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Adult mesenchymal stem cells (MSCs) are an attractive cell source for cartilage tissue engineering. In vitro
predifferentiation of MSCs has been explored as a means to enhance MSC-based articular cartilage repair.
However, there remain challenges to control and prevent the premature progression of MSC-derived chon-
drocytes to the hypertrophy. This study investigated the temporal effect of transforming growth factor (TGF)-B
and B-catenin signaling co-activation during MSC chondrogenic differentiation and evaluated the influence of
these predifferentiation conditions to subsequent phenotypic development of the cartilage. MSCs were differ-
entiated in chondrogenic medium that contained either TGFp alone, TGFf with transient f-catenin coactivation,
or TGFf with continuous B-catenin coactivation. After in vitro differentiation, the pellets were transplanted into
SCID mice. Both coactivation protocols resulted in the enhancement of chondrogenic differentiation of MSCs.
Compared with TGFp activation, transient coactivation of TGFp-induction with B-catenin activation resulted in
heightened hypertrophy and formed highly ossified tissues with marrow-like hematopoietic tissue in vivo. The
continuous coactivation of the 2 signaling pathways, however, resulted in inhibition of progression to hyper-
trophy, marked by the suppression of type X collagen, Runx2, and alkaline phosphatase expression, and did not
result in ossified tissue in vivo. Chondrocytes of the continuous co-activation samples secreted significantly more
parathyroid hormone-related protein (PTHrP) and expressed cyclin D1. Our results suggest that temporal co-
activation of the TGFp signaling pathway with B-catenin can yield cartilage of different phenotype, represents a
potential MSC predifferentiation protocol before clinical implantation, and has potential applications for the
engineering of cartilage tissue.

Introduction MSCs into cartilage defects indicated differentiation of MSCs

into chondrocytic-like cells and resulted in enhanced cartilage

ADULT MESENCHYMAL STEM CELLS (MSCs) have been
considered an attractive cell source for cartilage tissue
engineering and regeneration due to their vast proliferative
capacity and differentiation potential. However, MSC chon-
drogenic differentiation has the tendency to progress toward
the hypertrophic stage in a process resembling that of endo-
chondral ossification, forming transient, endochondral carti-
lage instead of stable, articular cartilage-like tissue [1-3].
In vivo ectopic transplantation of MSC-derived cartilage
constructs resulted in either chondrocyte dedifferentiation, or
vascular invasion and mineralization, depending on the
predifferentiation stage of the construct [3-7]. In the case of
cartilage repair in vivo, animal studies with implantation of

repair [8-10]. Steck et al. [10] showed that at this orthotopic
site, MSCs differentiated into chondrocytes forming collagen
type II positive neocartilage, which was collagen type X-
negative, except in areas in close vicinity to the bone. The
result indicates that the in vivo niche is able to provide the
appropriate signaling molecules and biomechanical cues
which shape the fate of the transplanted MSC.

In vitro preconditioning of MSCs has been explored as a
means to enhance cartilage repair. Studies using predifferen-
tiated MSCs for cartilage repair have resulted in faster and
better cartilage regeneration compared with the use of un-
differentiated MSCs, with phenotype stability maintained up
to 1 year postimplantation [11,12]. These studies indicate that
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PERTURBATION OF B-CATENIN SIGNALING IN MSC CHONDROGENESIS

preconditioned MSCs can be employed to overcome the re-
quirement of an extended regeneration period and to improve
the quality of the neocartilage from the often inferior quality
derived from undifferentiated MSCs [13,14]. The chondro-
genic ability of MSCs can be triggered with various growth
factors, including transforming growth factor § (TGF), bone
morphogenic factors (BMP), fibroblast growth factor, and
insulin like growth factor [1]. Canonical p-catenin signaling
pathway has been associated with chondrogenesis and carti-
lage development [15]. Forced expression of the ligands of B-
catenin pathways inhibited embryonic mesenchymal cells
condensation and transition to cartilage nodules [16-18]. By
contrast, activation of the B-catenin induced transcriptional
activity was shown to promote chondrocyte differentiation
in an Sox9-dependent manner [19]. In addition, B-catenin
signaling pathways often crosstalk with other signaling
pathways in modulating chondrogenesis; Wnt3A enhances
BMP2-mediated chondrogenesis of murine mesenchymal
cells [20]; and in adult human marrow stromal cells, 3-catenin
activation enhanced TGFp-induced chondrogenic differenti-
ation [21,22]. Further down the endochondral ossification
process, B-catenin signaling again plays a crucial role in the
hypertrophic maturation of chondrocytes [23-26].

In this study, we investigated the influence of co-activation
of TGFB and B-cateinin signaling pathways to subsequent
phenotype development of the cartilage in vitro and in vivo.
We showed that with co-activation of the TGF( and B-
catenin signaling pathways, chondrogenic induction can be
greatly enhanced. However, further development into hy-
pertrophy and mineralization depended on the temporal
period of B-catenin perturbation. Our study suggests that
subtle manipulation of B-catenin activation during TGFp-
induced chondrogenesis of MSCs could be employed to
derive phenotypically different cartilage for transplantation
purposes.

Materials and Methods

Human bone marrow MSCs culture
and chondrogenic differentiation

MSCs were generated from bone marrow aspirates of
consented human donors after obtaining approval from the
hospital Institutional Review Board. The bone marrow as-
pirate cells were resuspended in DMEM supplemented with
10% FBS and cultured at 37°C in 5% CO, atmosphere. After
4-5 days, nonadherent cells were removed. When reaching
70%-80% confluency, adherent cells were trypsinized and
further expanded. A homogenous MSC population was ob-
tained after 1-2 weeks of culture, and MSC was used be-
tween passages 3 and 5.

Chondrogenic differentiation of MSCs was induced
through aggregate culture, under conditions previously de-
scribed [27,28]. Briefly, 25x%10° cells were centrifuged to
form pellets and cultured in a medium containing high
glucose DMEM supplemented with 4 mM proline, 50 pg/mL
ascorbic acid, 1% ITS-Premix (Becton-Dickinson, San Jose,
CA), 1mM sodium pyruvate, and 0.1 M dexamethasone
(Sigma-Aldrich, St Louis, MO) for up to 35 days in the
presence of 5ng/mL of transforming growth factor-B3
(TGEB3; R&D Systems, Minneapolis, MN). For the activation
of B-catenin signaling pathway, 5 mM lithium chloride (LiCl;

1967

Sigma-Aldrich) was included together with TGFB3 for up to
35 days (continuous co-activation), or the first 7 days in the
differentiation period, before changing into the TGFB3-only
chondrogenic media (transient co-activation). Medium was
changed every 3 days. All experiments were performed in
triplicate.

RNA analysis and real-time polymerase
chain reaction

Total RNA was extracted with RNeasy Mini Kit (Qiagen,
Chatsworth, CA) following the manufacturer’s instructions.
cDNA was reverse transcribed by using iSCriptTM cDNA
synthesis kit (Bio-Rad, Hercules, CA). Real-time polymerase
chain reaction (PCR) was performed using the Power SYBR
Green PCR Master Mix (Applied Biosystem, Foster City, CA)
on Applied Biosystems 7500 Real-Time PCR System (Ap-
plied Biosystem) at 95°C for 15 min followed by 40 cycles of
15-s denaturation at 94°C, 30-s annealing at 55°C, and 30-s
elongation at 72°C. Genes of interest were normalized to the
reference gene glyceraldehydes-3-phosphate dehydrogenase
(GAPDH). The level of target gene expression was calculated
as 27" The following forward and reverse primers were
used for amplification: for GAPDH, forward 5-ATGGGG
AAGGTGAAGGTCG-3" and reverse 5-TAAAAGCAGCC
CTGGTGACC-3’; for Sox9, forward 5-CAGTACCCGCAC
TTGCACAA-3" and reverse 5-CTCGTTCAGAAGTCTCCA
GAGCTT-3; for Aggr, forward 5-ACTTCCGCTGGTCA
GATGGA-3" and reverse 5-TCTCGTGCCAGATCATCACC-
3’; for Col2, forward 5-GGCAATAGCAGGTTCACGTACA-
3" and reverse 5-CGATAACAGTCTTGCCCCACTT-3%;
for Col9, forward 5-CAGGATATCCAGGCCTACCA-3’
and reverse 5-TCCCTGGTCACCTTCTTCAC-3’; for Col10,
forward 5-CAAGGCACCATCTCCAGGAA-3" and reverse
5-AAAGGGTATTTGTGGCAGCATATT-3"; for Runx2, for-
ward 5-CCCGTGGCCTTCAAGGT-3" and reverse 5-TGA
CAGTAACCACAGTCCCATCTG-3’; for BSP, forward 5’-
CGATATTATCTTTACAAGCATGCCTACT-3" and reverse
5-GGATGAGTCACTACTGCCCTGAA-3".

Alkaline phosphatase activity quantification

Supernatants of 4 pellets per treatment from 3 indepen-
dent donors were collected at various time of chondrogenic
differentiation. For detection of alkaline phosphatase activ-
ity, the supernatant was incubated with substrate solution
containing 10mg/mL p-nitrophenyl phosphate (Sigma-
Aldrich) in 0.1 M glycine, 1 mM MgCl,, 1 mM ZnCl,, pH 9.6,
and measured spectrophotometrically in a microplate reader
(TECAN Infinite M200) at 405 nm.

Determination of parathyroid hormone-related
protein in the culture supernatants

Parathyroid hormone-related protein (PTHrP) level in
culture supernatant was determined by enzyme-linked im-
munoassay (USCN Life Science & Technology Co Ltd,
Wuhan, China) according to manufacturer’s protocol.

Ectopic transplantation in nude mice

Pellets of MSC subjected to in vitro chondrogenic differ-
entiation conditions for 5 weeks were fixed with fibrin glue
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to a nonresorbable surgical suture to facilitate harvest and
implanted subcutaneously on the backs of nude mice
(BALB/c athymic nu/nu). Samples were harvested 8 weeks
later. Animal procedures were approved by The NUS In-
stitutional Animal Care and Use Committee.

The pellets harvested were fixed in formalin. Micro-
computed tomography (uCT) analysis was performed before
the pellets were subjected to de-calcification process. Dec-
alcified pellets were then sectioned and underwent histo-
logical and immunohistochemical analysis.

Histology and immunohistochemistry analysis

For tissue processing, formalin-fixed pellets were dehy-
drated, paraffin embedded, and cut into sections of 5pm.
Tissue sections underwent Alcian blue staining (5%, Sigma-
Aldrich) and were counterstained with nuclear fast red
(Sigma-Aldrich); Masson’s trichrome staining, with se-
quential incubated in Bouin’s solution, Weigert’s Haema-
toxylin solution, and Ponceau Fuchsin solution, and
developed with 4% phosphomolybdic acid and Light Green
solution (Sigma-Aldrich). Immunohistochemical staining
was as published [28] with monoclonal antibodies for col-
lagen type II (Clone 6B3, Chemicon International, Temecula,
CA), collagen type X (Clone x53, Quartett, Berlin, Ger-
many), and cyclin D1 (Clone DCS6, Santa Cruz Bio-
technology, Santa Cruz, CA).

Mineralization quantification

pCT analysis was used to quantify mineralization. The
pellets were analyzed using the pCT scanner (SMX-100CT
X-ray CT Sys, Shimadzu, Japan), based on the following scan
settings: X-ray voltage (53kV), X-ray current (50 pA), detec-
tor size (9”), scaling coefficient (50), and pixel spacing
(0.0114 mm/pixel). The pellet was segmented from the 3D
volume using a consistent set of threshold gray values
(40,549-50,355), which was found to allow a reasonable de-
marcation of the bone region from the surrounding soft tis-
sues. The segmented bone volume of each pellet was
subsequently calculated as a percentage of the total pellet
volume.

Statistical analysis

Statistical significance was calculated using the student
t-test. Data were presented as the mean *+standard deviation,
with the level of significance set at P<0.05. All quantitative
data reported here were averaged from 3 independent
experiments.

Results

Temporal co-activation of TGF[; and f-catenin
signaling in MSC chondrogenesis

We examined the temporal effect of co-activating TGFf
with B-catenin signaling in MSC chondrogenesis with refer-
ence to induction by TGFp alone. Activation of B-catenin was
achieved by using a well-documented GSK3p inhibitor,
LiCl, which mimics Wnt signaling by stabilizing cytosolic -
catenin [29,30] and was documented to increase B-catenin
nuclear translocation in the presence of TGFB [30]. MSC
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pellet culture was treated with TGFf and LiCl for the entire
differentiation period (continuous co-activation, represented
by TGFR3+Bcat) or only during the first 7 days before
switching to activation by TGFf3 alone (transient co-activation,
represented by TGFp3+ Bcat-7). Real-time RT-PCR analysis
showed a time-dependent increase of Sox9, Aggr, Col2, and
Col9 expression in all samples (Fig. 1A), with a significantly
higher level of expression detected in the TGFB3+ Bcat
samples compared with TGF3 alone. Significantly, the lev-
els of these mRNAs in the transient co-activation samples
were higher than the TGFp-activated samples at all time
points and were comparable to the continuous co-activation
samples. Histological analysis shows an early and enhanced
deposition of proteoglycan and type II collagen by both the
transient and continuous co-activation samples (Fig. 1B, see
also Supplementary Fig. S1; Supplementary Data are avail-
able online at www.liebertonline.com/scd), compared with
TGFp-activation. The increase in ECM deposition was ac-
companied by a significant increase in pellet weight in both
the transient and continuous co-activation groups, with the
latter consistently heavier, especially at the later time points
(Fig. 1C).

These results indicate that transient co-activation of both
TGFpB3 and B-catenin signaling at the initial period of dif-
ferentiation is effective in enhancing chondrogenic differen-
tiation of MSC as continuous co-activation, resulting in
earlier and enhancement in matrix protein deposition, com-
pared with activation with TGFp alone.

Hypertrophic development of chondrocytes affected
by the extent of [3-catenin signaling activation

We next examined the development of the MSC-derived
chondrocytes to the hypertrophic state in our samples. Im-
munohistochemical analysis revealed that type X collagen
was detectable in the TGFB-activated sample at day 28, and
expression was further increased by day 35 (Fig. 2A). The
time-dependant increase in ColX protein was accompanied
by the gradual increase in Col10 and BSP mRNA (Fig. 3)
indicative of progression toward hypertrophy. Compara-
tively, expression of ColX protein was enhanced in the
transient co-activation samples, which was detectable as
early as at day 21, and appeared to be higher at day 35 than
the TGFp-activated samples (Fig. 2A). An early increase in
Col10 mRNA expression was detected for the transient co-
activation sample at day 14, compared with the control
TGFp-treated sample (Fig. 3). However, no significant dif-
ference in Col10 mRNA expression was detected at later
time points. The expression of Runx2 and BSP mRNA and
alkaline phosphatase activities (Figs. 3 and 2B) in the tran-
sient co-activation was comparable to the TGEFp-treated
samples. On the other hand, the expression of ColX in
the continuous co-activation samples was inhibited at all
time points, with the complete lack of ColX except for a trace
detected in the day 35 sample (Fig. 2A). Noticeably, the
expression of type II collagen was not significantly different
at this time point (Fig. 2A, see also Supplementary Fig. S2),
indicating that the negative detection of ColX was not due
to a lack of chondrogenesis in the continuous co-activation
samples. Real-time RT-PCR analysis consistently registered
an inhibition of Co/10 mRNA in the continuous co-activation
samples, which was also accompanied by inhibition in
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FIG. 1. MSC pellets were subjected to chondrogenic differentiation in TGFB, TGFp with transient or continuous B-catenin
co-activation. (A) Expression level of chondrogenic marker genes was quantified by real-time PCR. Expression was nor-
malized to glyceraldehydes-3-phosphate dehydrogenase and presented relative to level in undifferentiated MSC. Results of
TGEB group are represented by dashed lines with diamonds; TGFB+transient B-catenin co-activation by dotted lines with
squares; and TGFB+ continuous B-catenin co-activation by solid lines with triangles. (B) Pellets harvested at day 28 were
sectioned and subjected to alcian blue staining and type II collagen immunohistochemistry staining. Representative micro-
grams from 3 independent experiments of 3 different donors” MSCs are shown. Deposition of proteoglycan and type II
collagen was enhanced in the TGFp +transient B-catenin co-activation pellets, and the continuous B-catenin co-activation
pellets. Images were taken at X100 magnification. (C) The weight of the resulting pellet was determined. The weight of
TGEFp +transient B-catenin co-activation pellets increased significantly as much as those of the continuous B-catenin co-
activation pellets at day 21 and remained significantly higher than TGFp pellets at day 35. Data shown are means+SD (n=3,
*P <0.05 significant increase compared with TGFp samples). MSC, mesenchymal stem cell; TGF, transforming growth factor;
B-cat, B-catenin; SD, standard deviation. Color images available online at www.liebertonline.com/scd

Runx2 and BSP expression at all time points (Fig. 3). The bition of hypertrophy development in the continuous co-
suppressed mRNA expression of Coll0 and BSP was activation sample was further reflected by the alkaline
maintained after being corrected for its own degree of dif- phosphatase activities, with activities detected only by day
ferentiation presented relative to Col2 expression in the form 35 and at levels more than 4-fold lower than the other 2
of Runx2/Col2, Col10/Col2, and BSP/Col2 ratio. The inhi- groups (Fig. 2B).
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FIG. 2. Characterization of
hypertrophy development of
cartilage pellets. MSC pellets
were subjected to chondrogenic
differentiation in TGFf, TGFp
with transient or continuous
B-catenin co-activation. (A)
Pellets harvested at day 35
were immunostained for Type
II and Type X collagen. Re-
presentative micrograms from
3 independent experiments of 3
different donors” MSCs are
shown. (B) Alkaline phospha-
tase activity in the culture
supernatants of MSC pellets
derived at various time points

Col2

Col10
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Differential maturation outcome of cartilage
after ectopic implantation is affected
by temporal fj-catenin predifferentiation

The chondrogenic maturation development of the in vitro
MSC-derived cartilage-like tissues was followed up after
subcutaneous implantation of the pellets in nude mice. MSC
pellets were subjected to 5 weeks of in vitro differentiation.
After 8 weeks in vivo, pellets predifferentiated with TGFf
and transient co-activation underwent a spectrum of endo-
chondral ossification development (listed in Table 1); ranging
from pellets that maintained their cartilage appearance (with
strong positive staining of type II collagen), pellets that un-
derwent remodeling consisting of partial cartilage tissue, and
fibrous tissues with vascular invasion (Fig. 4]), to highly
ossified tissues encapsulating an inner region of marrow-like
hematopoietic tissue with leukocytes, red blood cells, and fat
deposits (Fig. 4K). In the TGFp-treated group (1=12), 2 pel-
lets were unretrievable (presumably degenerated), and
2 pellets had undergone full endochondral ossification,
forming matured ossified tissues. Four pellets retained car-
tilaginous features with positive staining for Alcian blue,
type II, and X collagen but little sign of calcification and no
vessel formation (image not shown), and 4 pellets underwent

21 35
Days of differentiation

the remodeling process consisting of partial cartilage tissue
and fibrous tissue with vascular invasion and the appear-
ance of marrow-like hematopoietic tissue next to ossified
tissues (Fig. 4]). Comparatively, all pellets in the transient co-
activation group (1=11) remained as solid pellets that were
easily retrievable. Significantly more pellets (45% compared
with 17% in the TGFp-treated group, Table 1) developed into
highly ossified tissues with marrow-like hematopoietic tissue
(Fig. 4K) with almost a complete lack of proteoglycan and
remnant of type II collagen positive regions. Less pellets re-
tained their cartilage characteristics (18% compared with
33% in the TGFp-treated group) and a similar number of
pellets in the remodeling stage (36% compared with 33% in
the TGFp-treated group). uCT measurement of the bone
volume in the pellets after subcutaneous implantation shows
a doubling of bone formation in the transient co-activation
group compared with the TGF-treated group (Fig. 40).

In the continuous co-activation group (1n=7), more than
half of the implanted pellets (57%, Table 1) were un-
retrievable, and the remaining 3 pellets retained cartilagi-
nous features with positive staining for Alcian blue and type
II collagen (Fig. 4C, F). These pellets have entered their early
hypertrophic phase, staining positive for type X collagen
(Fig. 4I) but were without detectable vessel formation



PERTURBATION OF B-CATENIN SIGNALING IN MSC CHONDROGENESIS

420 * TGFB

m TGFB +Bcat-7
A TGFB + Beat

3.50

280

210

1.40

Runx2 fold changes

0.70

0.00

14 21 28

160000 4

120000 A

80000 +

40000 -

Col10 fold changes

80000 -

60000 - -

40000 -

20000 -

BSP fold changes

Days of differentiation

1971

0.006 -
0.005
0.004 4
0.003
0.002 4

0.001

Runx2/Coi2 ratio (x10000)

0.000 T T |

16.0 -
14.0 -
12.0 1
10.0 -
8.0 4
6.0 4
40 4 =

Col10/Coi2 ratio (x1000)

2.0 4
0.0 T T

70 1
60

40 4 xx -
30 A prs
20 i
10 4

BSP/Col2 ratio (x10000)
A
LY
\ *

Day of Differentiation

FIG. 3. Expression level of hypertrophic marker genes was quantified by real-time polymerase chain reaction. Results of
TGFp group are represented by dashed lines with diamonds; TGFp+transient B-catenin co-activation by dotted lines with
squares; and TGFp + continuous B-catenin co-activation by solid lines with triangles. Expression levels relative to Col2 ex-
pression were presented as Runx2/Col2, Col10/Col2, and BSP/Col2 ratio, as means £ SD (1 =3). **P <0.05 significant increase
and *P <0.05 significant decrease, compared with TGFpB samples.

TaBLE 1. IN Vivo FATE OF IN VITRO PREDIFFERENTIATED
CARTILAGE-LIKE PELLETS IN SUBCUTANEOUS ENVIRONMENT

In vitro treatment TGFp TGFf+ fcat-7  TGFf+ Peat
Sample size 12 11 7
Degenerated case® 2 (17%) 0 (0%) 4 (57%)
Cartilage case® 4 (33%) 2 (18%) 3 (43%)
Remodeling case® 4 (33%) 4 (36%) 0 (0%)
Ossification case® 2 (17%) 5 (45%) 0 (0%)

“Un-retrievable pellets after 8 weeks in vivo.

PPellets retaining cartilaginous features with no remodeling.

“Pellets undergoing remodeling consisting of cartilage with
invading vessels, fibrous tissue, and ossification.

IPellets with mature bone structure surrounding an inner region
of marrow-like hematopoietic tissue with leukocytes, red blood cells,
and fat tissue. Proportion of each type of pellet tissue within a group
was expressed as percentage.

(Fig. 4L). None of the retrievable pellets in this group was in
the tissue remodeling or highly ossified stage.

Expression of PTHrP and cyclin D1

Expression of PTHrP and cyclin D1 has been associated
with the hypertrophic development of chondrocytes [31]. We
next examined the levels of PTHrP in the culture supernatant
and the expression of cyclin D1 in the in-vitro differentiated
samples. MSCs that had undergone chondrogenic differen-
tiation with TGFp treatment secreted an increased level of
PTHrP but plateaued by day 14 (Fig. 5A). Cells in the tran-
sient co-activation sample secreted similar levels of PTHrP.
Comparatively, the level of PTHrP in the continuous co-
activation was significantly higher, up to day 21, than both
the other groups. Cyclin D1 was differentially expressed in
the 3 groups of treatment at differentiation stage of day 21
and day 28, with some donor variability. Even though both
pellets of the transient and continuous co-activated groups
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FIG. 4. Characterization of ectopic cartilage implants. MSC pellets were subjected to 5 weeks differentiation in TGFp (A, D, G, J,
M), TGFp + transient (B, E, H, K, N) or continuous B-catenin (C, F, I, L) co-activation and implanted subcutaneously in SCID mice for
8 weeks. Serial paraffin sections were stained with alcian blue for proteoglycan (A—C), collagen type II (D-F) and type X (G-I), and
Masson’s Trichrome (J-N) for ossified tissue with strong blue/green hue and cartilage with tissue whitish green. Representative TGFp-
treated pellet underwent remodeling consisting of partial cartilage tissue and fibrous tissue (A, D, G, J) with vascular invasion and
the appearance of marrow-like hematopoietic tissue next to ossified tissues (M, enlarged image of ]). Representative of a transient co-
activation pellet at the end stage of endochodral ossification with highly ossified tissue surrounding marrow-like hematopoietic
inner region (K, N; enlarged image of K). Representative of a continuous co-activation pellet with positive staining for type Il collagen
(F), which have entered their early hypertrophic phase, staining positive for type X collagen (I), and a low amount of calcification
without detectable vessel formation (L). Pellet and insert images were taken at x100 and %400 magnification, respectively. c,
cartilage; m, marrow-like hematopoietic tissue; o, ossified tissue. u\CT measurement of the bone volume in the pellets after subcu-
taneous implantation shows doubling of bone formation in the transient co-activation group compared with the TGFp-treated group
(O). *P <0.05 significant increase compared with TGF samples. Color images available online at www liebertonline.com/scd
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FIG. 5. Expression of PTHrP and cyclin D1. (A) PTHrP levels in the culture supernatants of MSC pellets at various time
points during chondrogenesis were analyzed. Data shown are means+SD (n =3, *P <0.05 significant increase compared with
TGFp samples). (B) MSC pellet subjected to 4 weeks differentiation in TGFp (a, b, g), TGF + transient (b, e, h), or continuous
B-catenin (c, f, i) co-activation. Sections were immunostained for Col2 (a, b, ¢; taken at x 100 magnification) or Cyclin D1 (d, e,
f; taken at x100 magnification, g, h, i are the respective x320 enlarged images). Despite a similar Col2 expression pattern,
Cyclin D1 was not detected in chondrocytes of the transient co-activation pellet, but was prominently expressed in nuclei of
most cells in the continuoused co-activation pellet. (C) Region of Cyclin D1 expression was exclusive from expression region
of Col10. Images were taken at x160 magnification. PTHrP, parathyroid hormone-related protein. Color images available

online at www.liebertonline.com/scd

expressed similar levels of type II collagen, cyclin D1 was not
detected in chondrocytes of the transient co-activation pellet,
but was prominently expressed in nuclei of most cells in the
continuous co-activation pellet (Fig. 5B). In the TGFp-treated
pellet, chondrocytes in the hypertrophy zone, as marked by
the expression of type X collagen, did not express cyclin D1.
Instead, cyclin D1 cellular expression was detected in some
regions with absence of type X collagen expression (Fig. 5C).
Our data show that the continuous co-activation of TGFf
and B-catenin signaling pathway resulted in heightened
secretion of PTHrP and expression of cyclin D1 in the
chondrocytes which might have a role in the inhibition of
chondrocyte hypertrophy.

Discussion

The involvement of B-catenin signaling in the process of
chondrogenic differentiation is complex, in which both in-
hibiting [16-18] and enhancing effects have been reported
[19]. In TGFp-induced chondrogenesis of human MSCs, -
catenin signaling has been implicated with the up-regulation
of several components of Wnt-signaling pathways, the ac-
cumulation of B-catanin in the nuclear, and the promotion of
B-catenin activated transcriptional activity [21,22]. Indeed,

B-catenin together with TGFp are 2 of the predicted path-
ways significant for the commitment of MSC to chondro-
genic lineage [32].

In this study, we investigated the temporal requirement
for the activation of the TGFp and B-catenin pathway again
by employing LiCl, and found that continuous activation of
TGEFp-signaling is essential (data not shown), an observation
previously reported [33]. We showed that a transient first 7
days co-induction of TGFp and B-catenin activation is just as
effective in enhancing MSC chondrogenic differentiation as
continuous co-induction of both pathways. When following
up the hypertrophic development of the induced cells,
we found striking differences in chondrogenic maturation
between the transient and the continuous B-catenin co-
activation samples. Although transient co-activation did not
show obvious effect on hypertrophy development in vitro,
apart from increased type X collagen deposition, a height-
ened development towards hypertrophy was detected after
ectopic implantation. We detected a higher number of pellets
with mature ossification and robust formation of marrow-
like hematopoietic tissue in the transient co-activation group
compared with the control TGFp group. Remarkably, con-
tinuous co-activation of TGFB-induced MSC chondrogenesis
with B-catenin activation consistently induced a significant
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reduction in hypertrophy in vitro, as evident from the down
regulation of Col10 and BSP mRNA, the reduction in depo-
sition of type X collagen, and alkaline phosphatase activity
with prolonged in vitro culture up to 5 weeks. Compara-
tively, retrievable pellets from the continuous co-activation
group, inspite of expressing type X collagen, none had signs
of remodeling, vascular formation, or mature ossification. It
was reported that the fate of the implanted MSC-derived
cartilage was dependent on the differentiated stage and the
maturity level of the in-vitro engineered cartilage [3,6,7].
Dickhut et al. show that MSC-derived chondrogenic pellets
with high collagen type II but low ALP-activity before ec-
topic transplantation correlated with marginal calcification
of explants and that nonmineralizing transplants have been
found to be susceptible to ectopic site degradation [7]. This
and our result indicate that unless chondrogenic differenti-
ation of MSC has been locked in at the appropriate differ-
entiation stage, dedifferentiation of cell and loss of cartilage
tissue readily occurred at the ectopic site. The observation
that pellets from the continuous co-activation group either
disintegrated or did not enter into a mature ossification stage
further indicates that chondrogenic cells in these pellets after
5 weeks of in vitro predifferentiation remained at the pre-
hypertrophic developmental stage. The pellets from the
transient co-activation group, although not showing a sig-
nificant difference in hypertrophy development compared
with the control in in-vitro circumstances, were, however,
more prone to hypertrophy maturation in vivo.

To the best of our knowledge, this article is the first that
provides evidence on the hypertrophic and maturation de-
velopment affected by p-catenin during co-activation of
TGFp-induced chondrogenesis of MSCs. Progression of
MSC-derived chondrogenic cells toward hypertrophy is in-
evitable in in vitro culture [3,27,34]. Inhibition of MSC hy-
pertrophy has so far been achieved by the provision of a
specific ECM environment such as chondroitin sulfate
[28,35], type II collagen [36], collagen mimetic peptide niche
[37], or novel nitrogen-rich plasma polymer coating [38]. Co-
culturing with articular chondrocytes [39-41] has recently
been shown to inhibit terminal differentiation of MSC-
derived chondrocytes in which PTHrP, produced by articu-
lar chondrocytes, is the likely mediator [41]. PTHrP is a
critical growth factor in regulating chondrocyte function in
the growth plate; maintaining chondrocytes in a proliferative
state; and preventing premature chondrocyte hypertrophy
by suppressing Runx2, Coll0, ALP activity, and matrix
mineralization [42-44]. The mechanism of PTHrP in con-
trolling chondrocyte maturation has been linked to the re-
duction of Runx proteins in a cyclin D1-dependent manner
[31]. In our study, we detected significantly higher levels of
PTHrP in the B-catenin continuous coactivation samples. In
addition, we detected widespread nuclei expression of cyclin
D1 in the chondrocytes of the continuous coactivation pel-
lets. In contrast, cyclin D1 expression was absent in the
chondrocytes of transient co-activation pellets. Our results
suggest that increased secretion of PTHrP from chondrocytes
might be one of the factors in the suppression of hypertro-
phic development in the continuous co-activation treatment,
and its action might be, in part, through the autocrine reg-
ulation of cyclin D1 expression in the chondrocytes. A more
confirmative implication of the role of PTHrP and cyclin D1
would require specific inhibitor blocking of PTHrP action
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and genetic regulation of cyclin D1 expression. Heightened
expression of PTHrP and cyclin D1 might be responsible for
the inhibition of chondrocyte hypertrophy during continu-
ous TGFB and B-catenin coactivation, but the underlying
mechanism in the facilitation of hypertrophy after transient
coactivation is unclear. It is worth noting that in vivo tran-
sient activation of B-catenin signaling was shown to induce
abnormal growth plate closure in part due to the acceler-
ated hypertrophic and endochondral ossification develop-
ment [45].

It has been well documented that B-catenin signaling was
involved in the induction of chondrocyte hypertrophy of
growth plate chondrocytes [24-26]. It is important to note that
these studies utilize mature chondrocytes isolated from the
upper sternum which represents a source of chondrocytes at
the verge of hypertrophic development, and that B-catenin
signaling was activated in the absence of other pathways. p-
catenin signaling has distinct and complex effects on stem cells
and chondrocytes depending on the cellular phenotypic
properties and developmental status. In our study, undiffer-
entiated stem cells were used, and the effect of B-catenin was
delivered in concert with TGFp-activation. TGFf plays an
essential role in stimulating chondrocyte proliferation and the
inhibition of chondrocyte hypertrophic differentiation, in
which the former was shown to be through the B-catenin
signaling-dependent cyclin D1 expression [46,47]. It is likely
that with the continuous co-activation of B-catenin, MSC-
derived chondrocytes were maintained in the proliferative,
prehypertrophy stage via the action of cyclin D1. In vivo, the
fate of these cells will be subjected to biochemical and me-
chanical factors in the microenvironmental niches. It is the
subject of future study to find out how these predifferentiated
cells fare in an in vivo orthotopic site and whether the main-
tenance of nonhypertrophy status will be upheld.

In summary, our article reports that temporal co-activation
of TGFp-induced MSC differentiation with B-catenin activa-
tion can yield cartilage with different phenotypes and rep-
resents the potential for devising MSC predifferentiation
protocols before clinical implantation that might be appli-
cable to the engineering of different types of cartilage tissue.
Chondrocytes derived from the TGFP and B-catenin co-
activated MSCs having their hypertrophic development
reduced might retain a degree of plasticity that can be further
molded by the niche environment at the articular cartilage
site. Continued studies that determine the optimal chon-
drogenic predifferentiation condition and the in vivo devel-
opment of the predifferentiated MSC at a natural joint
environment will be followed up.
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