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Abstract Bone marrow-derived mesenchymal stem cells
(MSCs), the most widely used cell source for cartilage
tissue engineering, are multipotent cells which have been
shown to differentiate into various mesenchyme-lineage
cell types including chondrocytes. However, the molecular
mechanisms controlling the chondrogenic differentiation of
MSCs remain to be fully elucidated. It has been demon-
strated that Wnt signaling involves regulating chondro-
genesis and MSC differentiation. The aim of the present
study was to investigate the role of Wntll, a member of
noncanonical Wnts, in MSCs during chondrogenic differ-
entiation. We observed that overexpression of Wntll
inhibited proliferation of MSCs and caused a GO/G1 cell
cycle arrest. The expression level of chondrogenic markers,
aggrecan and Collagen II, was significantly increased in
MSCs transduced with Wntll as compared with non-
transduced cells or MSCs transduced with the empty len-
tiviral vector. Furthermore, ectopic expression of Wntl1
stimulated gene expression of chondrogenic regulators,
SRY-related gene 9, Runt-related transcription factor 2,
and Indian hedgehog. Finally, Wntl1 overexpression pro-
moted chondrogenic differentiation of MSCs in synergism
with TGF-p. Collectively, these results indicate that Wnt1 1
plays a crucial role in regulating MSC chondrogenic
differentiation.
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Introduction

Articular cartilage destruction, a central feature in joint
diseases such as osteoarthritis and rheumatoid arthritis, is a
formidable clinical challenge [1]. It has been demonstrated
that damaged articular cartilage exhibits a very limited
capacity of self-repair and regeneration [2, 3]. Thus, it is of
particular interest to develop novel and biological
approaches for cartilage repair and regeneration. Recently,
cartilage tissue engineering which is based on the use of the
combination of cultured cells, scaffolds, and bioactive
factors to generate functional new tissue to replace the
damaged tissue has attracted wide attention [4, 5].

Bone marrow-derived mesenchymal stem cells (MSCs),
the most extensively used cell source for cartilage tissue
engineering, are a population of pluripotent cells with the
potential to differentiate into multiple mesenchyme-lineage
cell types, including chondrocytes, osteoblasts and adipo-
cytes [6-9]. Chondrogenic differentiation of MSCs has been
well established, which makes these cells a highly promising
candidate for cartilage tissue repair [10]. Aggrecan and
Collagen II (Col-II), two cartilage extracellular matrix pro-
teins, are commonly accepted as chondrogenic-specific
markers [11]. It has been demonstrated that the treatment of
cytokines such as transforming growth factor-B (TGF-p)
successfully induces chondrogenesis of MSCs [12, 13].
Previous study showed that TGF-f3 induces the expression of
chondrogenic marker Col-II in MSC pellets [14]. Recently,
Li et al. [10] found that TGF-3 promotes chondrogenic dif-
ferentiation of rat MSCs through stimulating the gene
expression of chondrogenic regulators—SRY-related gene 9
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(Sox9), Runt-related transcription factor 2 (Runx2), and
Indian hedgehog (Ihh). However, the molecular mechanisms
controlling the chondrogenic differentiation of MSCs are
still poorly understood.

Wnt family members are secreted and highly conserved
glycoproteins which have been implicated in regulating
various biological processes, such as growth, development,
proliferation, and apoptosis [15-17]. Wnt proteins induce
signal transduction through multiple pathways, including
the noncanonical Wnt signaling pathway [18, 19]. Previous
studies suggested the possible involvement of Wnt sig-
naling in regulating chondrogenesis and MSC differentia-
tion. Witte and colleagues [20] reported that all 19 Wat
genes are expressed during mouse limb development and
cartilage differentiation. It has been shown that Wnt3a
promotes proliferation whereas suppresses chondrogenic
differentiation of MSCs [21, 22]. In addition, expression of
either Wnt-1 or Wnt7a causes a severe block in chondro-
genesis [23]. Recently, Ryu and Chun [24] demonstrated
that Wntl1 stimulates the accumulation of Col-II in artic-
ular chondrocytes. More importantly, Wntl1 gene expres-
sion peaks at the late stage of chondrogenic differentiation
of human MSCs in three-dimensional alginate gels, indi-
cating a possible role of Wntl1 in regulating chondrogenic
differentiation of MSCs [25].

The aim of the present study was to investigate the
function of Wntll in chondrogenic differentiation of
MSCs. The effects of overexpression of Wntll on the
proliferation and cell cycle of MSCs were determined.
Furthermore, we examined the expression of chondrogenic
markers in MSCs transduced with Wntl1. Finally, in vitro
chondrogenic induction was used to investigate whether
Wntll stimulated the chondrogenic differentiation of
MSCs.

Materials and methods

Isolation and characterization of rat bone marrow-
derived MSCs

Two-week-old Sprague—Dawley (SD) rats were sacrificed
by cervical dislocation, and femurs and tibiae were
obtained after removing all the connective tissues. The
femurs and tibiae bone marrow were flushed out with
Dulbecco’s modified Eagle’s medium (DMEM; Gibco,
Manassas, MD, USA). Cell pellets were obtained after
centrifugation at 1,800 rpm for 10 min and were resus-
pended in DMEM supplemented with 10 % fetal bovine
serum (FBS; HyClone, Logan, UT, USA). Primary cultures
were kept at 37 °C in 5 % humidified CO,. Non-adherent
cells were removed and culture medium was changed every
3-4 days. At confluence, primary cultures were digested
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with 0.25 % trypsin (Beyotime Institute of Biotechnology,
Haimen, Jiangsu, China) and were maintained at a density
of 1 x 10°/mL. Flow cytometry was performed to identify
the characteristics of the isolated cells as previously
described [26]. Anti-CD34 (Abcam, Cambridge, MA,
USA) and CD45 antibodies (eBioscience, San Diego, CA,
USA) specific for hematopoietic stem cell as well as anti-
CD29 (Abcam) and CD44 antibodies (eBioscience) spe-
cific for stem cells were employed. Flow cytometry was
carried out with a FACSCalibur cytometer (BD Biosci-
ences, San Diego, CA, USA).

Lentiviral vector construction and transduction
in MSCs

The cDNA of rat Wntl1 was amplified and cloned into the
lentiviral vector pGCL-GFP (Genechem, Shanghai, China).
The CDS of rat Wntl1 was used to prepare the lentiviral
vector. The NCBI accession number for the sequence is
NM_080401.1. To prepare lentiviral particles, the obtained
lentiviral vector (Lv-Wntll), and the pHelper 1.0 and
pHelper 2.0 helper plasmids (Genechem) were co-trans-
fected into HEK293T cells according to the manufacturer’s
protocol. The empty lentiviral vector (Lv-GFP) was used as
a control for transfection. At about 70 % confluence, MSCs
were transduced with the Lv-Wntl1 lentivirus at a multi-
plicity of infection of ten in the presence of 8 pg/mL
Polybrene (Sigma, St. Louis, MO, USA). Transduction
with Lv-GFP lentivirus was served as control.

Quantitative real-time PCR

Total RNA was purified using Trizol reagent (Life Tech-
nologies, Rockville, MD, USA) according to the manufac-
turer’s protocol. Equal amount of RNA (1 pg) was used to
synthesize cDNA. Reverse transcription was performed
using Super M-MLV reverse transcriptase (BioTeke, Bei-
jing, China) and oligo dT. A 20 pL reaction mixture con-
taining 10 pL SYBR green PCR master mix (Solarbio,
Beijing, China) and 0.25 pM of forward and reverse primers
was applied in a 96-well plate running on an Exicycler ™ 96
Real-Time Quantitative Thermal Block (Bioneer, Daejeon,
Korea). B-Actin served as an internal control. The primer
sequences were indicated as below: Wntl 1, forward: 5'-CCT
CAGGGACATTCTTACAGC-3' and reverse: 5'-CAGCCT
CATAGATATGGTATGG-3'; Aggrecan, forward: 5'-CGT
CCAAACCAACCCGACAA-3' and reverse: 5'-CAGGGA
GCTGATCTCATAGCGA-3'; Col-1I, forward: 5'-ACGCC
ATGAAAGTCTTCTGC-3' and reverse: 5'-ATCTGGACG
TTAGCGGTGTT-3"; Sox9 forward: 5'-AGAACGCACAT
CAAGACGGA-3’ and reverse: 5'-AGGTGAAGGTGGAG
TAGAGC-3'; Runx2 forward: 5'-TACTCTGCCGAGCTAC
GAAAT-3' and reverse: 5’-GAGGATTTGTGAAGACCGT
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TAT-3'; Ihh forward: 5-CCAACTACAATCCCGACATC
A-3" and reverse: 5'-TCTTCATCCCAGCCTTCCGT-3'; f-
actin, forward 5'-GGAGATTACTGCCCTGGCTCCTAGC
-3/ and reverse 5- GGCCGGACTCATCGTACTCCTGCT
T-3'.

Western blot

NP-40 lysis buffer (Beyotime Institute of Biotechnology)
was used to collect proteins from cells following the
manufacturer’s instruction. The extracted proteins were
separated on 10 % sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and then transferred to polyvinylid-
enefluoride membranes. After blocking with 5 % (w/v)
non-fat milk, the membranes were incubated with anti-
Wntll, anti-aggrecan, and anti-Col-II A1 antibodies (Santa
Cruz Biotechnology, Santa Cruz, CA, USA; dilution
1:100), respectively. Subsequently, the membranes were
washed with TTBS and probed with horseradish peroxidase
(HRP)-labeled secondary antibody (Beyotime Institute of
Biotechnology; dilution 1:5,000). The HRP-labeled mouse
anti-B-actin antibody (Kangchen, Shanghai, China; dilution
1:10,000) was added to detect the protein levels of internal
control in different samples. Blots were developed using an
ECL system (Qihaifutai Biological Technology Co. Ltd.,
Shanghai, China).

Immunofluorescence staining

Immunofluorescence staining was carried out using the
standard indirect immunofluorescence method with slight
modification. In brief, MSCs were fixed in 4 % parafor-
maldehyde for 20 min. After washing with PBS, the fixed
cells were incubated with goat serum at room temperature
for 15 min. Subsequently, anti-Wntll antibody (Santa
Cruz Biotechnology; dilution 1:100) was added and incu-
bated with cells at 4 °C overnight. Then, cells were washed
with PBS and incubated with cy3-labeled goat anti-rabbit
secondary antibody (Beyotime Institute of Biotechnology)
at room temperature for 1 h. Samples were observed with a
FV1000S-SIM/IX81 laser confocal scanning microscope
(Olympus, Tokyo, Japan).

Methyl thiazolyl tetrazolium (MTT) assay

Cell proliferation was measured using MTT assay. MSCs
were transferred to 96-well plates at a density of 2 x 10°
cells/well with five repeats for each group. Cell proliferation
was monitored at 0, 1, 2, 3, and 4 days after transduction.
MTT solution (0.2 mg/mL, Sigma) was added to each well
after different intervals of incubation. Then, these plates

were incubated at 37 °C for an additional 4 h. The generated
formazan was dissolved in 20 pL dimethyl sulfoxide
(DMSO), and the absorbance was determined at 490 nm
with a microplate reader (Bio-Tek, Winooski, VT, USA).

Cell cycle analysis

Cell cycle analysis was performed using a commercially
obtained kit (Beyotime Institute of Biotechnology). Briefly,
cultured MSCs were collected, washed with PBS, and then
fixed with pre-cold 70 % ethanol at 4 °C for 2 h. After
centrifugation at 800 rpm for 5 min, cell plates were
resuspended with 500 pL staining buffer. Subsequently,
25 pL propidium iodide staining solution and 10 pL
RNaseA were added and incubated at 37 °C for 30 min in
the dark. Cellular DNA content was determined with a
FACSCalibur cytometer (BD Biosciences).

Immunocytochemistry

For immunocytochemistry, cultured MSCs were fixed in
4 % paraformaldehyde for 15 min. To block endogenous
peroxidase activity, 0.3 % hydrogen peroxide was added.
Then, cells were incubated with normal goat serum at room
temperature for 15 min to inhibit nonspecific binding of
antibody. Anti-Col-II Al antibody (Santa Cruz; dilution
1:50) was probed with cells overnight at 4 °C. Subse-
quently, cells were treated with biotin-labeled secondary
antibody at 37 °C for 30 min. The bound antibody was
detected with the HRP-conjugated streptavidin detection
system (Beyotime Institute of Biotechnology) and 3,
30-diaminobenzidene substrate.

In vitro chondrogenic induction of MSCs

In vitro chondrogenic differentiation of MSCs was induced
as previously described with minor modifications [27].
MSCs were transferred into 24-well plates at a density of
1 x 10° cells/well and cultured at 37 °C in 5 % humidified
CO, for 24 h. At around 80 % confluence, MSCs were
cultured in chondrogenic inductive medium (high-glucose
DMEM, 10 % FBS, 100 mg/mL sodium pyruvate,
40 mg/mL proline, 50 mg/mL vitamin C, 1 mg/mL BSA,
and 100 nM dexamethasone) in the presence or absence of
TGF-B1 (10 ng/mL). Chondrogenic differentiation of
MSCs was induced for 14 days, and then the cells were
collected for Alcian blue staining or quantitative real-time
PCR analysis. For Alcian blue staining, cells were fixed in
4 % paraformaldehyde for 15 min. Thereafter, cells were
exposed to 0.1 % Alcian blue 8GX (Solatbio, Beijing,
China) for 40 min. The incorporated Alcian blue dye was
determined by measuring absorbance at 590 nm.
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Fig. 1 Identity and purity of MSCs. The isolated MSCs were stained
with fluorescently labeled antibodies and analyzed by flow cytometry.
The results showed that these cells were negative for the

Statistical analysis

The statistical analyses were conducted with SPSS16.0
software (SPSS Inc., Chicago, IL, USA). All the results were
expressed as mean £ SD. Differences between groups were
evaluated by one-way ANOVA. The values of P < 0.05
were considered statistically different.

Results
Characterization of rat bone marrow-derived MSCs

To verify the validity of the isolated MSCs, we carried out
flow cytometry analysis. Due to the lack of definitive MSC-
specific cellular markers, we used a combination of expres-
sion and lack of defined markers to identify the character-
istics of the obtained cells [28, 29]. The results showed that
the isolated cells were clearly negative for CD34~ (Fig. 1a)
and CD45~ (Fig. 1b), both of which are recognized as
hematopoietic stem cell markers. In contrast, these cells
exhibited a strong positive signal for the stem cell-specific
markers CD29" (Fig. 1c) and CD447 (Fig. 1d).

Transduction with lentivirus-bearing Wntl1 cDNA
increases the expression of Wntl1 at both mRNA
and protein levels in MSCs

To explore the role of Wntl1 in chondrogenic differentia-
tion of MSCs, we used a lentiviral vector carrying GFP
reporter (Lv-GFP) or Wntl1 gene (Lv-Wntl1) to transduce
the isolated MSCs. As indicated in Fig. 2a, the mRNA level
of Wntll in MSCs infected with Lv-Wntl1 was signifi-
cantly increased as compared with the noninfected controls
or MSCs infected with Lv-GFP. In line with this, Western
blot results revealed that high level of Wntl1 protein was
found in MSCs infected with Lv-Wntl1 (Fig. 2b, c).

Next, immunofluorescent staining was performed to further
confirm the expression of Wnt11 in MSCs. As shown in Fig. 3,
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Fig. 2 Overexpression of Wntll in MSCs. Quantitative real-time
PCR was used to determine the mRNA expression levels of Wntl1 in
noninfected control cells and cells infected either with Lv-GFP or
with Lv-Wntl1 (a). Western blot analysis of Wntl1 protein levels in
noninfected and infected cells (b). Quantification of Wntl1 protein
expression levels was calculated by the ratio of the optical density of
the band which normalized to B-actin (c). P < 0.001 vs control
cells

weak expression levels of Wntl1 were observed in untreated
controls and cells transduced with Lv-GFP. By contrast, strong
signal for Wnt11 was detected in cells infected with Lv-Wnt11.
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Fig. 3 Immunofluorescent staining of Wntl1 in MSCs. The expression and distribution of Wntl1 in control cells, Lv-GFP- and Lv-Wntl1-
infected cells were examined by immunofluorescent staining assay. Magnification x600. Bars = 100 pm
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Fig. 4 Overexpression of Wntl1 inhibits proliferation of transduced
MSCs. Cell proliferation was measured by MTT assay. ~ P < 0.01 vs
control cells

Overexpression of Wntl1 suppresses proliferation
of MSCs and arrests the cell cycle at GO/G1 phase

To determine the effects of Wntll overexpression on
proliferation of MSCs, the MTT assay was conducted.

After Lv-Wntl1 transduction, MSCs grew more slowly
than the untreated cells or MSCs infected with Lv-GFP
(Fig. 4). The inhibition rate for cell proliferation was
21.2 % four days after Lv-Wntl11 transduction.

Furthermore, the effects of Wntl1 overexpression on the
cell cycle of MSCs were evaluated by flow cytometry
analysis. As revealed in Fig. 5, cell cycle was apparently
arrested at GO/G1 phase in MSCs transduced with Lv-
Wntll. Correspondingly, the number of MSCs in the S
phase was reduced (Fig. 5). These results demonstrated
that overexpression of Wntll inhibited proliferation of
MSCs by causing a GO/G1 cell cycle arrest.

Overexpression of Wntl1 induces the expression
of chondrogenic markers in MSCs

It has been shown that Wntl1 stimulates the accumulation

of chondrogenic marker Col-II in articular chondrocytes
[24]. Moreover, Wntl1 gene is highly expressed during the
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Fig. 6 Overexpression of Wntl1 induces the expression of chondro-
cyte markers in MSCs. The mRNA levels of two chondrocyte
markers, aggrecan and Col-II, were detected using quantitative real-
time PCR (a). Western blot analysis of the protein expression levels
of aggrecan and Col-II in control cells and cells infected either with

late state of MSC chondrogenic differentiation [25]. Thus,
we hypothesized that overexpression of Wntl1 induced the
expression of chondrogenic markers in MSCs. To test this
hypothesis, total RNA and protein were extracted from
MSCs, and the expression level of chondrogenic markers,
aggrecan and Col-II, was determined by real-time quanti-
tative PCR and Western blot analysis. Both mRNA and
protein levels of aggrecan and Col-II were substantially
increased in MSCs infected with Lv-Wntl1 as compared
with the untreated controls or MSCs infected with Lv-GFP
vector (Fig. 6a—c). Furthermore, immunocytochemistry
staining was carried out to assess the expression and dis-
tribution of Col-II in untreated or treated MSCs. As indi-
cated in Fig. 6d, abundant Col-II proteins were detected in
both cytoplasm and extracellular matrix.
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Overexpression of Wntl1 promotes chondrogenic
differentiation of MSCs in synergism with TGF-f

Next, we evaluated whether Wntl1 can promote chondro-
genic differentiation of MSCs. As TGF-f has been shown to
induce MSC chondrogenic differentiation, we investigated
the effects of Wnt11 overexpression on chondrogenic differ-
entiation of MSCs in the presence or absence of TGF-. The
accumulation of Alcian blue-positive matrix was not observed
when MSCs were treated without TGF-p, indicating that
Whntl1 was unable to induce chondrogenic differentiation of
MSCs in the absence of TGF-f (Fig. 7a, b). Conversely, MSC
chondrogenic differentiation was successfully induced when
TGF-B was added to the medium, as evidenced by the incor-
poration of Alcian blue dye (Fig. 7a, b). The Alcian blue
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staining signal was stronger in MSCs transduced with Lv-
Whntll as compared with the noninfected controls or MSCs
infected with Lv-GFP vector (Fig. 7a, b).

To uncover the molecular mechanisms of Wntl1 in regu-
lating MSC chondrogenic differentiation, we examined the
gene expression of Sox9, Runx2, and Thh, respectively. Sox9 is
a master transcription factor for chondrocyte-specific genes,
whereas Runx2 and Ihh are important regulators of chondrocyte
differentiation [10, 30]. Quantitative real-time PCR results
showed that the mRNA levels of all these three genes were
significantly increased in Lv-Wntll-transduced MSCs as
compared with the controls or MSCs transduced with Lv-GFP,
irrespective of the presence or absence of TGF-B (Fig. 7c).
Moreover, the amount of mRNA of the above genes was more
abundant when Lv-Wnt11-transduced MSCs were treated with
TGF-B. In accordance with the previous reports, TGF-f stim-
ulated the expression of Sox9, Runx2, and Ihh in MSCs
(Fig. 7c). These data demonstrated that Wnt11 upregulated the
expression of cartilage-specific genes. Furthermore, these
findings suggest that Wntl1 exhibits a synergistic effect with
TGF-B in promoting chondrogenic differentiation of MSCs.

Discussion

Bone marrow-derived MSCs are widely used as a cell
source for cartilage tissue engineering which aims at gen-
erating functional new tissue to replace the damaged one [4,
5]. These MSCs are pluripotent cells and thus capable of
differentiating into multiple mesenchyme-lineage cell
types, such as chondrocytes, osteoblasts, and adipocytes [6—
9]. In the present study, we investigated the function of

Lv-wnt11

Control + TGF-B1

P | v-GFP + TGF-B1
N Lv-wnt11 + TGF-B1

Wntl1 in MSCs during chondrogenic differentiation. Our
results showed that lentivirus-mediated overexpression of
Wntl 1 inhibited cell proliferation of MSCs and induced cell
cycle arrest. Moreover, enhanced expression of Wntl1
resulted in upregulation of aggrecan and Col-II, both of
which are recognized as chondrogenic markers. Finally,
Wntll overexpression promoted chondrogenic differentia-
tion of MSCs in synergism with TGF-p.

Wnts are a family of secreted glycoproteins which
involved in regulating cell differentiation and proliferation;
and inducing chondrogenesis [20, 31]. Wnt11 belongs to the
Wnt5a subclass in which they exert the diverse effects
through activation of the noncanonical Wnt signaling
pathway [32]. Lentivirus-mediated Wntll gene transfer
enhances cardiomyogenic differentiation of skeletal mus-
cle-derived stem cells, indicating a key role of Wntll in
regulating stem cell differentiation [33]. A study by Ryu
and Chun [24] showed that Wntl1 stimulates the accumu-
lation of chondrogenic marker Col-II in articular chondro-
cytes. Moreover, Wntl1 gene is highly expressed at the late
stage of chondrogenic differentiation of human MSCs in
three-dimensional alginate gels [25]. These findings lead us
to hypothesize that Wntl1 may enhance chondrogenic dif-
ferentiation of MSCs. To test this, we used lentivirus-
mediated gene transfer to overexpress Wntl1 in MSCs. The
enhanced expression of Wntl1l in MSCs infected with Lv-
Wntl1 lentivirus was confirmed by quantitative real-time
PCR and Western blot analysis. The expression and distri-
bution of Wntl1 were further revealed by immunofluores-
cent staining. Overexpression of Wntll resulted in the
inhibition of MSC proliferation as demonstrated by the
results of MTT and flow cytometry assay. This observation
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was different from the other Wnt members. Qu et al. [22]
reported that overexpression of Wnt3a promotes MSC
proliferation via the P-catenin-mediated canonical Wnt
pathway. In contrast, a previous study showed that over-
expression of Wnts (i.e., Wnt4, Wnt5a, and Wnt5b) does
not change proliferation of wing mesenchymal cells in vitro
[31]. It should be noted that the inhibition rate of Wntl1
overexpression for MSC proliferation was relatively low.
Further investigation is needed to elucidate the inhibitory
mechanism revealed in the current study.

Cartilage matrix proteins, aggrecan and Col-II, are gen-
erally recognized as chondrogenic-specific markers [11].
The expression level of aggrecan and Col-II in MSCs was
determined by quantitative real-time PCR and Western blot
analysis. In accordance with a previously published paper,
we observed that overexpression of Wntll significantly
increased the expression level of aggrecan and Col-II in
MSCs [24]. Previously, it has been shown that Wntl1
enhances cardiomyogenic differentiation of bone marrow-
derived MSCs. He et al. [34] found that transduction of
Wntll promotes MSCs transdifferentiation into cardiac
phenotypes. However, these reports typically used MSCs
that were cocultured with cardiomyocytes or with other
factors such as bone morphogenetic protein-2. To clarify,
we determined the mRNA expression levels of cardiomy-
ocyte markers, including GATA-4, brain natriuretic peptide
(BNP), and a-actinin in MSCs transduced with Lv-Wnt11.
However, the mRNA levels of these markers in Lv-Wnt11-
transduced cells were not significantly different from those
in the non-transduced control cells (Supplemental Fig. 1).
These data imply that Wntll may specifically enhance
MSCs chondrogenic differentiation.

Alcian blue staining, which is specific for the highly sul-
fated proteoglycans of the cartilage matrix, is frequently
used to assess chondrogenic differentiation [35, 36]. Our
results showed that overexpression of Wntll failed to
stimulate the accumulation of Alcian blue-positive matrix in
the absence of TGF-p. The incorporation of Alcian blue dye
was successfully observed when MSCs were treated with
TGF-B. Additionally, Wntl1 overexpression cells induced
stronger Alcian blue staining signal compared to the non-
treated controls or MSCs infected with empty lentiviral
vector. To clarify the role of Wntl1 and TGF-f in the reg-
ulation of MSC chondrogenic differentiation, we measured
the gene expression levels of chondrogenic regulators, Sox9,
Runx2, and Ihh, in cells treated with various conditions.
These factors have been shown to regulate the synthesis of
aggrecan and to transcriptionally activate Col-II gene [37,
38]. The transcription factor Runx2 is required for chon-
drocyte hypertrophy and maturation [39, 40], whereas Ihh is
essential for regulating chondrocyte proliferation and dif-
ferentiation [10]. Regardless of TGF-, the expression levels
of these genes were significantly higher in Lv-Wntll-
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transduced MSCs as compared with the controls. Interest-
ingly, the amount of mRNA of the above genes was more
abundant when Lv-Wntl1-transduced MSCs were treated
with TGF-P. These results suggest that Wntl1 may act in
synergism with TGF- to promote the chondrogenic differ-
entiation of MSCs. Our findings are in consistent with a prior
report in which the authors demonstrated that TGF-f stim-
ulates chondrocyte differentiation and inhibits adipocyte
differentiation in human MSCs in synergism with Wnt sig-
naling pathways [41]. In addition to this, Wntll may
enhance the chondrogenic differentiation of MSCs via
repressing canonical Wnt signaling, such as Wntl and
Wnt3a, which has been shown to inhibit chondrogenic dif-
ferentiation of MSCs [22, 23, 42]. Further studies are needed
to test this hypothesis in the future.

Taken together, our observations showed that overex-
pression of Wntll inhibited proliferation of MSCs and
induced cell cycle arrest at GO/G1 phase. Furthermore, the
expression level of aggrecan and Col-II, two chondrogenic-
specific markers, was higher in Wntl1-transduced MSCs
compared to controls or MSCs infected with the empty
lentiviral vector. Finally, Wntl1 overexpression induced
MSC chondrogenic differentiation in synergism with TGF-
B. These results suggest that Wnt11 functions in regulating
chondrogenic differentiation of MSCs.
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