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Abstract

Growth factors have a pivotal role in chondrogenic differentiation of stem cells. The differential effects of known growth factors
involved in the maintenance and homeostasis of cartilage tissue have been previously studied in vitro. However, there are few
reported researches about the interactional effects of growth factors on chondrogenic differentiation of stem cells. The aim of this
study is to examine the combined effects of four key growth factors on chondrogenic differentiation of mesenchymal stem cells
(MSCs). Isolated and expanded rabbit bone marrow-derived MSCs underwent chondrogenic differentiation in a micromass cell
culture system that used a combination of the following growth factors: transforming growth factor beta 1 (TGF-31), bone morpho-
genetic protein 2 (BMP2), parathyroid hormone related protein (PTHrP), and fibroblast growth factor 2 (FGF2) according to a defined
program. The chondrogenic differentiation program was analyzed by histochemistry methods, quantitative RT-PCR (qRT-PCR), and
measurement of matrix deposition of sulfated glycosaminoglycan (sGAG) and collagen content at days 16, 23, and 30. The results
showed that the short-term combination of TGF-31 and BMP-2 increased sGAG and collagen content, Alkaline phosphates (ALP)
activity, and type X collagen (COL X) expression. Application of either PTHrP or FGF2 simultaneously decreased TGF-[31/BMP-2
induced hypertrophy and chondrogenic markers (at least for FGF2). However, successive application of PTHrP and FGF2 dramat-
ically maintained the synergistic effects of TGF-[31/BMP-2 on the chondrogenic differentiation potential of MSCs and decreased
unwanted hypertrophic markers. This new method can be used effectively in chondrogenic differentiation programs.
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Introduction

Articular cartilage is an avascular, aneural tissue comprised of
only one cell type, which would appear to be a simple,
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unobtrusive task for tissue engineering programs. However,
articular cartilage development is mediated by a tightly regu-
lated symphony of growth factors whose interactions result in
the establishment of a well-designed architecture.

There are numerous reports that discuss the in vivo and
in vitro research on growth factors and their probable impact
on chondrogenesis. Members of the transforming growth factor
beta family (TGFf3) [1], bone morphogenetic proteins (BMPs)
[2], insulin-like growth factors (IGFs) [3], fibroblast growth fac-
tors (FGFs) [4, 5], and different isoforms of parathyroid hormone
related protein (PTHrP) [6] have been investigated for
chondrogenic differentiation of mesenchymal stem cells (MSCs).

Studies of the combined effect of growth factors on regula-
tion of chondrocyte proliferation and differentiation reported
contradictory findings [7-9]. TGF-31 pre-treated chondrocytes
derived from different zones of the growth plate were exposed to
parathyroid hormone (1-34) (PTH) [10]. The results showed
that these TGF-f31 pre-treated chondrocytes responded to PTH
and induced cell proliferation/differentiation and alkaline
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phosphatase (ALP) expression in a cell maturation-dependent
manner. Further studies of the molecular mechanisms involved
in cell proliferation demonstrated that TGF-{31 and PTHrP syn-
ergistically stimulated chondrocyte proliferation by using the
same cis-acting regulatory element of the Cyclin DI gene [11].
These findings indicated that a few genes acted as integrators of
different growth factor related stimuli in chondrocytes.

Members of the TGF family are considered potent
chondrogenic factors. TGF 3 promoted chondrogenesis is usu-
ally accompanied by induction of a hypertrophic phenotype in
MSCs [12]. The combination of TGF(3s with BMP growth
factors leads to enhanced chondrogenic differentiation [13]
and amplified expression of hypertrophic markers such as
ALP and COL X [14]. However, Shintani et al. have reported
that the combination of TGF-[31 with BMP2 for chondrogenic
differentiation of synovial explants had an enhanced effect on
BMP2 induced chondrogenesis and conversely arrested the
early stage of hypertrophy promoted by BMP2 [15].

Research on a mouse model of cartilage-specific loss of
function of the TGF3/BMP2 signaling pathway as well as a
chondrogenic cell line indicated that TGF3 and BMP acted
differently during the in vivo and in vitro experiments. There
was an antagonistic effect on in vivo chondrogenesis; howev-
er, TGF{3 activated BMP signaling during chondrogenesis of
the cell line in vitro [16]. In support of these observations,
short-term exposure to TGFf3 reduced anti-chondrogenic ef-
fects of BMPs in a mesenchymal culture of a mouse early limb
[17]. This study concluded that TGF{ inhibited the BMP
mediated anti-chondrogenic action by modulating expression
of the GATA genes, in particular GATAS. Recent studies that
investigated the combined effect of TGF 3 and BMP signaling
on chondrogenesis proposed a central role for Msx2 and DIx5
transcription factors in the regulation of BMP osteoinductive
activity [14, 18, 19]. In line with these results, exogenous co-
expression of SRY-box containing gene 9 (SOX9) and BMP2
in a cell line transduced with recombinant vectors showed that
SOXY9, a master transcription factor for chondrogenesis,
inhibited BMP2 induced osteogenic markers and potentiated
BMP2-induced chondrogenic differentiation [20].

Cross-talks between TGF[3 and other signaling pathways
may further complicate the role of growth factor signaling in
chondrogenic differentiation program of MSCs. For example,
TGF-B1/3 mediated chondrogenic differentiation of human
MSCs was enhanced by inhibition of glycogen synthase ki-
nase 3-beta, a member of the protein kinase family in the Wnt
signaling pathway [21-23].

There are a number of different mechanisms that appear to
be involved in the orchestration of the TGF3/BMP2 signaling
pathway in chondrogenesis. FGF2 is a potent mitogen for
various cell types [24]. However, the chondrogenic potential
of'this growth factor on MSCs is controversial. MSCs cultured
in expansion medium that contained FGF2 have shown in-
creased chondrogenic gene expression [25] and enhanced
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osteogenic or chondrogenic potential, depending on the cul-
ture medium (osteogenic or chondrogenic-inducing) [26].
Simultaneous application of FGF2 and TGF-31 in a
micromass culture system for chondrocyte differentiation of
either adipose or bone marrow derived MSCs has shown a
significant increase in expressions of chondrogenic markers
[27]. However, the adverse effect of FGF2 on the incremental
effect of combined BMP-6 and TGFf on chondrogenesis of
MSCs has been reported [28].

Overall, these findings show that interactions of growth
factors and their effects on chondrogenic differentiation is a
rather different story from that of individual growth factors.
This study aims to investigate the results of interaction be-
tween four key growth factors (TGF-31, BMP2, FGF2, and
PTHrP) involved in chondrogenic differentiation of MSCs
and tries to describe the impact of them on expression of
chondrogenic markers.

Materials and Methods

Mesenchymal Stem Cells (MSCs) Isolation
and Expansion

MSCs were isolated from rabbit bone marrow according to
principles (animal care, use, medication, anesthesia, operation
and scarification) approved by the Royan Institute Ethics
Committee (EC/93/1001) and a previously described method
[29]. Briefly, aspirated and heparinized bone marrow was
washed once with basal medium that consisted of 85% (v/v)
DMEM (Sigma) and 15% FBS (Invitrogen), expanded in a
T150 flask, and cultured in humidified incubators at 37 °C and
5% CO, for 12 days. The culture media was changed every
3 days and unattached cells were discarded. The adherent cells
were harvested using trypsin-EDTA digestion and further pas-
saged one to two more times. The proliferated cells were then
aliquoted and cryopreserved in 1 ml medium that contained
90% (v/v) FBS and 10% (v/v) DMSO by slow-cooling in a
freezer at —80 °C for subsequent experiments.

Mesenchymal Stem Cells (MSCs) Characterization
by Multi-Lineage Differentiation

The passage-3 expanded cells were trypsin-EDTA digested
from the culture flask and collected after centrifugation.
Next, the cells were resuspended in either 2 ml osteogenic
inducing medium [basal DMEM supplemented with dexa-
methasone (10 nM), [3-glycerol phosphate (10 mM), ascorbic
acid (50 pg/ml), and 10% FBS] or adipogenic inducing me-
dium [basal DMEM supplemented with insulin (10 pg/ml),
dexamethasone (100 nM), indomethacin (50 pg/ml), ascorbic
acid (50 pug/ml) and 10% FBS]. The resuspended cells were
counted and cultured in 6-well plates at 2 x 10* cells/well. The
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culture plate was then incubated in humidified incubator at
37 °C and 5% CO, for 14 days, and the culture medium was
changed every 3 days.

The osteocyte differentiated cells were washed once with
PBS, fixed with 100% methanol for 10 min, and covered
with1% (w/v) alizarin red solution for 5 min. The adipocyte-
committed cells were washed once with PBS, fixed with 4%
paraformaldehyde for one hour and stained with 0.3% (w/A)
oil red in isopropanol for 15 min.

Chondrogenic Differentiation

Chondrogenic differentiation of MSCs was carried out ac-
cording to a previously reported procedure with minor modi-
fications [30]. Briefly, rabbit bone marrow derived passage-3
MSCs were expanded and trypsinized, and then collected via
centrifugation. The cells were resuspended in a chondrogenic
inducing medium [basal DMEM supplemented with ascorbic
acid (50 pg/ml), sodium pyruvate(100 pg/ml), L-proline
(40 pg/ml), linoleic acid (5.33 pg/ml), dexamethasone
(100 nM), insulin (6.25 pg/ml), transferrin (6.25 pg/ml),
selenious acid (6.25 pg/ml), and BSA (1.25 pg/ml)] that
contained 10 ng/ml TGF-31 (R&D Systems, 240-B). The
resuspended cells were counted and pelleted in a non-
adherent 96-well V-shape bottom plate (Corning Life
Sciences, 3956) at 2.5 x 10° cells/well by centrifugation at
1000g for 5 min. The plates were then incubated in a humid-
ified CO, incubator at 37 °C and the micromasses were cov-
ered with 200 pul chondrogenic medium, which was replaced
every 2 days. The cells were differentiated into chondrocytes
according to a well-defined chondrogenic program in which
200 ng/ml BMP2 (Sigma, H4791), 1 ng/ml PTHrP, and
100 ng/ml FGF2 were used in a time-dependent manner
(Fig. 1). At the end of the differentiation program, the
micromasses were collected and stored at —80 °C until
extraction.

Multivalent Extraction of DNA, RNA, Sulfated
Glycosaminoglycan (sGAG), and Collagen

We performed multivalent extraction of the main micromass
biomolecules according to a previously reported method with
some modifications [31]. Briefly, 20 mg of frozen samples
were ground in liquid nitrogen using a mortar and pestle,
followed by the addition of 1 ml of 4 M GuHCI buffer that
contained 50 mM Tris-HCI (pH 7.5) and 1 mM EDTA. The
samples were continually ground until the consistency of a
fine homogenate powder. The mixture was continuously
vortexed, incubated on ice for 30 min, and centrifuged at
15,000g for 10 min at 4 °C. The supernatant was collected
and used for the DNA content assay. The pellet was further
extracted by using 0.25 ml of GITC extraction buffer [4 M
guanidine isothiocyanate, 50 mM Tris-HCI (pH 7.5), and

1 mM EDTA] and vortexed for 5 min at 4 °C. The resuspend-
ed mixture was then centrifuged at 21,000g for 10 min at 4 °C,
and the pellet was stored at —80 °C until subsequent extraction
of GAG and collagen according to a described papain diges-
tion method [32]. The supernatant that contained RNA was
further purified by successive precipitation in 0.5 ml
isopropanol, followed by centrifugation at 12,000g for
10 min, resuspension in 1 ml 75% ethanol, and centrifugation
of the RNA sample at 7500g for 10 min. The RNA was solu-
bilized in DEPC-treated water and used for cDNA synthesis.

Measurement of DNA Content

We used the PicoGreen assay to quantify DNA content of the
micromasses. Briefly, 10 pul of PicoGreen reagent (Quant-
iT™ PicoGreen ® dsDNA Reagent and Kit, Invitrogen
P7589) was diluted in 2 ml of TE buffer (10 mM Tris-HCI,
1 mM sodium EDTA, pH 8.0) and used to prepare the serial
dilution of the ADNA standard (5 to 20 ng/ml) and the un-
known samples. In standard PCR tubes, 5 ul of the unknown
samples and a proper volume of the standards were brought to
20 pl with addition of TE buffer as well as 10 pl of diluted
PicoGreen reagent. The DNA content of the samples and
standards were read in duplicate using a Corbett RotorGene
device at 480 nm excitation and 520 nm emission under the
following PCR conditions: incubation at 50 °C for 2 min
followed by 10 cycles at 50 °C for 5 s. The readings were
blanked against the reading from the vials which contained
no samples and used for normalization of sGAG and collagen
content quantification.

Sulfated Glycosaminoglycan (sGAG) and Collagen
Content Quantification

We performed colorimetric assessment to determine the
amount of the sGAG using a Blyscan Sulfated
Glycosaminoglycan Assay Kit (Biocolor B1000 Std.) accord-
ing to the manufacturer’s instructions. Briefly, 0.25 ml of 1,9-
dimethyl-methylene blue (DMMB) dye reagent was added to
80 pl of papain digested extracts and incubated for 30 min at
room temperature. The unbonded dye was removed by centri-
fugation. The sGAG-bonded dye pellet was dissolved in
0.25 ml of dissociation reagent buffer. A serial dilution of
chondroitin 4-sulfate (200 to 1500 ng) was prepared to gener-
ate a standard curve according to the same procedure used for
sample preparation. The absorbance was read at 656 nm using
a microplate reader (Multiskan spectrum, Thermo Scientific).

Collagen content of the micromasses was measured by a
Hydroxyproline Assay Kit (Sigma, MAKO008) following the
manufacturer’s instructions. In brief, papain digested extracts
were acid hydrolyzed in 12M HCI and the absorbance was
determined by a spectrophotometer using a standard curve of
hydroxyproline.
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Fig. 1 Chondrogenic differentiation program designed for investigation
of combinatorial effect of growth factors on chondrogenesis of rabbit
bone marrow derived MSCs. The arrangement and duration of micro-
mass treatment with four growth factors [TGF@1 (T), BMP2 (B),
PTHrP (P) and FGF2 (F)] were tuned in a way that 12 experimental
groups and three harvesting time points (Day 16, 23 and 30) were

Histochemical and Immunohistochemical Analysis

Micromass pellets were incubated in Bouin’s solution for 6 h,
then fixed overnight at 4 °C in PBS buffer that contained 2%
paraformaldehyde. The pellets were dehydrated using a tissue
processor device (Tissue processor DS 2080/H, Did Sabz
Co.), embedded in paraffin, and cut into 5 um sections for
histological analysis.

Immunohistochemistry analysis was performed on the
5 um sections of the micromasses after paraffin removal and
rehydration. The sections were then incubated with 0.01 M
sodium citrate buffer (pH 6.0) for 15 min at 100 °C for COL II
detection or with 0.25% trypsin/l mM EDTA for 5 min at
37 °C for COL X antigen retrieval. The primary antibody
incubation was performed overnight at 4 °C using 1:100
anti-collagen type II antibody (Abcam, ab34712) and 1:300
anti-collagen type X antibody (Abcam, ab58632) as the pri-
mary antibodies. The secondary antibody was applied to the
sections for 2 h at room temperature using 1:200 goat anti-
rabbit IgG (Abcam, ab6721) and DAB substrate for detection
of the reaction.

Histochemical analysis of alkaline phosphatase (ALP) ac-
tivity was conducted using a qualitative method. Briefly,
10 um sections of the fresh/frozen micromass were prepared
using a microtome cryostat (Leica CM1850) and stained with a
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defined. TGF31 was used as a basic growth factor throughout the
course while BMP2 was transiently applied from day 4 to day 16.
PTHrP and FGF-2 were used after BMP2 treatment for either one or
two weeks individually or together. Up: 96 well plate was used for
chondrogenic differentiation in a micromass culture system

Leukocyte Alkaline Phosphatase Kit (Sigma, 86R) according
to the manufacturer’s instructions.

Quantitative Analysis of Gene Expression Using
Real-Time PCR

RNA of the micromasses extracted with GuHCI/GITC buffers
was used for cDNA synthesis using First Strand cDNA syn-
thesis Kit (Takara, 6110A), according to the manufacturer’s
instructions. Expression levels of type II collagen (COL II),
COL X, ALP, matrilin-1 (MATNI) and SRY-box containing
gene 9 (Sox9) genes were measured by quantitative RT-PCR
(qQRT-PCR; Step one RT PCR Applied Biosystems, USA)
using a SYBR® Green PCR Master Mix (Invitrogen). The
real time-PCR conditions were as follows: incubation at
95 °C for 2 min, followed by 35 cycles at 95 °C for 15 s,
and 60 °C for 60 s. All data were normalized to an endogenous
control (GAPDH) and the untreated calibrator samples. The
quantitative results were derived by the 272" method.
Table 1 lists the primer sequences.

Statistical Analysis

Statistical analyses were carried out using Prism 5 software.
Each experiment was performed in triplicate and analyzed by
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Table 1 Primer sequences used
for qRT-PCR analysis Gene Forward primer (5'-3") Reverse primer (5'-3") Amplicon (bp)
Sox9 ATGAGCGAGGTCCATTCCC GTCTCGATGTTGGAGATGACG 212
ACAN GGAGGTCGTGGTGAAAGGTG CTCACCCTCCATCTCCTCTG 255
COL2A1 GTGGAAGAGCGGTGACTA TAGGTGATGTTCTGGGAGC 297
ColX AGTTCTTCATTCCCTATGCCA CAATGTCTCCTTTCGGTCCA 267
ALAP GCCGCAAGTATATGTATCCCA GCTCAAAGAGACCCAAGAGG 210
GAPDH GACCACCATCCATTCCTACAC GCA AGTCAGGTCCAC AACAG 217
MATN1 AAGGTGGGCATCGTCTTCAC GGGTCTTCCTCCACGCAGAT 239

one-way ANOVA followed by post hoc analyses. The results
were expressed as mean £ SD. In all cases, a p-value of <0.05
was considered to be statistically significant.

Results

Evaluation of Bone Marrow-Derived Mesenchymal
Stem Cells (MSCs)

The bone marrow-derived cells contained a large population of
non-adherent cells that could be removed by media exchange
and consecutive cellular passages. The remaining, attached
fibroblastic-like cell colonies were subsequently passaged. By
passage-3, they comprised a single phenotype population
(Fig. 2a). These passage-3 cells were trypsinized and character-
ized for their multilineage differentiation potential as shown in
Fig. 2b and c. We confirmed the MSCs phenotype by the
adipogenic and osteogenic potency of the fibroblastic-like cells
using Oil red and alizarin red staining of the differentiated cells.
In order to further confirm pluripotency of the isolated cells, we
used gRT-PCR to analyze the expression changes of the mRNA
level during multilineage differentiation (Fig. 2). Relative ex-
pression of key genes involved in adipogenic differentiation of
MSC:s significantly increased by more than 10-fold and showed
at least a one-fold increase for osteogenic differentiation.

Histological Analysis of Growth Factor-Promoted
Chondrogenesis

In order to determine the net effects of growth factor on differ-
entiation of micromasses we have used the same chondrogenic
media that contained all of the necessary additives in all test
groups. Members of TGFf3 family, in particular TGF-f31 and
TGF-f33, are considered to be basic growth factors in most
chondrogenic programs. Therefore, we used TGF-31 in all
of the comparative groups and designed a defined program in
which the three other growth factors were employed to study
the combined effects on TGF-{31-mediated chondrogenesis of
MSCs (Fig. 1). Groups G1, G2, and G3 only used TGF-31 and
were considered to be the control groups for the other groups
on days 16, 23, and 30, respectively.

We observed no differences in metachromatic staining be-
tween groups, with the exception of G1, G10, and G11
(Fig. 3). It appeared that only the TGF-31 growth factor was
adequate for a proper metachromatic reaction at least 23 days
after initiation of differentiation. However, we observed con-
siderable differences between the groups in the number and
shape of lacunas when other growth factors, in addition to
TGF-f1, were used in the chondrogenic program.

Quantification of Sulfated Glycosaminoglycan (sGAG)
Content of the Micro-Masses

In addition to the metachromatic reaction, we used a quanti-
tative method to measure the amount of sGAG deposited in
the extracellular matrix (ECM) of the micromasses (Fig. 4a).
DNA content of each micromass was also determined to avoid
any unwanted errors from the cell counts and various experi-
mental conditions. We normalized sSGAG content to DNA
content of the micromasses and used it to evaluate the
chondrogenic differentiation process between the test groups.

No significant changes were found in SGAG deposition
between all groups at days 16 and 23. However, the results
showed a considerable increase with BMP2 and a significant
decrease with FGF2 in sGAG content compared to the control
TGF-31 group (G3) at day 30 (p <0.05). PTHrP in combina-
tion with TGF-f31 and BMP2 did not significantly change the
sGAG content of the micromasses despite at least a 10% in-
crease in SGAG compared to the control group at day 30. The
order of application of PTHrP and FGF2 in the third or fourth
week of differentiation in combination with TGF-1 and
BMP2 (G9 or G12) had a profound influence on sGAG de-
position, so that GAG content significantly decreased in the
G12 group compared to the G9 group (p < 0.05).

Measurement of Collagen Content in the Micromasses

Measurement of the collagen content provided useful infor-
mation about the chondrogenesis condition of the
micromasses. We normalized the collagen content of each of
the micromasses to its DNA content, as pg of collagen to pg
of ds DNA (Fig. 4a). There were no significant changes in the
level of collagen content between the control groups and each
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Fig. 2 Morphological appearance
and multilineage differentiation of
rabbit bone marrow-derived
MSCs. Rabbit bone marrow-
derived cells showed a
homogenous morphology with a
typical fibroblast-like cell shape at
passage 3 and effectively attached
to the culture plates (a).
Adipogenic (b) and osteogenic-
induced differentiation (c)
exhibited strong metachromatic
staining in bone marrow-derived
cells stained with oil red and
alizarin red and were further
confirmed with qRT-PCR
analysis of adipocyte/osteocyte
markers respectively

of'the other groups at days 16 and 30. Although not significant
(p <0.05), the combination of BMP2 with TGF-{31 resulted in
at least a greater than 30% increase in collagen content in
group G4 compared to the control (G3) group at day 30.

Addition of FGF2, like sGAG, resulted in a decrease of
the combined positive effects of TGF-1 and BMP2 on
collagen content. The combination of PTHrP with the
TGF-31/BMP2 complex did not have any detectable im-
pact on collagen deposition in comparison with TGF-31
alone, although it decreased the synergistic effect of
TGF-31 and BMP2. Additionally, the use of PTHrP in
the third week followed by addition of FGF2 in the fourth
week (G9) was more effective for collagen deposition com-
pared to G12, in which FGF2 was added prior to PTHrP in
the third week.

Evaluation of Alkaline Phosphatase (ALP) Activity
In vitro chondrogenesis of MSCs usually induces expression

of hypertrophic markers. ALP activity is an important marker
of hypertrophic chondrocytes that can be traced by
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measurement of its gene expression or enzyme activity. In
order to study ALP activity, we have employed a qualitative
method to trace enzyme activity during chondrogenic differ-
entiation of the micromasses. By this method, ALP activity
formed a blue color due to enzymatic action on the proper
substrate (Fig. 4b). We did not evaluate ALP activity in the
day 16 groups (G1 and G6) due to technical limitation.

There was no ALP activity on days 23 and 30 in the groups
(G2 and G3) that were only treated with TGF-31. However,
ALP had some activity in the TGF-{31/BMP2 treated group
(GS5), which drastically increased at day 30 (G4). Addition of
PTHrP had minor effects on TGF-f31/BMP2-induced ALP
activity at day 23 (G7) in contrast to addition of FGF2
(G10). However, PTHrP showed a greater effect on reduction
of ALP activity at day 30 (GS).

Immunohistochemical Analysis of Growth Factors
Mediated Chondrogenesis

Immunohistochemistry analysis was carried out with col-
lagen type II (COL II) and collagen type X (COL X)
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G1 G6

Fig. 3 Metachromasia reaction of sGAG in micromass sections stained
with safranin O (top) and toluidine blue (bottom). Chondrogenesis of
mesenchymal stem cells (MSCs) in the micromass culture were
performed in the presence of transforming growth factor beta (TGF-
[31), bone morphogenetic protein 2 (BMP2), fibroblast growth factor 2
(FGF2), and parathyroid hormone related protein (PTHrP) according to a

antibodies to confirm the obtained results (Fig. 4c). COL
II is the major component of cartilage collagen content
and an important marker of chondrogenesis. COL X is
mainly expressed in pre-hypertrophic and hypertrophic
zones of the cartilage growth plate and is considered a
hypertrophic marker.

We performed immunohistochemistry staining only on
the day 30 groups because the collagen content did not sig-
nificantly change between the comparative groups at days
16 and 23. BMP2 combined with TGF-31 (G4) resulted in
noticeable deposition of COL II, whereas PTHrP had a neg-
ative influence on this combination in the G8 group.
However, the addition of FGF2 just after PTHrP (G9) mod-
ified the negative effect of PTHrP on the combined action of
BMP2 and TGF(31. FGF2 combined with TGF-31/BMP2
(G11) or added just prior to PTHrP (G12) reduced COL II
deposits compared to the other groups.

well-defined program and histologically investigated on days 16 (a), 23
(b), and 30 (c). TGF-f1-treated micromasses resulted in the deposit of an
appropriate metachromatic matrix at least on days 23 and 30. BMP2 or
PTHrP combined with TGF-31, in contrast to FGF2, improved the
metachromasia reaction in chondrogenic differentiated micromasses

Quantitative Real-Time PCR (qPCR) Analysis
of Growth Factor Mediated Chondrogenesis

Differential expressions of a number of important genes in-
volved in chondrogenesis (COL2A1, COLI10AI, ACAN,
ALPL, MATNI, and SOX9) were analyzed by qPCR (Fig. 5).

The expression of SOX9, a master regulator of chondrogen-
esis, increased in a time-dependent manner from days 16 to
30. However, the addition of FGF2 significantly reduced the
expression of SOX9 in the FGF2 groups (G11 and G12), but
not group G9 in which FGF2 was added after PTHrP.

Aggrecan differentially expressed in the 12 test groups
compared to their TGF-31 control groups. Aggrecan greatly
reduced when PTHrP or FGF2 were used in combination with
TGF-31/BMP2 for two weeks (G8 or G11). However, appli-
cation of PTHrP for one week followed by addition of FGF2
increased ACAN expression at day 30 (G9).
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Fig. 4 Evaluation of chondrogenic differentiation of marrow derived
mesenchymal stem cells (MSCs). sGAG and collagen content in
micromasses that underwent growth factor-mediated chondrogenic
differentiation (a). SGAG content normalized by the amount of DNA
and differentially measured in the only treated TGF-f31 (T) groups (G1,
G2, and G3), TGF-f31 and BMP2 (T/B) treated groups (G6, G5, and G4),
TGF-31; BMP2 and PTHrP (T/B/P) treated groups (G7 and G8), TGF-
31; BMP2 and FGF2 (T/B/F) treated groups (G10 and G11), TGF-31;
BMP2; PTHrP and FGF2 (T/B/P/F) treated groups (G9), or TGF-f1;
BMP2; FGF2 and PTHrP (T/B/F/P) (G12) test groups at days 16, 23,
and 30. Histological analysis of alkaline phosphatase (ALP) activity in
micromass sections on days 23 (B1) and 30 (B2). ALP activity was

The combination of BMP2 and TGF-[31 positively affected
COL2A1 gene expression in the G5 and G4 groups compared
to the related TGF-f31 treated control groups (G2 and G3).
Addition of PTHrP to TGF-31/BMP2 for one week improved
the effect of their interaction (G7). Extending this period to
two weeks significantly decreased the expression of COL II
compared to the other test groups at day 30. FGF2 adversely
affected the combined effect of TGF-31/BMP2 on COL2A1
expression (G10 and G11). However, the addition of PTHrP in
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depicted as a blue color in the border zone of the micromasses. The
dark points represent lacunas in the micromasses. The higher activity of
ALP enzyme was observed in the TGF31/BMP-2 treated group at day 30
(G4 group) while the least activity was found in groups treated with
PTHrP or FGF2 (G8 and G11). The combination of PTHrP and FGF2
(G9 and G12 groups) moderately decreased ALP activity (especially in
G12) compared to PTHrP or FGF2 alone. Immunohistochemical analysis
of the combined effect of growth factor on deposition of type II collagen
(COL 1II) and type X collagen (COL X) in chondrogenic MSCs (c).
Application of BMP2 in combination with transforming growth factor
beta (TGF-31) resulted in improved expression of COL II as well as
COL X (G4) which was modified by the use of either PTHrP or FGF2

the fourth week to the combination of TGF-31/BMP2/FGF2
had the same incremental effect as TGF-31/BMP2 on
COL2A1 expression.

Relative expression of ALP and COL X continuously in-
creased with the addition of BMP2 at days 16, 23, and 30 (G6,
G5, and G4) compared to the control groups. PTHrP com-
bined with TGF-{31/BMP2 significantly decreased ALAP ex-
pression after two weeks (G8). However, FGF2 was more
potent than PTHrP in inhibiting BMP2 induced ALP activity
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and expression of the COLI0AI gene so that it effectively
reduced the expression of ALAP and Coll0Aat day 23.

MATNI, the coding gene of a non-collagenous protein,
expression gradually increased in the TGF-(31/BMP2 treated
groups (G6, G5 and G4) compared with the TGF-31 treated
control groups (G1, G2, and G3). The results showed that
FGF2 limited the increased effect of TGF-31/BMP2 on ex-
pression of MATNI (G10 and G11). In contrast, PTHrP slight-
ly, but not significantly, increased TGF-31/BMP2 promoted
induction of MATN1 expression (at least for G8).

Discussion

In vitro chondrogenic differentiation is usually initiated by the
condensation of MSCs and the use of a high-density
micromass cell culture system. In addition to cell-cell interac-
tions, several growth factors effectively impact the commit-
ment and differentiation of MSCs to a chondrocyte lineage.
Here, we have investigated the combined effects of four pre-
viously studied key growth factors [15, 17, 33, 34] on
chondrogenic differentiation of rabbit bone marrow derived
MSCs. We employed histological and histochemistry
methods, and measured sGAG and collagen content to evalu-
ate the impact of these growth factors and their interactions on
chondrogenesis of MSCs. Relative gene expression and im-
munohistochemistry analysis of the chondrogenic markers
were performed to verify our findings.

Measurement of SGAG showed a gradual increase in
micromasses with the maximum deposition in the fourth
week. BMP2 combined with TGF-f31 further accelerated
sGAG synthesis at the fourth week, such that it reached more
than 7 times at day 16 compared to an almost 4-fold increase
in the TGF-{31 control group.

Collagen content increased with the use of BMP2, although
it was not significant for G4 compared to G3. Previous studies
reported a similar interaction of TGF-31/BMP2 on the dra-
matic increase in deposition of sGAG and collagen content
[14, 15]. In our study however, relative gene expressions of
COL2A1, ACAN, and SOX9 decreased in the presence of
BMP2, at least until the end of day 16.

BMP2 simultaneously has chondrogenic or osteogenic ef-
fects in osteochondral axis [20]. A previous study reported that
TGF-f31 enhances BMP2 induced chondrogenic characteris-
tics of explants [15]. Additionally it has been shown that over-
expression of exogenous SOX9 potentiates BMP2-induced
chondrogenic differentiation of MSCs in vitro [20].
Therefore, we concluded that short-term treatment of MSCs
with TGF-31 followed by BMP2 might increase chondrogenic
markers due to the ability of TGF-31 to trigger expression of
the SOXO transcription factor. However, our results showed
that four days of pre-treatment with TGF-f31 followed by
BMP2 plus TGF-31 for 12 days caused an initial, sharp

reduction in COL2AI, ACAN, and SOX9 expressions com-
pared to the control groups which noticeably increased when
post-treatment with TGF-{31 continued for one or two weeks
after day 16.

Although the combination of BMP2 with TGF-31 appears
to be promising in terms of chondrogenesis, it simultaneously
induces expression of undesirable hypertrophic markers [14].
Our results have shown that BMP2 considerably increased
expressions of ALP and COL X, especially by day 30.

We included PTHrP in our research because multiple studies
previously reported the effectiveness of PTHrP in chondrogen-
esis [10, 35] and inhibitory function on chondrocyte hypertro-
phy [33, 36]. In the current study, the combination of PTHrP
with TGF-31 was used over one (G7) or two weeks (G8) after
the end of treatment with BMP2 to avoid any potentially adverse
effects.

Analysis of the amount of sSGAG and collagen revealed that
the one-week application of PTHrP did not considerably affect
micromasses pretreated with TGF-31/BMP2. However, we
observed a nonsignificant decrease with a two-week applica-
tion of PTHrP. qRT-PCR analysis showed that SOX9 expres-
sion was not affected by PTHrP and followed the same trend as
the TGF-{31/BMP2 treated group (G5 and G4). However, gene
expression analysis of COL2A1, ACAN and MATNI showed
that PTHrP tended to decrease TGF-31/BMP2 induced
chondrogenic markers and promotion of maturation.

PTHrP and Indian hedgehog (Ihh) have been shown to
form a negative feedback loop responsible for regulation of
hypertrophy during osteochondral ossification [35, 36]. In this
study the application of PTHrP might have caused a decrease
in Thh expression and related chondrogenic markers through
the Thh signaling pathway.

FGF2 is a member of the FGF family. Its role in chondro-
genesis has been reported by several studies [25, 37]. We used
FGF2 during the third or fourth week of the differentiation
program and studied its combined effect on TGF-31/BMP2
pre-treated micromasses. Our data showed that application of
FGF2 severely reduced chondrogenic marker as well as de-
creased expression of COL X and ALP. Our findings
contrasted those by Bosseti et al. [37] who investigated the
combined effects of TGF-(32 and FGF2 on chondrogenesis of
MSCs. However, Hildner et al. [28] reported a decreased ef-
fect of FGF2 on TGF-3/BMP-6 promoted chondrogenesis,
which was similar to the current study.

Our results indicated that FGF2 decreased the expres-
sion of ALP and COL X as well as chondrogenic markers
that are usually increased in TGF 3/ BMP promoted in vitro
chondrogenesis of MSCs.

In this study FGF2, unlike BMP2, had an antagonistic
effect on GAG and collagen synthesis during chondrogene-
sis. FGF2 and BMP2 work in different ways and employ
various signaling pathways. BMP2 uses the Smad pathway,
whereas FGF2 exerts its function via the Erk signaling
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< Fig. 5 Combined effect of transforming growth factor beta (TGF-f1),

bone morphogenetic protein 2 (BMP2), fibroblast growth factor 2
(FGF2), and parathyroid hormone related protein (PTHrP) growth
factors on relative gene expression of bone marrow derived mesenchy-
mal stem cells (MSCs) that underwent chondrogenic differentiation.
Expressions of typical chondrocyte markers were normalized to the ex-
pression of a housekeeping gene (GAPDH) and quantitatively compared
to the reference sample using the CT method. Only treated TGF-f31
groups at days 16, 23, and 30 (G1, G2, and G3, respectively) were used
as the reference samples (control) for gene expression analysis and the
data were displayed as In (2*(AACt)). Mean values for n =3 samples
together with the SEM. *: p <0.05 vs. control; **: p<0.01 vs. control;
*##%: p<0.001 vs. control

We also assessed the impact of the combined effect of
PTHrP and FGF2 on differentiation potential of TGF-31/
BMP2. We defined two groups (G9 and G12), in which
PTHrP and FGF2 were successively and separately applied.
There were no differences between G9 and G12 with respect
to metachromatic staining. However, they varied in
micromass structure. G9, like G11, received FGF2 at the
fourth week and it seemed that the observed similarity in la-
cuna shape and size was due to treatment with FGF2 during
the last week. G9, unlike G11, received PTHrP for at least one
week and it possibly resulted in loss of the inhibitory effect of
FGF2 on TGF-31/BMP2 promoted chondrogenesis.
Deposition of GAG and collagen in G12, like G11, signifi-
cantly decreased compared to G4 and G9. Therefore, applica-
tion of PTHrP could not limit the decreasing action of FGF2
on ECM synthesis in the G12 group.

Expressions of SOX9, ACAN, COL2A1, and MATN1 were
affected differently by the order of application of FGF2 and
PTHrP in the G9 and G12 groups. The expression of SOX9
and ACAN in G9, where PTHrP was applied prior to FGF2 on
TGF-31/BMP2 pre-treated micromasses were considerably
increased whereas, SOX9 and ACAN expressions were drasti-
cally decreased in G12 group in which application of FGF2
was prior to PTHrP. However, the expression of COL2A[ and
MATNI in G9 unlike G12 were noticeably decreased com-
pared to G3 control group and were not in the same direction
with SOX9 and ACAN. Another regulatory factor appears to
be involved in the regulation of COL II expression in addition
to SOX9. This finding was previously reported in a number of
studies [39, 40].

MATNI expression significantly decreased using FGF2
compared to the TGF-f1/BMP2 pre-treated group.
Surprisingly, application of PTHrP rather than FGF2 caused
an increase in the expression of MATNI in the G8 group and
could inhibit the negative impact of FGF2 on the expression of
MATNI inthe G12 group. The incremental effect of PTHrP on
the expression of cartilage matrix protein (CMP/MATN1), a
marker of mature chondrocytes [41], demonstrated the impact
of PTHrP on chondrocyte maturation. It possibly leads to
chondrocytes pre-maturation by an inhibitory effect on the
expression of Thh in proliferating chondrocytes.

In conclusion, this study demonstrated that transient appli-
cation of BMP2 in combination with TGF-31 was more effec-
tive in inducing chondrogenic differentiation than TGF-{31
alone. However, increased expression of a hypertrophy pheno-
type was observed in differentiated MSCs using BMP2.
Application of PTHrP or FGF2 on TGF-31/BMP2 pre-
treated micromasses showed the pros and cons of either ex-
pression of hypertrophic and chondrogenic markers. Thus, ap-
plication of TGF-31/BMP2 on micromasses followed by suc-
cessive combinations of PTHrP/FGF2 (G9 group) showed an
incremental effect, at least in part, on chondrogenic markers,
yet effectively decreased expressions of ALP and COL X.
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