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Transforming growth factor-beta (TGF-b) superfamily proteins play a critical role in proliferation,
differentiation, and other functions of mesenchymal stem cells (MSCs). During chondrogenic differenti-
ation of MSCs, TGF-b up-regulates chondrogenic gene expression by enhancing the expression of the
transcription factor SRY (sex-determining region Y)-box9 (Sox9). In this study, we investigated the effect
of continuous TGF-b1 overexpression in human synovium-derived MSCs (hSD-MSCs) on immunopheno-
type, differentiation potential, and proliferation rate. hSD-MSCs were transduced with recombinant ret-
roviruses (rRV) encoding TGF-b1. The results revealed that continuous overexpression of TGF-b1 did not
affect their phenotype as evidenced by flow cytometry and reverse transcriptase PCR (RT-PCR). In addi-
tion, continuous TGF-b1 overexpression strongly enhanced cell proliferation of hSD-MSCs compared to
the control groups. Also, induction of chondrogenesis was more effective in rRV-TGFB-transduced hSD-
MSCs as shown by RT-PCR for chondrogenic markers, toluidine blue staining and glycosaminoglycan
(GAG)/DNA ratio. Our data suggest that overexpression of TGF-b1 positively enhances the proliferation
and chondrogenic potential of hSD-MSCs.

Crown Copyright � 2014 Published by Elsevier Inc. All rights reserved.
1. Introduction

Articular cartilage is a highly specialized connective tissue that
absorbs an enormous mechanical load, allowing almost frictionless
motion between the articulating surfaces of diarthrodial joins.
Although remarkably durable, damaged articular cartilage has
limited intrinsic self-healing capacity [1]. Currently, various tis-
sue-engineering approaches are applied in clinical practice with
the goal of inducing the repair of articular cartilage lesions [2,3].
Mesenchymal stem cells (MSCs) have several features that make
them an attractive option for potentiating cartilage repair such as
multipotency, high proliferation profile, self-renewal ability, and
ease of harvest [4–8]. MSCs are multipotent stem cells that can dif-
ferentiate into the cell types of various mesenchymal tissues such
as osteoblasts, chondrocytes, and adipocytes [6]. MSCs have been
isolated from various tissues such as fetal liver, umbilical cord
blood, bone marrow, synovium, and adipose [9–13]. Among the
MSCs derived from these tissues, synovium-derived MSCs
(SD-MSCs) have been recently recognized as an excellent source,
owing to their superior chondrogenic potential and higher
proliferative ability [13]. Also, synovial tissue is conveniently
accessible for the acquisition of autologous SD-MSCs because it is
ordinary for osteoarthritis patients to undergo an arthroscopic
examination [14].

Growth factors play an important role in the proliferation and
chondrogenic differentiation of MSCs. Several valuable growth
factors are involved during in vitro chondrogenesis of MSCs, includ-
ing members of the transforming growth factor-beta (TGF-b)
superfamily (TGF-b1, 2, and 3), several bone morphogenic proteins
(BMPs), insulin-like growth factor-1 (IGF-1), fibroblast growth fac-
tors (FGFs), and epidermal growth factor (EGF), among others [15].
Specifically, the TGF-b superfamily proteins play a critical role in
proliferation, differentiation, and other functions in MSCs.
Numerous studies have shown that TGF-b efficiently induces chon-
drogenic differentiation [16,17]. TGF-b up-regulates various mole-
cules associated with prechondrogenic condensation [18] and
chondrogenic gene expression. Among the TGF-b superfamily,
TGF-b1 is capable of inducing chondrogenesis in SD-MSCs [19].
Also, stimulation of TGF-b1 during culture expansion was reported
to be required to promote in vitro proliferation of MSCs [20,21].
Furthermore, recent research has demonstrated that TGF-b gene
transfer into MSCs could enhance chondrogenesis in vitro [22,23].
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In the present study, we hypothesized that continuous TGF-b1
overexpression could enhance the proliferation and chondrogenic
potential of human SD-MSCs (hSD-MSCs). Therefore, we used an
rRV vector containing the human TGF-b1 gene transfer into
hSD-MSCs and examined the effects of continuous TGF-b1 overex-
pression on their phenotype, proliferation rate, and differentiation
potential of hSD-MSCs in vitro. Consequently, proliferation and
chondrogenic differentiation of hSD-MSC was enhanced by contin-
uous TGF-b1 overexpression.
2. Materials and methods

2.1. Isolation and culture of hSD-MSCs

hSD-MSCs were obtained from the synovium of osteoarthritis
patients in accordance with the regulations of the Ethics Commit-
tee of Yonsei Sarang Hospital. hSD-MSCs were isolated following a
standardized procedure [14]. Briefly, Synovial tissue digested in
0.2% collagenase (Worthington) in high glucose Dulbecco’s modi-
fied Eagle’s medium (DMEM; Hyclone) containing 1� penicillin/
streptomycin (Hyclone) at 37 �C for 1 h. Single cell suspensions
were then centrifuged, and the supernatant was removed. The cells
were resuspended in pre-warmed high glucose DMEM supple-
mented with 10% fetal bovine serum (FBS) (Gibco) and 1� penicil-
lin/streptomycin, and then plated onto a culture dish. Once the
attached cells proliferated and reached confluence, the cells were
trypsinized, re-plated for expansion, and established as hSD-MSCs.

2.2. Construction of recombinant retroviral vectors and cell infection

cDNA of human TGFB1 was amplified by RT-PCR using total RNA
isolated from the hSD-MSCs. The cDNA was then cloned into the
pMX retroviral vector (Addgene) by recombination. The recombi-
nant plasmid was verified by DNA sequencing. Recombinant retro-
virus was transduced into HEK-293T cells using Superfectene Pro
(RD TECH). After filtration of the medium from the HEK-293T cell
cultures, retroviral particles were concentrated by centrifugation
with the Retro X concentrator (Clonetech) for 1 h at 1500�g at
4 �C. The retroviral particles were then resuspended in 5% FBS/
DMEM medium and stored at �80 �C. For viral infection, passage
3 hSD-MSCs were seeded in six well plates at a concentration of
5 � 104 cells per well. The next day, hSD-MSCs were transduced
with either rRV-TGFB1 or rRV-GFP at a multiplicity of infection
(MOI) of 10 in the presence of 4 lg/mL polybrene (Sigma). The effi-
ciency of transduction was evaluated via fluorescence microscopy
(Leica DMI 3000B). ELISA analysis (R&D Systems) was performed to
detect the production of TGF-b1 in culture medium on the days 1,
3, 6, 10, and 15 after transduction.

2.3. Flow-assisted cell sorting (FACS) analysis

After trypsinization, non-transduced or rRV-transduced hSD-
MSCs were resuspended in ice-cold PBS containing 0.5% bovine
serum albumin (BSA, Sigma) at a concentration of 1 � 106

cells/mL. The cells were then incubated for 20 min on ice with
FITC-conjugated anti-human CD14, PE-conjugated anti-human
CD31, APC-conjugated anti-human CD34, PerCP-conjugated
anti-human CD90, or PerCP-conjugated anti-human CD105 (BD
Biosciences). Analyses were performed by flow cytometry (FACS,
BD Biosciences) using the CellQuest software (BD Biosciences).

2.4. In vitro differentiation assay

For chondrogenic differentiation, non-transduced or rRV-trans-
duced hSD-MSCs were cultured to obtain adequate cells for
21 days. After expansion, the cells were trypsinized and seeded
at 2.5 � 106 cells/mL in 15-mL polypropylene tubes. The cells were
centrifuged for 5 min at 1500 rpm for use in an aggregate culture
system. The cell aggregates were prepared and kept in chondro-
genesis medium that consisted of 1� Insulin-Transferrin-Selenium
premix (Gibco BRL), 50 mM ascorbate-2-phosphate (Sigma) and
100 nM dexamethasone (Sigma) without exogenous recombinant
TGF-b at 37 �C. The aggregates formed into a free-floating mass
within the first 24 h of culture. The medium was replaced every
3 days for 21 days.

2.5. Histology

Aggregates were fixed in 10% paraformaldehyde for 10 min and
rinsed twice with PBS or distilled water. Aggregates were embed-
ded in paraffin and cut into 5-lm sections. Sections were stained
with toluidine blue (for the staining of matrix proteoglycans) and
hematoxylin & eosin (H&E) stain according to routine protocols.
Samples were examined via light microscopy (Leica DMI 3000B).

2.6. Viability assay

The cells of all groups were seeded at a density of 5 � 103 cells/
well in 24-well plates. Cell proliferation was determined by the
established 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT)-based assay on the first, third, fifth, seventh, tenth
and fifteenth day after transduction. Each well was incubated with
MTT solution (Sigma) for 4 h, and the absorbance of each well was
measured at 590 nm using a spectrophotometer.

For the cell counting assay, hSD-MSCs (3 � 104 cells) were
seeded onto six-well plates after transduction and cultured in
high-glucose DMEM supplemented with 10% FBS and 1% strepto-
mycin/penicillin. The cells were trypsinized every 4 days, stained
with trypan blue and counted using a hemocytometer under a light
microscope. Cells were then reseeded into new culture plates for
expansion.

2.7. RNA isolation and RT-PCR

Total RNA was isolated from samples using a total RNA extrac-
tion kit (iNtRON) according to the manufacturer’s recommended
protocol. Synthesis of cDNA and polymerase chain reaction (PCR)
was conducted using AccuPower RT PreMix (Bioneer) and Ex Taq
(Takara), respectively, according to the manufacturer’s recom-
mended protocol. PCR analysis was performed with gene specific
primers (Supplementary Table 1). GAPDH was amplified as a
control. The thermal cycle profiles for PCR involved 30 cycles of
30 s at 94 �C, 1 min at 59 �C, and 1 min at 72 �C, followed by a final
7 min extension at 72 �C. The PCR products were separated on a 1%
agarose gel. The relative intensity of the individual PCR products
within the gels was determined from digital images using the
Image Lab software.

2.8. Measurement of GAG content

After chondrogenic induction for 21 days, all aggregates were
digested for 18 h at 65 �C with 125 lg/mL papain in PBE buffer
(10 mM EDTA, 100 mM sodium phosphate, pH 6.5) containing
5 mM L-cysteine–HCl, using 500 lL of enzyme per sample.
Chondrogenic potential was quantified by measuring sulfated gly-
cosaminoglycans (S-GAG) production using a 1,9-dimethylmethyl-
ene blue (DMMB) assay according to the manufacturer’s
recommended protocol (Blyscan™ Glycosaminoglycan Assay Kit).
The absorbance at 656 nm was measured using the microplate
immunoreader (Sunrise™, TECAN). To quantify cell density, the
amount of DNA in the papain digests was analyzed using a
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Quant-iT PicoGreens dsDNA Assay kit (Invitrogen) according to the
manufacturer’s recommended protocol. Measurements (excitation
at 485 nm; emission at 538 nm) were conducted using CytoFluors
Series 4000 (Applied Biosystems). The GAG content was normal-
ized to the total DNA content.

2.9. Statistical analysis

All data are presented as the mean ± SD. Comparisons of multi-
ple groups were performed by one-way analysis of variance
(ANOVA) and two-way ANOVA, followed by pairwise comparisons
with a Bonferroni post hoc test. Differences were considered statis-
tically significant at P < 0.05. All data were analyzed using the
GraphPad Prism software, version 5.00 (Graph-Pad software).
3. Results

3.1. Efficient and sustained overexpression of TGF-b1 by rRV
transduction in monolayer culture of hSD-MSCs

To determine the efficiency of retroviral gene transduction into
hSD-MSCs, rRV-GFP was transduced into hSD-MSCs at various
MOIs. GFP-positive hSD-MSCs were quantified under a fluores-
cence microscope 3 days after transduction. We found that
Fig. 1. Continuous overexpression of TGF-b1 in hSD-MSCs and phenotypic characteri
efficiency after transduction with MOI of 10. (B) TGF-b1 mRNA and protein were evaluated
performed to detect TGF-b1 expression in culture medium 1, 3, 6, 10 and 15 days after tr
rRV-TGFB1 transduction was performed by FACS. (D) RT-PCR analysis of hSD-MSCs cultur
of surface marker. The values shown are the means ± SEM from three independent ex
GFP-transduced groups.
transduction efficiency was adequate (about 89%) when the rRV-
GFP was transduced into hSD-MSCs at an MOI of 10 (Fig. 1A).
Considering this transduction efficiency, an MOI of 10 was selected
for the transduction of rRV-TGFB1. RT-PCR analysis detected strong
expression of TGF-b1 in rRV-TGFB1-transduced hSD-MSCs (Fig. 1B).
Also, TGF-b1 protein levels increased in a time-dependent fashion
in culture medium of rRV-TGFB1-transduced hSD-MSCs (Fig. 1B).
To investigate immunophenotype of rRV-TGFB1-transduced hSD-
MSCs, we characterized MSC-specific markers via FACS and RT-
PCR analysis. All groups revealed the same typical immunopheno-
type (CD14�, CD31�, CD34�, CD90+, CD105+) and surface marker
gene expression (CD45�, CD133�, CD44+, CD73+, CD90+) of MSC
whether they were cultured with or without continuous TGF-b1
overexpression for 21 days (Fig. 1C). These results indicate that
continuous TGF-b1 overexpression in hSD-MSCs did not influence
the immunophenotype and surface marker gene expression of
MSCs.
3.2. Retroviral-mediated transduction of TGFB1 enhance cell
proliferation

To characterize the influence of continuous TGF-b1 overexpres-
sion on hSD-MSC viability, we measured cell viability using an MTT
assay. The MTT assay revealed that cell numbers were not
zation after transduction. (A) Fluorescence microscope examination showing the
by RT-PCR and ELISA analysis after transduction with MOI of 10. ELISA analysis was

ansduction. (C) Immunophenotypic analysis of hSD-MSCs cultured for 21 days after
ed for 21 days after rRV-TGFB1 transduction was performed for the gene expression
periments. ⁄⁄P < 0.01 and ⁄⁄⁄P < 0.001 compared with the non-transduced or rRV-
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significantly different by day 3. However, cell viability of rRV-
TGFB1-transduced hSD-MSCs gradually increased from day 5 to
day 15 relative to non-transduced or rRV-GFP-transduced hSD-
MSCs (Fig. 2A). Next, the proliferation-inducing activity of contin-
uous TGF-b1 overexpression was examined to determine whether
it could lead to an increase in the cell numbers. Continuous TGF-b1
overexpression significantly increased the cell numbers of hSD-
MSCs in a time-dependent manner compared with non-transduced
or rRV-GFP-transduced hSD-MSCs (Fig. 2B). Also, when we com-
pared cumulative population doublings (cPDs) over each consecu-
tive passage, it revealed a pattern similar to the results of MTT and
cell counting assays. Although cPDs were not significantly different
during passage 1–2, cPDs level after the third passage gradually
were increased in the rRV-TGFB1-transduced group compared
with the control groups (Fig. 2C). Therefore, retroviral-mediated
transduction into hSD-MSCs did not affect cytotoxicity, and specif-
ically, TGF-b1 overexpression in hSD-MSCs enhanced cell
proliferation.

3.3. Differentiation of hSD-MSCs after retroviral-mediated gene
transfer of TGFB1

Firstly, we investigated adipogenic and osteogenic potential of
rRV-TGFB1-transduced hSD-MSCs in differentiation inducing med-
ium. However, overexpression of endogenous TGF-b1 did not influ-
ence the adipogenic or osteogenic potential of hSD-MSCs, as
demonstrated by Oil Red O or Von Kossa’s staining and expression
Fig. 2. Continuous overexpression of TGF-b 1 enhances hSD-MSCs proliferation. (A) Non
well in 24-well plates. Cell viability was estimated at 1, 3, 5, 7, 10 and 15 days after transd
were seeded onto six-well plates after transduction and cultured in normal culture med
4 days using a hemocytometer using a light microscope. (C) Comparison of cumulative
gradually increase in rRV-TGFB1-transduced hSD-MSCs. The values are the means ± SEM
with the non-transduced or rRV-GFP-transduced groups.
patterns of adipogenic and osteogenic markers (Supplementary
Fig. 1). Next, we used the aggregate culture system to investigate
the chondrogenic potential of rRV-TGFB1-transduced hSD-MSCs.
After chondrogenic induction for 7, 14, and 21 days, aggregates of
all groups were subjected to histological examination by toluidine
blue (matrix proteoglycans) and H&E staining. Interestingly, aggre-
gates from rRV-TGFB1-transduced hSD-MSCs had a greater amount
of toluidine blue staining in cartilage matrix; in contrast, aggre-
gates from non-transduced and rRV-GFP-transduced hSD-MSCs
had a small amount of cartilage matrix. Furthermore, rRV-TGFB1-
transduced hSD-MSCs successfully formed successful aggregates
at early time points (day 14) (Fig. 3A) and aggregate size was
slightly increased in rRV-TGFB1-transduced hSD-MSCs compared
with control groups (Fig. 3B). Next, we investigated expression of
chondrogenic specific marker genes, such as aggrecan, Type II col-
lagen, and SOX9 (Fig. 3C). The comparative analysis of gene expres-
sion showed a pattern similar to that of the histological results. The
expression levels of aggrecan and SOX9 increased continuously
from day 14 to day 21 in rRV-TGFB1-transduced group. Also, an
increase in type II collagen expression was clearly observed at
day 21. Although non-transduced or rRV-GFP-transduced groups
had elevated SOX9 expression levels at day 21, aggrecan and type
II collagen mRNA expression was unchanged. Furthermore, the
chondrogenic potential of rRV-TGFB1-transduced hSD-MSCs
showed similar results to that of the non-transduced hSD-MSCs
with exogenous recombinant TGF-b1 protein (Supplementary
Fig. 2). These results suggest that continuous overexpression of
-transduced or rRV transduced hSD-MSCs were seeded at a density of 5 � 103 cells/
uction using the MTT assay. (B) For the cell counting assay, hSD-MSCs (3 � 104 cells)
ia for 28 days. Cells were trypsinized stained with trypan blue, and counted every

population doublings (cPD) for the first seven passages after transduction revealed
from 3 independent experiments. ⁄P < 0.05, ⁄⁄P < 0.01 and ⁄⁄⁄P < 0.001 compared



Fig. 3. Chondrogenic differentiation of hSD-MSCs in aggregate culture following transduction. (A) Non-transduced or rRV-transduced hSD-MSCs were expanded for 21 days,
cultured into aggregates, and maintained in chondrogenic differentiation medium without the addition of exogenous recombinant TGFb protein for 7, 14, or 21 days.
Aggregates of all groups were stained with H&E stain and toluidine blue for histological characterization. (B) Aggregate sizes of a representative for each group with a 0.5-mm
scaled ruler. (C) For each treatment group and time point indicated, the chondrogenic-specific marker genes aggrecan, type II collagen and SOX9 were determined by RT-PCR
(7, 14, and 21 days). mRNA expression levels were normalized to the housekeeping gene GAPDH. The values shown are the means ± SEM from three independent experiments.
⁄⁄P < 0.01 and ⁄⁄⁄P < 0.001 compared with the non-transduced or rRV-GFP-transduced groups.
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Fig. 4. Biochemical analysis for the assessment of chondrogenic differentiation
index. After 21 days of chondrogenic induction, aggregates were digested in papain
and sulfated glycosaminoglycans (S-GAG) and DNA content was measured. The
GAG content was normalized to the total DNA content of each sample. The values
shown are the means ± SEM from three independent experiments. ⁄P < 0.05
compared with the non-transduced or rRV-GFP-transduced groups.
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TGF-b1 in hSD-MSCs could stimulate and accelerate chondrogene-
sis without exogenous recombinant TGF-b1 protein.

Finally, we measured the accumulation of glycosaminoglycans
(GAGs) normalized to total DNA in aggregates of all groups at
day 21 after chondrogenic induction. GAG/DNA ratios (in lg/lg)
were 20.55 ± 3.91 for the control group, 18.63 ± 0.64 for the rRV-
GFP-transduced group, and 50.97 ± 6.94 for the rRV-TGFB1-trans-
duced group. These results reached statistical significance only
for the rRV-TGFB1-transduced group (Fig. 4). These findings corre-
spond to the results of histological analysis and correlate with the
expression level of chondrogenic markers during chondrogenesis.

4. Discussion

Transplantation of MSCs possessing chondrogenic potential
represents a new alternative approach for damaged articular carti-
lage repair. These MSCs are able to differentiate into osteoblasts,
chondrocytes, and adipocytes and expand to numbers relevant to
clinical application. Also, growth factors such as TGF-b play an
essential role in the chondrogenic differentiation of MSCs. Previous
studies have demonstrated that supplementation of TGF-b1 initi-
ated and improved chondrogenic differentiation of MSCs in a time-
and dose-dependent manner [24].

Several studies have investigated the role of TGF-b on cell fate
in human cells. Stimulation of the TGF-b1 signaling pathway
induces premature senescence in human skin fibroblasts [25].
Additionally, increased TGFB2 mRNA expression by long-term cul-
ture induced cellular senescence in hSD-MSCs and down-regula-
tion of TGFB2 expression inhibited cellular senescence [26]. In
contrast, treatment with TGF-b1 during cell growth enhanced cell
proliferation in MSCs [20,21,27,28]. Specifically, treatment of bone
marrow derived MSCs with TGF-b1 enhanced cell proliferation via
the rapid nuclear translocation of b-catenin in a SMAD3-dependent
manner [20]. Walenda et al. have recently reported that exogenous
TGF-b1 significantly enhanced proliferation of MSCs and did not
induce senescence [21]. However, most studies have investigated
the proliferation effects of treatment with exogenous recombinant
TGF-b1 protein during MSC culture. In this study, we demonstrated
that endogenous TGF-b1 overexpression by genetic modification
enhanced hSD-MSC proliferation, similar to results from previous
reports that examined treatment with exogenous recombinant
TGF-b1 [20,21,27,28]. In this regard, gene transfer is an attractive
alternative for the delivery of recombinant protein. As the half-life
of exogenous recombinant TGF-b1 protein is short, usually their
repeated supplementation requires prolonged in vitro culture peri-
ods. This feature can be avoided by the continuous overexpression
of endogenous TGF-b1 through application of gene transfer. How-
ever, the underlying mechanisms behind the enhancement of hSD-
MSC proliferation by endogenous TGF-b1 overexpression are not
clearly understood and will require further investigation.

The TGF-b signaling pathway is important for chondrogenic dif-
ferentiation of MSCs [24]. A previous study revealed that the TGF-b
signal was transmitted into the nucleus through the SMAD path-
way, which then activated the SOX9 transcription factor for
cartilage gene expression such as Type II collagen and aggrecan
[29]. In present study, we found that aggregates of rRV-TGFB1-
tranduced hSD-MSCs exhibited increased levels of toluidine blue-
positive matrix production. Also, continuous overexpression of
TGF-b1 not only led to larger aggregate sizes, greater cellularity
and successful aggregate formation at an early time point (day
14), but also stimulated the expression of chondrogenic marker
genes after aggregate culture. Additionally, GAG/DNA ratios were
higher in the rRV-TGFB1-transduced group than control groups.
Similarly, previous studies have reported that human TGF-b1
induced chondrogenesis in rabbit bone marrow stromal cell
in vivo with increased chondrogenic marker gene expression [30].
Other studies have shown that TGF-b3 can promote the expression
of aggrecan, Type II collagen, and cartilage oligomeric matrix pro-
tein and in vitro chondrogenic differentiation of porcine SD-MSCs
[22], and rabbit SD-MSCs co-cultured with TGFB3-transduced
chondrocytes enhanced expression of cartilage markers and the
production of GAG and Collagen II, successfully inducing chondro-
genesis [31]. However, most studies utilized an adenoviral-
associated vector system to induce transient target gene
expression [22,23,30–32]. Therefore, these previous studies imme-
diately induced chondrogenic differentiation within 48 h after the
transduction of the gene encoding TGF-b into target cells. However,
we were able to acquire enough hSD-MSC numbers through cell
culture for 21 day after retroviral gene transduction and confirmed
enhancement of chondrogenic potential.

In conclusion, we demonstrate that continuous TGF-b1 overex-
pression in hSD-MSCs does not alter their phenotype, even after
expansion for 21 days following transduction. Furthermore TGF-
b1 overexpression enhanced cell proliferation and chondrogenic
potential. Although additional studies are needed, such as inser-
tional mutagenesis, the confirmation of the safety of the retroviral
vector, and the use of regulatory mechanisms for effective target
gene expression, our results demonstrate the possibility that con-
tinuous overexpression of TGF-b1 in hSD-MSCs may be a useful
strategy to obtain adequate cell density for the clinical application
of hSD-MSC-based cartilage regeneration.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bbrc.2014.07.045.
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