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Abstract: Objective: Large segmental bone defect repair remains a clinical and scientific challenge with increasing interest
focusing on combining gene transfection with tissue engineering techniques. The aim of this study is to investigate the effect of
connective tissue growth factor (CTGF) on the proliferation and osteogenic differentiation of the bone marrow mesenchymal stem
cells (MSCs). Methods: A CTGF-expressing plasmid (pCTGF) was constructed and transfected into MSCs. Then expressions of
bone morphogenesis-related genes, proliferation rate, alkaline phosphatase activity, and mineralization were examined to evaluate
the osteogenic potential of the CTGF gene-modified MSCs. Results: Overexpression of CTGF was confirmed in pCTGF-MSCs.
pCTGF transfection significantly enhanced the proliferation rates of pCTGF-MSCs (P<0.05). CTGF induced a 7.5-fold increase in
cell migration over control (P<0.05). pCTGF transfection enhanced the expression of bone matrix proteins, such as bone sialoprotein, osteocalcin, and collagen type I in MSCs. The levels of alkaline phosphatase (ALP) activities of pCTGF-MSCs at the 1st
and 2nd weeks were 4.0- and 3.0-fold higher than those of MSCs cultured in OS-medium, significantly higher than those of
mock-MSCs and normal control MSCs (P<0.05). Overexpression of CTGF in MSCs enhanced the capability to form mineralized
nodules. Conclusion: Overexpression of CTGF could improve the osteogenic differentiation ability of MSCs, and the CTGF
gene-modified MSCs are potential as novel cell resources of bone tissue engineering.
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INTRODUCTION
Reconstruction of large skeletal defects is still a
challenge for orthopaedic, oral and maxillofacial
surgeons. Regeneration with either autograft or allograft provides excellent results, but it is limited by
donor-site morbidity and supply. Bone tissue engineering might be a novel way to solve these problems
(Rose and Oreffo, 2002; Kofron and Laurencin, 2006;
Kanczler and Oreffo, 2008). Based on the principle of
bone tissue engineering, seeding cells, scaffolds, and
‡
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signaling molecules are administered, individually or
in combination, to regenerate new bone. Mesenchymal stem cells (MSCs), for both self renewal and
being multipotent, have been regarded as the most
hopeful cell sources for bone tissue engineering and
regenerative medicine (Abreu et al., 2002; Howard et
al., 2008; Slater et al., 2008; Xiang et al., 2007). To
enhance the proliferation and orientational differentiation ability of stem cells by gene modification is
hot in bone tissue engineering (Mauney et al., 2005;
Goessler et al., 2006; Meijer et al., 2007).
Bone marrow MSCs are attractive in bone tissue
engineering, for it can be easily isolated and further
modified by gene modification (Pelled et al., 2002;
Pountos et al., 2007; Slater et al., 2008). Many genes
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had been regulated or overexpressed in MSCs to improve their ability of differentiation into osteoblastic
cells. These genes include Runx2, bone morphogenetic
protein, fibroblastic growth factor-2 (FGF-2), and so
on. Connective tissue growth factor (CTGF) is a secreted, extracellular matrix-associated signaling
molecule that belongs to the CCN (CTGF, Cyr61/
Cef10, and Nov) family (Nishida et al., 2007; Luft,
2008; Yamanaka et al., 2008). The CCN family of
proteins is composed of several cysteine rich proteins
with diverse functions including regulation of angiogenesis, cell adhesion, proliferation, skeletal development, tooth development, and apoptosis (Brigstock, 2003; Perbal et al., 2003; Rachfal and Brigstock, 2005). CTGF has mitogenic and chemotactic
activities, and also stimulates synthesis of extracellular matrix components. CTGF is capable of promoting both the growth and the differentiation of
most mesenchymal cells involved in endochondral
ossification. This indicates that CTGF acts as a central driver in cartilage/bone growth and regeneration
(Heng et al., 2006; Kanaan et al., 2006; Kubota and
Takigawa, 2007; Ono et al., 2007). The importance of
CTGF in skeletal development is demonstrated with
the generation of CTGF knockout mice (Yamaai et al.,
2005). CTGF ablation results in mice with misshappened skeleton, craniofacial abnormalities, and
defects associated with endochondral ossification,
and attributes to defects in cell proliferation, matrix
formation, and remodeling during endochondral ossification. Growing evidence indicates that CTGF
plays an essential role in the differentiation of osteoblasts and bone formation. However, little attention has been paid to the effect of CTGF on the proliferation and differentiation of MSCs. In this paper,
we modified MSCs by transfection of a plasmid
containing the full length of human CTGF cDNA, and
further investigated the proliferation and differentiation of CTGF gene-modified MSCs.

MATERIALS AND METHODS
Isolation and culture of MSCs
The human MSCs were isolated and cultured as
previously described (Lee et al., 2003; Duan et al.,
2008; Jiang et al., 2008). Briefly, bone marrow was
harvested from proximal femur samples removed

during hip replacement surgery with the consent of
patients and the approval by local Ethical Committee.
Bone mononuclear cells (MNCs) were isolated from
bone marrow aspirates by Percoll-gradient centrifugation and plated at 2×105 cells/cm2 in T-75 culture
flasks. The non-adhered cells were removed after
24~48 h incubated at 37 °C in 5% CO2 atmosphere
and adherent cells were further cultured. Upon 80%
confluence, adherent cells were detached by 0.2%
(w/v) trypsin-0.02% (v/v) ethylenediamine tetraacetic
acid (EDTA, Sigma, USA), and then seeded at 8×103
cells/cm2 into T-75 flask. Cells used in subsequent
experiments were between the 3rd and 7th passages.
MSCs were confirmed by adipogenic, chondrogenic, and osteogenic differentiation assays (Caterson et al., 2002; Beyer Nardi and da Silva
Meirelles, 2006). Briefly, osteogenic differentiation
was induced by culturing MSCs monolayer in osteogenic (OS) medium containing 10 mmol/L β-glycerol
phosphate, 10−8 mol/L dexamethasone, and 50 mg/L
ascorbic acid 2-phosphate. Mineralization was
evaluated by alkaline phosphatase (ALP) staining and
von Kossa staining. For chondrogenic differentiation,
MSCs were centrifuged at 800×g for 5 min and cultured in the chondrogenic inductive medium
(high-glucose Dulbecco’s Modified Eagle’s Medium
(DMEM), 1% (v/v) ITS+ (insulin, transferrin, selenious acid, plus linoleic acid and bovine serum albumin), 10−6 mol/L dexamethasone, 35 μg/ml praline,
0.17 mmol/L ascorbic acid 2-phosphate, and 5 ng/ml
transforming growth factor-β1 (TGF-β1) for 21 d.
Then frozen sections were obtained and immunostained for type II collagen. Adipogenic differentiation was induced by culturing MSCs monolayer in
the adipogenic inductive medium (high-glucose
DMEM, 0.5 mmol/L 3-isobutyl-1-methylxanthine,
10−6 mol/L dexamethasone, 100 μg/ml indomethacin,
and 10 μg/ml insulin) for 21 d. Adipogenic induction
was confirmed by oil red O staining.
Construction of CTGF-expressing vector
Plasmids containing full-length human CTGF
cDNA were kindly provided by Prof. Tong-chuan He,
Molecular Oncology Laboratory, University of Chicago Medical Center, USA. The full-length CTGF
cDNA fragment was excised from the plasmid by
digesting with restriction endonucleases, and then
subcloned into HindIII/XhoI sites of pcDNA3.1(+)

Wang et al. / J Zhejiang Univ Sci B 2009 10(5):355-367

vector (Invitrogen, USA). The plasmid was confirmed by polymerase chain reaction (PCR), restriction endonucleases digestion, and DNA sequence.
The resulting plasmid was named after pcDNA3.1CTGF (pCTGF) containing the full-length of human
CTGF cDNA fragment under the control of the cytomegalovirus (CMV) promoter.
Plasmid transfection
For plasmid transfection, MSCs were plated in
six-well plates at a density of 2.5×105 cells/well.
Transfection of MSCs was performed using Lipofectamine-2000 (Invitrogen, USA) according to the
protocol provided by the manufacturer. Briefly, 2 μg
purified pCTGF diluted in 100 μl of serum-free medium was mixed with 4 μg Lipofectamine-2000 diluted in 100 μl of serum-free medium. The DNALipofectamine-2000 mixture was incubated for 30
min at room temperature. Then 800 μl of cell growth
medium without fetal calf serum (FCS) was added
into the mixed solution. When the cells reached 70%
confluence, they were washed with serum-free
growth medium, and the transfection solution was
added. After incubated at 37 °C for 5 h, the transfection solution was replaced with normal cell growth
medium. After 24 h, the cells were passaged and
subjected to G418 (500 μg/ml) selection for 2 weeks
(pCTGF-MSCs). Control cells were mock transfected
with “empty” vector (mock-MSCs). The expression
of CTGF was detected by Western blotting and real
time PCR.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting
Culture supernatant was collected and precipitated with 10% (v/v) trichloroacetic acid (TCA). The
proteins in the supernatant were then electrophoresed
on 12% (v/v) SDS-PAGE. The separated proteins
were transferred electrophoretically onto a polyvinylidene fluoride (PVDF) membrane using a semidry blotting apparatus (Multiphor II, Pharmacia Biotech, USA). Then the membrane was blocked with a
Tris-buffered saline (TBS) solution containing 2%
(w/v) skim milk at 37 °C for 5 h. Then the membrane
was incubated with mouse anti-human CTGF monoclonal antibody (R&D, USA) diluted (1:500, v/v) in
TBS-Tween 20 (TBST) solution containing 2% (w/v)
skim milk at room temperature for 2 h. The membrane
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was washed 3 times with TBST solution and then
incubated with horseradish peroxidase (HRP)conjugated rabbit anti-human IgG diluted (1:2000,
v/v) into TBST solution containing 2% (w/v) skim
milk at 37 °C for 90 min. After washed by TBST
solution, protein bands were visualized by the electrochemiluminescence (ECL) kit (Amersham Pharmacia Biotech, UK).
Cell proliferation assay
Cells were seeded into 96-well microplates at a
density of 1×103 cells/well. During the continuous 7 d,
cell proliferation was measured by using 3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide
(MTT) assay every day. Briefly, 20 μl MTT (5 mg/ml)
was added to each well and the microplate was further
incubated at 37 °C for 4 h. After the supernatant was
removed, 200 μl dimethyl sulfoxide (DMSO) was
added into each well and the absorbance was examined by using an HTS 7000 Plus Bio Assay Reader
(PerkinElmer Life Sciences, USA) at the wavelength
of 570 nm.
Migration assay
The effect of CTGF on cell migration was
measured by using transwell chamber described previously (Karp et al., 2005). In brief, identical numbers
of untransfected MSCs, mock-MSCs or pCTGFMSCs were plated into the bottom chamber of
12-transwell culture plates (Corning Costar, Cambridge, USA) individually. And about 2×104 cells of
the untransfected MSCs were seeded into the upper
chamber of transwell, which consists of collagencoated microporous membrane (8.0 μm). Then the
plate containing transwells was placed back to the
incubator. After incubated for 4 h, the upper chamber
of the transwell was taken out and the unattached cells
on the underside of the membrane were wiped by a
damp cotton swab. The cells on the underside of the
membrane were fixed in 10% (v/v) phosphatebuffered formalin for 10 min and stained with hematoxylin for 30 min. The stained membrane was then
mounted onto a glass slide with Permount (Fisher
Scientific, Pittsburgh, PA) and dried. The migrating
cells were then observed under microscope and the cell
number was counted from 10 random fields with 200×
magnifications. The transwell assays were performed
in duplicate under each experimental condition.
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Quantitative real-time PCR analysis for the expressions of bone-related genes
Cells were washed twice in phosphate buffered
saline (PBS), and total RNA of normal control MSCs,
mock-MSCs, and pCTGF-MSCs was isolated on
Days 3 and 14 after transfection by using TRIZOL
Reagent (Invitrogen Life Technologies, NY, USA).
Total RNA of MSCs induced by OS-medium was also
extracted on Days 3 and 14 after induction. The
concentration of extracted RNA was quantified by
spectrophotometer (GeneQuant Pro; Amersham
Biosciences, USA) at wavelengths of 260 and 280 nm.
The quality of RNA was determined by agarose gel
electrophoresis. Total RNA was reversely transcribed
into first-strand cDNA by using the TaKaRa reverse
transcriptase (RT)-PCR Kit (TaKaRa Bio. Inc., Shiga,
Japan).
The first-strand cDNA products were used as
templates. The expressions of bone-related genes
were determined by SYBR green-based real-time
PCR analysis using TaKaRa PrimeScript™ RT Regent Kit (TaKaRa Bio. Inc.). Each reaction contained
12.5 μl 2× SYBR Premix Ex Taq™, 1 μl forward
primer, 1 μl reverse primer, 2 μl cDNA template, and
ddH2O to a final volume of 25 μl per reaction. The
sample was analyzed on the Bio-Rad iCycler iQ™
Multicolor Real-Time Detection System (Bio-Rad
Laboratories Inc., Richmond, California, USA), while
the RT-PCR was performed and fluorescence signal
was detected simultaneously. The specific primers
were displayed in Table 1. The PCR was performed as
followings: denatured at 95 °C for 2 min at the beginning, then denatured at 95 °C for 5 s, annealing at
55~57 °C for 30 s, and extending at 72 °C for 20 s, for
30 cycles. The specificity of real-time PCR was

verified by melting curve analysis (55~95 °C, with
0.5 °C increment each cycle), and further confirmed
by resolving the PCR products on 1.5% (w/v) agarose
gels. The baseline cycles and the threshold were
automatically calculated by Bio-Rad iCycler software.
In order to quantify the expression of each gene,
standard curves were constructed using the purified,
gradient diluted relevant PCR product. Gene expression was normalized by the expression of house
keeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in the same sample. The data represented the average fold changes with standard deviation. All experiments were carried out in triplicate.
Immunohistochemistry
Immunohistochemical analysis was carried out
as described previously (Lin et al., 2005). In brief,
MSCs on the slides were fixed with 4% (v/v) buffered
paraformaldehyde. After blocking of endogenous
peroxidase activity with 3% (v/v) hydrogen peroxide
in methanol for 30 min, the slides were washed with
PBS, and non-specific binding was blocked with 1%
(w/v) bovine serum albumin and 1.5% (w/v) normal
goat serum at room temperature for 30 min. Slides
were subsequently incubated with goat polyclonal
antibody against osteocalcin (OCN) (Santa Cruz, USA)
at 4 °C overnight. After washed with PBS, slides were
incubated with the secondary biotinylated antibodies
and HRP-conjugated streptavidin to detect the primary
antibody. Staining was done with 3,3′-diaminobenzidine tetrahydrochloride (DAB) as chromogens and
counter staining was performed in Mayer’s hematoxylin. After rinsed with distilled water, slides were
dehydrated through an ethanol series, cleared in xylene, and covered with slips for microscopy.

Table 1 Specific primers for real-time PCR with optimal annealing temperature
Gene
Primer
Annealing temperature (°C)
GenBank No.
GAPDH Forward: 5′-TGTGTCCGTCGTGGATCTGA-3′
57.4
NM_001001303
Reverse: 5′-TTGCTGTTGAAGTCGCAGGAG-3′
57.8
AKP2
Forward: 5′-TGCCTACTTGTGTGGCGTGAA-3′
57.8
NM_007432
Reverse: 5′-TCACCCGAGTGGTAGTCACAATG-3′
60.2
ColIα1 Forward: 5′-ATGCCGCGACCTCAAGATG-3′
57.1
NM_007742
Reverse: 5′-TGAGGCACAGACGGCTGAGTA-3′
59.8
IBSP
Forward: 5′-TGGAGACTGCGATAGTTCCGAAG-3′
60.2
NM_008318
Reverse: 5′-CGTAGCTAGCTGTTACACCCGAGAG-3′
63.9
Runx2 Forward: 5′-CACTGGCGGTGCAACAAGA-3′
57.1
NM_009821
Reverse: 5′-TTTCATAACAGCGGAGGCATTTC-3′
56.6
OCN
Forward: 5′-CCCTCTCTCTGCTCACTCTGCT-3′
61.9
L24430
Reverse: 5′-TGTGTTGTCCCTTCCCCTCT-3′
57.4
GAPDH: glyceraldehyde-3-phosphate dehydrogenase; ColIα1: collagen type I α1; AKP2: alkaline phosphatase 2; IBSP: integrin-binding
sialoprotein; Runx2: Runt-related transcription factor 2; OCN: osteocalcin
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ALP activity assay
The cells of identical numbers were seeded.
Cells cultured on the substrates were washed twice
with PBS and fixed in 4% (v/v) paraformaldehyde for
5 min at room temperature, then incubated for 10 min
with the staining solution including 0.1% (w/v)
naphthol AS_MX phosphate, 56 mmol/L 2-amino2-methyl-1-3-propanediol, and 0.1% (w/v) fast red
violet LB salt, finally washed with distilled water and
kept in water for 20 min. Staining solutions were
freshly prepared before use. Quantitative analysis of
ALP activity was determined by colorimetric assay of
enzyme activity using the ALP kit (BioAssay System,
USA), following the manufacturer’s instructions.
Before cell dissolving, cell layers were washed three
times with PBS, and then total proteins were extracted
by Protein Extract Reagents (Pierce, USA), followed
by centrifugation to remove cellular debris. 100 μl of
lysate was then mixed with 100 μl of the freshly
prepared colorimetric substrate para-nitrophenyl
phosphate, and incubated at 37 °C for 30 min. The
enzymatic reaction was stopped by adding 100 μl of
0.2 mol/L NaOH. The optical density of the yellow
product para-nitrophenol was determined by a HTS
7000 Plus Bio Assay reader (Perkin Elmer Life Sciences, USA) at a wavelength of 405 nm. The protein
concentration of the cell lysate was measured with a
bicinchoninic acid (BCA) Protein Assay Kit (Pierce,
USA) and the ALP activity was then expressed as
OD405 per mg protein.

RESULTS
Culture and identification of MSCs
Human bone marrow MSCs were isolated from
bone marrow tissue and cultured at 37 °C in humidified atmosphere with 5% CO2. After primarily cultured for 5 d, individual colonies formed. Twelve
days later, 80% confluence of cells was achieved, and
then the cells were trypsinized and passaged approximately every 5~7 d for 12 passages. During the
culture period, primary or passaged MSCs displayed
fibroblast-like morphological features, without visible morphologic alteration. The multi-linage differentiation of cultured MSCs was confirmed when
these cells have the ability of osteogenic, chondrogenic, and adipogenic potential (Fig.1 in page 362).
Identification of pcDNA3.1(+)/CTGF
According to the background reference of human CTGF cDNA record by GenBank and the trait of
the designed specific primers, the whole length of
PCR product fragments identified by agarose gel
electrophoresis was consisted with the analysis of
background reference (Fig.2a). There were two
fragments of 5.4 and 1.05 kb when pcDNA3.1(+)/
CTGF was digested by HindIII and XhoI and electrophoresed on agarose gel. The fragment of 5.4 kb
was accorded with pcDNA3.1(+), another fragment
of 1.05 kb was accorded with human CTGF cDNA
fragment produced by RT-PCR. These results demonstrate that CTGF cDNA has been inserted into

Mineralization nodule staining
The mineralization nodules formed after osteogenic induction or plasmid transfection were stained
with alizarin red S (AR-S). The cells on slides were
rinsed in PBS and incubated with 40 mmol/L AR-S
(pH 4.2) with rotation for 30 min. Then they were
rinsed 5 times with water followed by a 15 min
washing with PBS by rotation to reduce nonspecific
AR-S staining. The stained nodules were observed
through a microscope.
Statistical analysis
Results were expressed as mean±SD and analyzed by a paired analysis of variance. P values were
described in figures and P<0.05 was considered as
statistically significant.

(a)

(b)

Fig.2 Identification of pCTGF
(a) Agarose gel electrophoresis assay of CTGF PCR products. Lane 1: DNA marker, DL2000; Lane 2: CTGF (1.05
kb); (b) Digestion assay of pCTGF with XbaI and HindIII.
Lane 1: DNA marker, DL2000; Lane 2: pCTGF
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(a)

(b)

Relative ratio of product

Expression of CTGF in MSCs by DNA transfection
Real-time PCR and Western blotting analysis
confirmed that pCTGF-MSCs overexpressed CTGF
when compared with mock-MSCs and normal control
cells (Fig.3a). The expression of CTGF mRNA was
3.7-fold higher than those of mock-MSCs and normal
control. The cell culture supernatant after 48 h
post-transfection was used for Western blotting.
CTGF peptide was detectable in the cell culture supernatant of pCTGF-MSCs. However, the expression
of CTGF peptide was not detectable in vector control
4.5
4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0

Normal

*

MSCs

Mock-MSCs pCTGF-MSCs
Group
Mock

pCTGF
38 kDa

Fig.3 Expression of CTGF in MSCs detected by
real-time PCR and Western blotting
(a) The expression of CTGF mRNA of pCTGF-MSCs,
mock-MSCs, and normal control cells. The amount of
real-time PCR product in mock-MSCs was taken as 1.0, and
the relative ratio of the products is indicated in the ordinate.
The value was corrected using the expression of GAPDH as
internal control. *P<0.05, significantly different from
mock-MSCs and normal cells; (b) The expression of CTGF
peptide of pCTGF-MSCs, mock-MSCs, and normal control
cells. In the cell supernatant from pCTGF-MSCs, a large
amount of CTGF protein with an apparent molecular mass
of 38 kDa was illustrated. However, the expression of CTGF
peptide was not detectable in vector control and normal
control

and normal control (Fig.3b). It was suggested that
CTGF was expressed effectively in the cells transfected with pCTGF.
Proliferation of MSCs promoted by pCTGF
MTT assays were performed to evaluate the
proliferative abilities of pCTGF-MSCs, mock-MSCs,
and normal control MSCs. As shown in Fig.4, proliferation rate of pCTGF-MSCs was significantly
higher than those of mock-transfected cells and normal control cells (P<0.05).
7
*

6
Cell number (×103)

pcDNA3.1(+)/CTGF (Fig.2b). The DNA sequence
analysis confirmed that positively reformed plasmid
contains the full length of human CTGF cDNA,
which is the same as the one described in the GenBank with accession No. NM_001901. The CTGF
cDNA fragment containing entire coding region
(corresponding to the 1.05 kb covering from the AUG
start codon to the UGA stop codon) was placed
downstream of the CMV promoter element. The eukaryotic expression vector pCTGF has been constructed successfully.

5
4
3

Control
Mock
pCTGF

2
1
0

1

2

3

4
5
Time (d)

6

7

8

Fig.4 Proliferation rates of normal control MSCs,
mock-MSCs, and pCTGF-MSCs
*
P<0.05, compared with mock-transfected cells and normal
control cells

Migration of MSCs promoted by pCTGF transfection
The transwell chamber assay is one of the frequently used methods to evaluate cell adhesion and
migration in vitro. Here we conducted transwell
chamber experiment to investigate whether pCTGF
transfection exerted any effect on the migration of
MSCs. As shown in Fig.5c (in page 362), cells that
were cocultured with CTGF-expressing MSCs migrated to the underside of the membrane of the upper
chamber were more than those cocultured with control cells. This indicates that CTGF secreted from
pCTGF-MSCs showed a strong ability to induce the
migration of the MSCs in the upper chamber as
compared with normal controls. CTGF induced a
7.5-fold increase in cell migration over the empty
vector-transfected controls (Fig.5d), which was significantly higher than those cocultured with vector
control and normal control (P<0.05). These findings
suggest that pCTGF transfection could indeed promote
the migration of MSCs, a potentially important feature
of CTGF functions in osteoblast differentiation.
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Expression patterns of bone-related genes
We focused on the expression of a set of genes
related to bone development and mineralization in
both pCTGF-MSCs and MSCs cultured in OSmedium. Expressions of osteoblastic marker genes
including transcription factor Runx2, collagen type I
(ColI), bone sialoprotein (BSP), and OCN in cells
were analysized by real-time PCR on Days 3 and 14
after MSCs transfected with pCTGF or OS-induction.
Overexpression of CTGF induced the expressions of
Runx2, ColI, BSP, and OCN (Fig.7). Similar to
pCTGF-MSCs, bone-related genes were also expressed in OS-medium−induced MSCs. However,
mock-MSCs and normal control MSCs only had basal
expressions of these osteoblastic phenotype genes.
GAPDH was used as internal control.
ALP activity in MSCs
We analyzed whether overexpression of CTGF
could increase ALP activity in MSCs. Our data indicate that pCTGF-MSCs exhibited a linear increase in
ALP activity within the first two weeks in selective
medium. The levels of ALP activities of pCTGFMSCs at the 1st and 2nd weeks were 4.0- and 3.0-fold
higher than those of MSCs cultured in OS-medium,
respectively. In contrast, ALP activities of mockMSCs and normal control MSCs remained at background levels when cultured in control medium for up
to two weeks (Fig.8 in page 362).
Immunohistochemical analysis of the expression
of OCN
Immunohistochemical staining was performed
to detect the expression of OCN in pCTGF-MSCs,
OS-induced MSCs, mock-MSCs, and normal control

2.0

(a)

*

1.5

MSCs
OS-MSCs

Mock-MSCs
pCTGF-MSCs

1.0
*

mRNA expression

Morphologic changes of MSCs caused by pCTGF
transfection
Normal MSCs and mock-MSCs maintained a
fibroblasts-like appearance with a spindle shape at
confluent (Fig.6 in page 362). At the same time,
pCTGF-MSCs exhibited obvious morphological
alteration after 2 weeks, becoming columnar and
polarized, tending to align in straight parallel lines,
all of which were typical morphologic features of
osteoblast-like cells (Fig.6c). These cells were very
much in appearance like MSCs cultured in OSmedium (Fig.6d).

0.5
0
7
6

*

(b)

*

5
4
3
2

*

*

*

1
0

Runx2

ColI

BSP

OCN

Genes

Fig.7 Real-time PCR analyses for mRNA expressions of
bone-related genes in different cells after cultured for
(a) 3 d and (b) 14 d
For Runx2, collagen I (colI) and bone sialoprotein (BSP) (Days 3
and 14) and osteocalcin (OCN) (Day 14), the increased expression
on pCTGF-MSCs or MSCs cultured in OS-medium was observed.
However, mock-MSCs and normal control MSCs only have basal
expressions of these osteoblastic phenotype genes. GAPDH was
used as internal control. *P<0.05, statistically significant difference
between control cells and pCTGF-MSCs or MSCs cultured in
OS-medium

MSCs. As shown in Fig.9 (in page 363), almost all of
pCTGF-MSCs and OS-induced MSCs were positive
with immunocytochemical staining. As negative
control, normal control cells and mock-MSCs showed
no apparent expression of OCN, when cultured under
the same conditions as pCTGF-MSCs.
Mineralized nodule formation
Alizarin red staining was performed to investigate whether the expression of bone-related genes
resulted in a mineralized nodule formation. For
pCTGF-MSCs, the mineralized nodules formed on
Day 14 after confluence demonstrated positive AR-S
staining (Figs.10a~10b in page 363). For MSCs cultured in OS-medium, mineralized nodules appeared
two weeks later after confluence (Fig.10c), and these
nodules were also positive with alizarin red staining
(Fig.10d). On the other hand, mock-MSCs and normal control MSCs could not form any mineralized
nodules in the control medium even three weeks later
after confluence (Figs.10e~10f).
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(d)

(c)

(b)

(a)

50 μm

50 μm

50 μm

25 μm

Fig.1 Identification of MSCs. (a) The undifferentiated MSCs cultured in monolayer culture; (b) The osteogenic differentiation of MSCs was confirmed by staining with alkaline phosphatase histochemistry; (c) The adipogenic differentiation of MSCs was confirmed by staining with oil red O histochemistry; (d) The chondrogenic differentiation of
MSCs was confirmed by immunostaining with antibody specifically against type II collagen
(c)

(b)

50 μm

Cell number per
high power field

(a)

50 μm

50 μm

16
*
14 (d)
12
10
8
6
4
2
0
Normal Mock-MSCs pCTGF-MSCs
Group

Fig.5 Effect of CTGF on migration of MSCs. (a) MSCs cocultured with normal control MSCs; (b) MSCs cocultured
with mock-MSCs; (c) MSCs cocultured with pCTGF-MSCs; (d) Quantitative analysis of the effect of CTGF on migration of MSCs. The migration rate of MSCs cocultured with pCTGF-MSCs was significantly higher than those of
MSCs cocultured with vector control and normal control. *P<0.05, compared with vector control and normal control
(b)

(a)

(d)

(c)

50 μm

50 μm

50 μm

50 μm

Fig.6 Morphology of MSCs with plasmid transfection. (a) Normal MSCs maintained fibroblasts-like appearance cultured in growth medium; (b) Mock-MSCs maintained fibroblasts-like appearance; (c) pCTGF-MSCs became columnar and polarized, and tended to align themselves in straight parallel lines after two weeks of selection in growth medium containing G418; (d) MSCs became columnar and polarized, and tended to align themselves in straight parallel
lines after two weeks in osteoinductive medium
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(c)
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Fig.8 Comparison of the expressions of ALP in (a) pCTGF-MSCs,
(b) OS-induced MSCs, (c) mock-MSCs, and (d) normal control
MSCs after 14-d culture. Note that there was no visible ALP activity in mock-MSCs and normal control MSCs. (e) Quantitative
analyses of ALP activities in MSCs after 7- and 14-d culture. ALP
activity was only found in pCTGF-MSCs and OS-induced MSCs.
Data were displayed as mean±SD. *P<0.05, statistically significant
difference compared with mock-MSCs and normal control MSCs
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Fig.9 Immunohistochemical detection of OCN. (a) Nearly all pCTGF-MSCs were positive with the immunohistochemistry of OCN after two-week culture; (b) Most of the OS-medium−induced cells were positive with the immunohistochemistry of OCN after two weeks; No apparent expression of OCN was detected in (c) mock-MSCs and (d) normal
control MSCs
(a)

(b)

25 μm

(c)
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Fig.10 Mineralized nodule formation. (a) Mineralized nodules formed in pCTGF-MSCs 14 d after confluence; (b)
Mineralized nodules formed in pCTGF-MSCs 14 d after confluence were positive with alizarin red staining; (c) Mineralized nodules formed in OS-medium–cultured MSCs 14 d after confluence; (d) Mineralized nodules formed in
OS-medium–cultured MSCs were positive with alizarin red staining; (e) Normal control MSCs cultured in growth
medium have no any mineralized nodule formed; (f) Mock-MSCs cultured in growth medium have no any mineralized
nodule formed

DISCUSSION
MSCs are considered as a readily accepted
source of stem cells in bone tissue regeneration because they are easy to be isolated and expanded in
vitro. It is still a challenge to enhance the proliferation
and differentiation of seed cells in the application of
bone tissue engineering, and this problem can be
solved by gene therapy approaches (van Damme et al.,
2002; Gamradt and Lieberman, 2004; Chan et al.,
2005; Betz et al., 2008). A number of signaling
molecules have been shown to participate in MSCs
osteogenesis. These signaling molecules include bone
morphogenetic proteins (BMPs), WNT, and FGF
families, transcription factors of Runx2 and sox9

(Oakes and Lieberman, 2000; Alden et al., 2002;
Gersbach et al., 2006). Former studies have shown
that cells of the osteoblastic lineage express transcripts
for CTGF and other members of the CCN family
(Arnott et al., 2007; Edgar et al., 2007). However, the
function of CTGF in skeletal cells has been controversial, and both stimulatory and inhibitory effects on
osteoblastogenesis have been reported (Abreu et al.,
2002; Luo et al., 2004). In present study, we demonstrate that the constitutive overexpression of CTGF
enhanced the osteoblastic lineage differentiation of
MSCs. CTGF overexpression induced the formation
of mineralized nodules, ALP, and osteocalcin expression in MSCs. On the crucial function of CTGF, we
reported the osteoblastic differentiation of MSCs
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initiated by CTGF overexpression.
We found that transfection of cDNA encoding
the human CTGF in MSCs induced these cells to
differentiate into functional osteoblasts with definite
morphological alterations, which were also observed
in MSCs cultured in OS-medium. Our data also indicate that these osteoblasts-like cells derived from
pCTGF-MSCs showed high levels of ALP activity,
and well-defined mineralized nodules formed just like
MSCs cultured in OS-medium. Expression of several
bone-related genes confirmed pCTGF-MSCs differentiated toward osteoblasts. pCTGF-transfected
MSCs had the ability to express BSP, OCN, osteopontin (OPN), and colI, which are responsible for the
deposition and maturation of bone extracellular matrix. Runx2, the earliest transcription factor proven
essential for commitment to osteoblastogenesis,
which is essential for the expression of a number of
bone-specific genes, is primarily considered a master
regulator of bone development. BSP is a member of
the SIBLING gene family of glycoproteins involved
in the formation of mineral crystal in calcified dentin
and bone matrix. Expression of BSP is restricted to
bone and other mineralized tissues. On the other hand,
OCN is produced by mature osteoblasts during mineralization and is the one of the most abundant noncollagenous proteins both in mineralized dentin and
bone extracellular matrix. ALP is the most often used
early marker of osteoblast differentiation. As demonstrated in this study, ALP activity was up-regulated
in CTGF-transfected MSCs. The coexpression of
these genes, together with the characteristic morphological and polarization changes, suggests the
differentiation of the CTGF-transfected MSCs into
osteoblasts.
Similarly to our results, CTGF had been proved
to enhance the differentiation and function of osteoblast-like Saos-2 cells, MC3T3-E1 cells, and primary osteoblast cultures (Nishida et al., 2000; Abreu
et al., 2002; Ivkovic et al., 2003; Safadi et al., 2003;
Kawaki et al., 2008; Ono et al., 2008). In contrast,
CTGF overexpression did not promote osteoblastic
differentiation or mineralization in fibroblasts
NIH3T3 cell line. Transduction of C3H10T1/2 mesenchymal cells with adenoviral vectors for the constitutive expression of CTGF or addition of CTGF to
these cells results in impaired osteoblastogenesis,
which suggests that the promotion of osteogenic dif-

ferentiation was specific in multipotent stem cells or
cells of osteoblastic lineage (Luo et al., 2004; Liu et
al., 2007). The different effects of CTGF on cells of
the osteoblastic lineage may reflect the fact that different mechanisms may be operational in the various
cells. It has been reported that overexpression of
BMP-2 inhibited the growth of a cell line derived
from rat osteosarcoma, though it promoted their osteogenic differentiation (Huang et al., 2002). Other
reports also indicated that proliferative abilities of
osteoblasts and MSCs are influenced by osteogenic
induction (Lee et al., 2004; Igarashi et al., 2004; Cho
et al., 2005). It is generally believed that osteogenic
induction on pluripotent cells with gene therapy approaches or chemical inducement decreases their
proliferation rate. However, our results in this study
show that CTGF overexpression obviously increased
the proliferation rate of MSCs, as significant difference between CTGF-transfected MSCs and
mock-MSCs was found. Overexpression of CTGF
increases the migration of MSCs. These findings are
profound in the possible application of hard tissue
engineering with genetically modified MSCs. Although it has been also reported that overexpression
of CTGF induces proliferation of BMSCs (bone
marrow stromal cells) and NIH3T3 (Liu et al., 2007;
Ono et al., 2008), genetic diversities among different
cell sources maybe exist.
Although the exact mechanism by which CTGF
is involved in bone development and mineralization is
yet not well understood, growing evidence shows the
CCN family plays an important regulatory role during
proliferation and differentiation in musculoskeletal
cells. CTGF is a member of the CCN family of
growth factors, which is related to selected BMP
antagonists, such as Tsg and chordin (Brigstock, 2002;
Brigstock et al., 2003). Previous studies have shown a
direct protein-protein interaction between CTGF and
BMP-2, and the similar interaction has been reported
for Nov (Abreu et al., 2002; Mercurio et al., 2004;
Rydziel et al., 2007). However, Nov inhibits osteoblastogenesis by suppressing BMP-2 and WNT
signaling and activities, whereas CTGF overexpression in vitro favors osteoblastogenesis despite a
modest decrease in BMP/Smad and WNT/β-catenin
signaling. Taken together, these results demonstrate
that the effect of CTGF on osteoblastogenesis is independent of BMP-2 and WNT 3 signaling. In fact,
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previous studies have documented direct interactions
between CTGF and BMP-2, and as a consequence, an
inhibitory effect on osteoblastogenesis (Abreu et al.,
2002; Mercurio et al., 2004). Although BMPs can
induce the differentiation of mesenchymal cells toward the osteoblastic lineage, they have the ability to
enhance the function of the osteoblasts. So the
mechanism of CTGF overexpression promoting both
proliferation and differentiation of MSCs may be
explained by BMP and WNT independent signaling
mechanism.
In summary, we constructed pcDNA3.1(+)/
CTGF eukaryotic expression vector successfully by
molecular clone technology and demonstrated that
endogenous CTGF promoted the migration, proliferation, and osteogenic differentiation of MSCs by
CTGF overexpression. Transfection of CTGFexpressing plasmid induced MSCs to differentiate
into functional osteoblast. Further investigation may
be needed to investigate the promotion mechanism of
both promoting proliferation and differentiation of
MSCs. This observation concerning CTGF overexpression and function has led to the intriguing notion
that CTGF may be a novel growth factor for bone
tissue engineering.
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