma). Protein concentration
was measured using the Biorad DC protein assay
kit (Biorad, Hemel Hempstead, UK). The samples
(50-150 mg) were subjected to sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) on
12-20% acrylamide gels for 2 h at 100 V and 30 mA,
then transferred to polyvinylidene difluoride (PVDF)
membranes (Immobilon-P Transfermembrane,
Sigma) and run for 45 min at 100 V and 200 mA. The
membranes were placed in 100% methanol for 10 s
to remove water and then blocked with 5% bovine
serum albumin (BSA) in PBS (blocking buffer) for 1 h
at room temperature. Immunoblotting was carried
out by incubating the membranes overnight at 4°C
with the following primary antibodies diluted 1:500 in
blocking buffer: anti-Wnt2, anti-Wnt3a, anti-Wnt9a, and
anti-a-tubulin (all from Insight Biotechnology, Wembley,
UK). The membranes were washed three times with
1% Tween-20 in PBS, and the appropriate horseradish
peroxidase (HRP)-conjugated secondary antibodies
(Dako), diluted 1:2500 in blocking buffer, were added
for 2 h. After three washes with 1% Tween-20 in PBS,
the immunoreactive bands were visualized using
the enhanced chemiluminescence ECL Plus system
(Amersham Biosciences, Little Chalfont, UK), with
Lumigen PS-3 Acridan as substrate.

2.6 Quantitative real-time PCR (Q-PCR)

Total RNA was isolated and first strand cDNA
synthesized from 1 mg RNA. The first strand cDNA were
used for amplifications performed with specific primers
for Wnt2, Wnt3a, Wnt9a, Runx2, and osteocalcin (OC)
(Applied Biosystems, Cheshire, UK). Primer sequences
were designed with the Primer Express® program from
Applied Biosystems. For Q-PCR analysis in an iQ5
iCycler (Bio-RAd, Bradford, UK), the TagMan® Gene
Expression Assays with the Assays-on-Demand™
Gene Expression products were used. TagMan PCR
reaction mixtures were set up in accordance with the
manufacturer’s recommendations. Briefly, a 5 ml aliquot
of cDNA was used in a final volume of 25 ml reaction
mixture containing 12.5 ml of 2x TagMan® Universal
PCR Master Mix (P/N 4304437), 1.25 ml of 20x Assays-
on-Demand™ Gene Expression Assay mix, and 6.25 ml
of nuclease-free water (all from Applied Biosystems).
Thermal cycler conditions consisted of AmpErase®
UNG activation at 50°C for 2 min, AmpliTaq Gold® DNA
polymerase activation at 95°C for 10 min and 40 PCR
cycles, each of which was 95°C for 15 s and 60°C for
60 s. All PCR reactions were performed in triplicate
and each of the signals was normalized to the GAPDH

signal in the same reaction. The data were analyzed
using the iQ™5 optical system Software (Bio-Rad). The
data are expressed as the mean + SD obtained from
the triplicate experiments at each indicated time point
(defined as 100% in the control culture).

2.7 Proliferation assay

Transfected cells were cultured at a density of
5x10° cells/well in 96 well culture plates for 0, 1, and
3 days. Cell proliferation was determined by the MTT
assay by incubation of cells with 0.2% MTT solution
at 37°C for 4 h. The reaction was then stopped by
dimethylsulfoxide (DMSO) and glycine buffer. The
end product color was then analyzed by measuring
absorbance at 490 nm (A,,,) which corresponds to the
viability of cells. The data are expressed as the percent
cell viability compared with that in the control sample at
each indicated time point, defined as 100%.

2.8 Alkaline phosphatase (ALP) activity assay

Transfected cells were cultured in OM in a 96 well culture
plate for up to 3 days, and the ALP activity assay was
performed as previously described [23]. Briefly, the ALP
activity of the cell layer was measured in triplicate wells
by rinsing twice with PBS and then incubating the cells
with 200 ml of 5 mM p-nitrophenyl phosphate (p-NPP)
in 50 mM glycine, 1 mM MgCl,, and 150 mM 2-amino-2-
methlyl-1-propanol buffer with pH 10.5 at 37°C for 1 h.
A 50 ml aliquot of 3 M NaOH was added to stop the
enzymatic reaction, and the amount of p-nitrophenol
(p-NP) produced, corresponding to the ALP activity,
was measured at A, .. The data are expressed as the
percent ALP activity compared with that in the control
sample at each indicated time point, defined as 100%.

2.9 Statistical analysis

The data are presented as the mean percent + SD of
measurements from three independent experiments,
with the experiments being performed in triplicate at
least. Statistical differences between the mean of the
test groups and the control group were analyzed by
single sample t-test, with P<0.05 considered significant.
The t-test program in the SPSS 11.0 software (SPSS,
Chicago, IL) was used for the analyses.

3. Results

3.1 Expression of Wnt2, WNt3a and Wnt9a
mRBRNA transcripts during osteoblast
differentiation of BMSCs

The quantitative real-time PCR results in Figure 1

demonstrate that throughout the course of osteoblast
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Figure 1. Expression of Wnt2, 3a and 9a transcripts during osteoblast differentiation of BMSCs. Cells were cultured in osteogenic media for 0, 3,
7 and 14 days. Total RNA was subsequently extracted and the expression of Wnt2, 3a and 9a mRNA was determined by quantitative
real-time PCR, as described in the Experimental Procedures. The results are presented as the mean + SD of the expression level in the
sample at day O (control culture), defined as 100% (N=6). Similar results were observed in three independent experiments. * P<0.05

vs. control culture.

differentiation of BMSCs in the present study, the
expression of Wnt2 and Wnt3a transcripts was
increasingly up-regulated, approximately 2.5- and 2-fold,
respectively, from day 3 to day 14 when compared with
that on day 0. The results also showed that although
no significant change in the expression of Wnt9a gene
was observed on day 3, the level of Wnt9a expression
on day 7 and day 14 was markedly down-regulated to
approximately 50% of that observed on day 0.

3.2 Expression of Wnt2, Wnt3a and Wnt9a in
genetically-modified BMSCs

The expression patterns ofthese factors during osteoblast
differentiation (as shown in Figure 1) suggested that
this process could be enhanced by Wnt2 and Wnt3a,
and be inhibited by Wnt9a. To test this possibility, we
first performed gain-of-function and loss-of-function
experiments by using plasmid-based overexpression
of Wnt2 and Wnt3a, and siRNA-mediated knockdown
of Wnt9a, respectively. The transfection efficiencies of
siRNAs and plasmids assessed by flow cytometry were
found to be approximately 80% and 60%, respectively
(data not shown). BMSCs were transfected with Wnt2
plasmid, Wnt3a plasmid, and Wnt9a siRNA, and the
expression of these antigens was determined using
WB as described in the Experimental Procedures.
The results showed that 3 days post-transfection, the
expression of Wnt2 and Wnt3a proteins increased more
than 2-fold compared with that in the control group,
whereas the protein level of Wnt9a was approximately
25% of that observed in the control group (Figure 2)

3.3 Effect of Wnt2 overexpression, Wnt3a
overexpression and Wnt9a knockdown on
BMSC proliferation

The results in Figure 3 show that transfection of BMSCs

with Wnt3a plasmid significantly enhanced proliferation

of BMSCs at 1 and 3 days post-transfection (by

Wint2 | B

u-tubulin
7
Wnt3a @n‘@
B
u-tubulin

55 kDa

g-tubulin = s 55kDa

Figure 2. Expression of Wnt2, 3a and 9a proteins in transfected
BMSCs. Cells were transfected with control plasmid/
siRNA (C) or Wnt2 plasmid Wnt3a plasmid and Wnt9a
siRNA (T) for 3 days. Total protein was subsequently
extracted and the expression of Wnt2, 3a and 9a
was determined by western blot, as described in the
Experimental Procedures. a-Tubulin was used as an
internal control. Similar results were observed in two
independent experiments.

approximately 2-2.5 fold) when compared with that of
the control. In contrast, transfection with either \Wnt2
plasmid or Wnt9a siRNA had little, if any, effect on

BMSC proliferation (Figure 3). The results suggest the
stimulatory effect of Wnt3a on cell proliferation of BMSCs.

3.4 Effect of Wnt2 overexpression, Wnt3a
overexpression and Wnt9a knockdown on
osteoblast differentiation of BMSCs

In the present study, osteoblast differentiation of BMSCs

was determined by measuring the ALP activity and the

expression of key osteoblastic markers Runx2 and OC.

The results showed that 3 days post-transfection Wnt9a
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Figure 3. Effect of Wnt2 overexpression, Wnt3a overexpression and Wnt9a knockdown on proliferation of BMSCs. Cells were transfected with
Wnt2 plasmid Wnt3a plasmid and Wnt9a siRNA for 3 days, and the cell proliferation was measured as described in the Experimental
Procedures. The results are presented as the mean percentage + SD of that obtained from the triplicate experiment at each indicated time
point (defined as 100% in the control culture). Similar results were observed in three independent experiments. * P<0.05 vs. control culture.
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Figure 4. Effect of Wnt2 overexpression, Wnt3a overexpression and Wnt9a knockdown on osteoblast differentiation of BMSCs. Cells were
transfected with Wnt2 plasmid Wnt3a plasmid and Wnt9a siRNA for 0, 1 and 3 days, and the ALP activity (A) and the expression of
Runx2 mRNA (B) and OC mRNA (C) was examined as described in the Experimental Procedures. The results are presented as the
mean + SD of that obtained from the triplicate experiment at each indicated time point (defined as 100% in the control culture). Similar
results were observed in three independent experiments. * P<0.05 vs. control culture.

siRNA, but not Wnt2 plasmid, significantly stimulated the  compared with the corresponding controls. Although the
ALP activity (Figure 4A) and the expression of Runx2  stimulatory effect of Wnt3a overexpression on osteoblast
and OC transcripts (Figure 4B and 4C, respectively) differentiation was not statistically significant, it seemed
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to up-regulate these osteoblast-associated markers.
The results thus suggested that Wnt3a overexpression
and Wnt9a knockdown may cooperatively enhance
osteoblast differentiation of BMSCs.

3.5 Effect of double target genetic modification
by Wnt3a overexpression and Wnt9a
knockdown on osteoblast differentiation of
BMSCs

To examine the combined role of simultaneous Wnt3a

overexpression and Wnt9a knockdown in osteoblast

differentiation of BMSCs, cells were transfected with

Whnt3a plasmid and Wnt9a siRNA simultaneously, and

osteoblast differentiation was assessed as mentioned

previously. The results showed that the present genetic
engineering targeting Wnt3a and Wnt9a significantly
increased the ALP activity and the expression of Runx2
in BMSCs by more than 250% of that in the control
cells, although it had little effect on the OC expression
(Figure 5).

4. Discussion

Genetic engineering of a number of osteogenic
transcription factors and growth factors has been used to
stimulate cell proliferation and osteoblast differentiation
of mesenchymal stem cells [1,2]. Genetically-engineered
pluripotent mesenchymal cells expressing transcription
factor genes such as Runx2 and Osx [5-8], and growth
factor genes such as BMP-2, -4 and -7 [3,4], showed
an increase in their osteogenic activity, thus facilitating
both in vitro and in vivo new bone formation. In addition
to these osteogenic factors, Wnt signaling has recently
been shown to induce in vitro mesenchymal cell
proliferation and differentiation [25,26], and to accelerate
in vivo bone regeneration [27-29]. However, the use of
stem cell-based genetic engineering by targeting Wnts

in bone engineering is not yet well established. The
present study examined the osteogenic activity of Wnts
using genetic modification of Wnt genes in BMSCs. We
showed that during osteoblast differentiation of BMSCs,
the expression of Wnt2 and Wnt3a was significantly
up-regulated, whereas that of Wnt9a was down-
regulated, suggesting a potential osteogenesis-
associated role of these growth factors. This prompted
us to examine the osteogenic role of stem cell-based
genetic engineering targeting these growth factors
by forced overexpression of Wnt2 and Wnt3a, and by
knockdown of Wnt9a in BMSCs. The results have shown
that simultaneously combined Wnt3a overexpression
and Wnt9a knockdown significantly stimulated early
osteoblast differentiation of BMSCs, presumably
through up-regulation of the Runx2 expression and the
ALP activity.

In the present study, the expression of Wnt2 was
up-regulated while BMSCs differentiated along with the
osteoblastic lineage, suggesting its potential role in this
process. In addition, it has previously been reported
that Wnt2 plays an important role in the differentiation
of embryonic stem cells [30]. However, the present
results revealed little, if any, effect of Wnt2 on the cell
proliferation and the level of the ALP activity and Runx2
and OC expression, all of which are key markers of
osteoblast differentiation. This suggests that Wnt2 may
not be necessary in the differentiation of BMSCs along
with the osteoblastic lineage. It is also possible that
in contrast to embryonic stem cells, BMSCs were not
responsive to Wnt2 stimulation, possibly due to the lack
of sufficient and appropriate receptors and intracellular
signaling molecules specific to Wnt2 in BMSCs. Further
studies are required to examine these hypotheses.

Unlike Wnt2 overexpression, the results in the
present study demonstrated that the increased Wnt3a
level significantly stimulated proliferation of BMSCs, as
has previously been reported [17,20,31,32]. Moreover,

4 »

Percentage change

ODay 1

ODay 3

ALP activity

Runx2 ocC

Figure 5. Effect of combined Wnt3a overexpression and Wnt9a knockdown on the ALP activity and on the expression of Runx2 and OC mRNA in
BMSCs. Cells were simultaneously transfected with Wnt3a plasmid and Wnt9a siRNA for 0, 1 and 3 days, and the ALP activity and the
expression of Runx2 and OC mRNA were measured, as described in the Experimental Procedures. The results are presented as the
mean =+ SD of that obtained from the triplicate experiment at each indicated time point (defined as 100% in the control culture). Similar
results were observed in three independent experiments. * P<0.05 vs. control culture.
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Whnt3a overexpression appeared to increase osteoblast
differentiation, although its effect was not statistically
significant in the present study. It is noteworthy that the
effect of this growth factor on osteoblast differentiation
remains controversial. Although most of previous
studies have reported its inhibitory effect [22,33], there
are a few reports describing its stimulatory effect [17,20],
as also observed in the present study. The conflicting
results could possibly be due to differences in the state
of differentiation of the cells used, species of the cells,
methods used to activate Wnt3a signaling and Wnt3a
concentration, as previously reported [34]. It is thus
important to further examine the detailed mechanism
of the Wnt3a signaling pathway. Our unpublished data
suggest that recombinant human Wnt3a (rhWnt3a)
significantly stimulates BMSC proliferation, and hence
up-regulation of recombinant Wnt3a signaling during
the early stage of osteoblast development (day 0-7 in
osteogenic culture), resulting in enhanced osteogenesis
in BMSCs used in the present study (data not shown).
This is consistent with the findings of Baksh and Tuan
[25] which showed the stimulatory effect of Wnt3a on cell
proliferation and thus increasing the pool of cells capable
of differentiating along with osteoblastic lineage. It is
therefore likely that in the experimental settings used in
the present study, Wnt3a overexpression and rh\Wnt3a
showed similar but not identical biological activity, at
least in terms of cell proliferation and early osteoblast
differentiation of BMSCs.

The present results also demonstrated that
suppression of Wnt9a expression had little effect on
BMSC proliferation and that Wnt9a siRNA-transfected
BMSCs had a significantly greater level of the ALP
activity and expression of Runx2 and OC mRNA (key
early and late osteoblastic differentiation markers,
respectively) compared with that of the corresponding
control. Although a previous report has shown that
Wnt9a knockdown stimulates cell proliferation of human
breast cancer cells [35], the results of the present
study showed little, if any, of this effect on BMSC. One
possibility causing such conflicting findings is that the
BMSCs used in the present study and the cancer cells
could respond to Wnt9a differently, possibly due to
their differences in receptors and intracellular signaling
molecules specific for Wnt9a.

Double transfection of Wnt3a plasmid and Wnt9a
siRNA resulted in a significant increase in the ALP
activity and the expression of Runx2, suggesting its
stimulatory role in early osteoblast differentiation. These
findings suggest that Wnt3a and Wnt9a could act as
potential novel therapeutic targets for re-building bone,
as has recently been reported for the synergism between
Whnt3a and other osteogenic factors, such as BMP and

heparin [36,37]. Moreover, a previous study showed
that canonical Wnt signaling stimulated the expression
of Runx2 and OC in a SFRP1-null mouse (secreted
frizzled-related protein-1), which exhibited activated
Whnt signaling and a high bone mass phenotype [38].
It is possible that a number of signals, not only the Wnt
signal, were positively and negatively affected in the
SFRP1-null mouse, and thus synergistically stimulated
the expression of the osteogenic genes. This supports
the results of the present study, which demonstrated
that Runx2 expression was up-regulated in combined
Whnt3a overexpression and Wnt9a knockdown.

In the present study, although Wnt9a knockdown
significantly up-regulated the expression of the key
marker of late osteoblast differentiation OC, simultaneous
Wnt3a overexpression and Wnt9a knockdown had
only little, if any, effect on this marker. It has been
shown that while Wnt3a plays a stimulatory role in early
osteoblast differentiation, it may suppress the late stage
of osteoblast differentiation of BMSCs [17,22,39]. Such
effects of Wnt3a could possibly attenuate the Wnt9a
knockdown-mediated OC up-regulation in BMSCs,
suggesting that in order to achieve a maximal stimulation
of osteoblast differentiation, Wnt3a overexpression may
be required only in the early stage of the differentiation
process, while a sustained Wnt9a knockdown is needed
throughout the osteoblast differentiation of BMSCs used
in stem cell-based bone engineering. It is noteworthy that
due to the limitation of transient transfection carried out in
the present study, long term effects of these genetically
modified cultures targeting Wnt3a and Wnt9a could not
be assessed. Further studies on genetic modification
using a stable transfection approach are required to
monitor long term effects of these growth factors on
osteoblast differentiation of BMSCs.

The results of the present study demonstrated
that Wnt3a and Wnt9a significantly affect osteoblast
differentiation of BMSCs, although signal transduction
initiated by these growth factors has also been
shown to influence chondrogenic differentiation
[40-42]. Itis possible that a growth factor may activate a
number of different signaling proteins and transcription
factors required in both osteogenic and chondrogenic
pathways, such as 3-catenin, mitogen-activated protein
kinases (MAPKs), Smads and Runx2 [21,43,44], and
thus contribute to transcriptional events associated with
osteoblastic and chondrogenic differentiation.

Treatment of several pathologic bone conditions
such as fractures, cancer and congenital disorders
has been problematic since the defects are difficult to
heal [3]. This requires effective regeneration of new
bone. A stem cell-based genetic engineering approach
has previously been suggested to be promising for
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inducing rapid and sustained osteogenesis [3,45].
In the present study, we have genetically manipulated
BMSCs to undergo osteoblast differentiation, especially
at the early stage, by targeting Wnt3a and Wnt9a
simultaneously, as shown by stimulatory effects on
the expression of two key markers of early osteoblast
differentiation, Runx2 and ALP activity. Consequently,
this likely led to an initiation and a further increase in
the extent of mineralized nodule formation in vitro, thus
promoting mineralized matrix formation. The results
in the present study suggest the osteogenic potential
of this stem cell-based genetic engineering targeting
the Wnt genes on bone healing in vivo. This strategy
may overcome the disadvantages associated with the
use of the gold standard autologous bone graft method
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