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Abstract: The proteins known as growth differentiation factors (GDFs) are members of the BMP family; GDF-5, -6, and -7
play important roles in skeletogenesis, especially with regard to chondrogenesis. The functional differences among these
GDFs in chondrogenesis and chondrocyte cell differentiation remains unclear. Here, we attempt to assay cell proliferation,
the production of chondrogenic matrices indicated by alcian blue intensity, and the profile of a chondrogenic cell
differentiation marker gene in a cell culture of the chondrogenic cell line ATDC5 with or without recombinant mouse GDF-5,
-6, and -7. After 24h culture, the ATDC5 cell number was significantly decreased in the exogenous presence of each GDF
compared with a control culture absent all GDFs. On the other hand, alcian blue staining of cell cultures after 2w culture
showed significantly increased intensity compared with that of the control. The expression levels of the chondrogenic cell
differentiation marker genes Sox9 and aggrecan were increased after 24h and 48h culture by all GDFs, but were significantly
increased in the presence of GDF-5 compared with the presence of GDF-6 or -7. These findings suggest that GDF-5, -6, and
-7 could all promote chondrogenic cell differentiation of ATDC5, but GDF-5 may induce chondrogenic genes more potently
than GDF-6 and -7 do.
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1. Introduction
The proteins known as growth differentiation factors (GDFs)
are members of the BMP family, which in turn belongs to the
transforming growth factor beta (TGF-β) superfamily. Based
on the similarity of their amino acid sequences, GDF-5,
GDF-6 and GDF-7 can be classified as a subgroup of GDFs.
Mutation of GDF-5 has been identified as associated with
skeletal growth and development in mice [1] and humans [2].
GDF-5 has chondro- and osteo-inductive functions both in
vivo [3] and in vitro [4]. Both GDF-5 and GDF-6 are present
in adult bovine and human articular cartilage; in vitro, they
stimulate the metabolic activity of chondrocytes [5]. In human
mesenchymal stem cells, GDF-6 promotes proteoglycan

synthesis and chondrogenic gene expression [6]. In a mouse
pluripotent mesenchymal cell line, GDF-7 enhanced alcian
blue staining, which is indicative of extracellular matrix
formation [7]. Experiments with GDF-7 deficient mice have
revealed that, in the absence of GDF-7, the rate of
endochondral bone growth is affected through modulation of
the hypertrophic zone in growth plate chondrocytes [8].
Furthermore, in chondrocyte-derived bovine articular cartilage
cultured on a PG scaffold, GDF-6 and GDF-7 increased
collagen and glycosaminoglycans, which serve as extracellular
matrices of cartilage [9]. In spite of this accumulated
knowledge, however, the functional differences among GDF-5,
GDF-6 and GDF-7 from the same cell source have not yet
been identified. In this study, we attempt to clarify the
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differences among these growth factors, with particular
attention to their roles in chondrogenic cell differentiation in a
mouse chondrogenic cell line.

2. Materials and Methods
2.1. Cell Culture
Cells from the mouse chondrogenic cell line ATDC5
were obtained from Riken Bioresource Center Cell Bank
(Tsukuba, Japan). ATDC5 cells were cultured to reach an
appropriate cell number for each experiment using cell
maintenance medium consisting of a 1:1 mixture of
Dulbecco’s Modified Eagle Medium (D-MEM) and Ham’s
F12 (Invitrogen/Life Technologies, Tokyo, Japan), 5% fetal
bovine serum (FBS, Equitech-Bio Inc., Tokyo, Japan), 3 ×
10-8 M sodium selenite (Wako, Osaka, Japan), 10µg/ml
holo-form bovine transferrin (Invitrogen), and antibiotics
(100U/ml of penicillin-G and 100mg/ml of streptomycin) at
37°C in a humidified atmosphere of 5% CO2 in air. In each
experiment, cells were treated with various concentrations
of recombinant mouse GDF-5, -6, and -7 (R&D Systems,
Minneapolis, MN, USA) diluted in 0.1% bovine serum
albumin (Sigma Aldrich, Tokyo, Japan) in Hank’s balanced
salt solution and cultured for the indicated time.
2.2. Cell Proliferation
The proportional numbers of cells were counted as
described previously [10] using a Cell Counting Kit-8
(Dojindo Laboratories, Kumamoto, Japan), which de-pends
on the measurement of a highly water-soluble formazan
dye produced from tetrazolium salts. ATDC5 cells were
seeded at 1.0 × 103 cells per well on a 96-well plate, and
after initial cell attachment the medium was changed that
included 12.5, 25, 50, or 100ng/ml of GDF-5, -6, or -7.
After 24 hours of cell culture, cells were incubated with
counting reagent for one hour according to the
manufacturer’s instructions. The relative cell number was
then determined by measuring light absorbance at a
wavelength of 450nm (1420 Multilabel counter ARVO MS;
PerkinElmer, Waltham, MA, USA) using the formazan dye
product in the cultures.
2.3. Alcian Blue Staining
The presence of sulfated proteoglycans, indicative of
cartilaginous matrix production, was detected by alcian
blue staining. After cell confluence, ATDC5 cells were
seeded on 24-well plates and grown to the required cell
number in a maintenance medium that included 12.5, 25,
50 or 100ng/ml of GDF-5, -6, or -7. After two weeks of cell
culture in this medium, which was changed twice per week,
alcian blue staining was performed as described previously
with minor modifications [4]. Briefly, cultures were fixed
in 2% acetic acid in ethanol for 15min at room temperature,
rehydrated and stained overnight at room temperature with
0.5% Alcian Blue Stain Solution pH2.5 (Muto Pure
Chemicals, Tokyo, Japan). The intensity of alcian blue
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staining was measured by absorbance at 600nm (1420
Multilabel counter ARVO MS, PerkinElmer) after the
alcian blue stained cartilage matrices were solubilized with
4M guanidine hydrochloride.
2.4. Reverse Transcription Polymerase Chain Reaction
(RT-PCR)
ATDC5 cells were cultured in the absence or presence of
50ng/ml of GDF-5, -6 or -7 in maintenance medium. After 24
and 48 hours culture, total RNA was isolated from each
culture’s cells using an RNeasy Mini Kit (Qiagen, Inc.,
Valencia, CA, USA) according to the manufacturer’s
instructions. The expression levels of several chondrogenic
differentiation marker genes (Sox9, Collagen Type II (Col2),
Collagen Type X (ColX), and Aggrecan) were analyzed using
real-time quantitative RT-PCR (MX3005P, Agilent
Technologies, Tokyo, Japan); reverse transcription and
real-time PCR were per-formed as previously reported with
minor modifications [11]. Briefly, reverse transcription was
performed using the iScript Reverse Transcription Supermix
for RT-qPCR (Bio-Rad, Tokyo, Japan) according to the
manufacturer’s instructions. Real-time PCR was performed
using iTaqTM SYBR Green Supermix with ROX (Bio-Rad)
for 45 cycles, each consisting of 95°C for 30 seconds, 60°C for
45 seconds and 72°C for 30 seconds. Relative standard curves
representing several 10-fold dilutions of standard cDNA
(1:10:100:1000) were used for a linear regression analysis of
unknown samples. The expression levels of each
chondrogenic differentiation marker gene were assessed
relative to that of glycealde-hyde-3-phosphate dehydrogenase
(GAPDH). Amplimers designed for each gene have been
previously reported [4].
2.5. Statistical Analysis
All data are expressed as the mean + standard deviation
(SD) of the mean; sample numbers were 8 or 6 for each
experiment. Statistical significance was determined using
Krushkal-Wallis one-way analysis of variance (ANOVA)
followed by a post-hoc t-test. Differences were considered
significant at a p value of < 0.05.

3. Results
3.1. Cell Proliferation
In order to compare the functions of GDFs in the
regulation of cartilage formation systematically, we first
analyzed their effects on cell proliferation. The proportional
cell number of ATDC5 was determined by measurement of
water-soluble formazan dye after 24 hours of culture in the
presence of GDF-5, -6, or -7 at 12.5, 25, 50, or 100ng/ml
(Fig. 1). These concentrations were tested be-cause similar
concentrations of GDF-5 have been used previously to
elicit a cell proliferation response [4]. In the presence of
GDF-5, the cell number was significantly and
dose-dependently decreased at concentrations of 12.5, 25
and 100ng/ml (Fig.1). In the presence of GDF-6, the cell
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number showed a tendency to decrease at all tested
concentrations, although significant decreases were seen
only between 12.5 and 100ng/ml (Fig. 1). In the presence
of GDF-7, the cell number was significantly decreased at
concentrations of 12.5, 50 and 100ng/ml (Fig. 1).

expression in ATDC5 cells after 24 and 48 hours of culture
(Fig. 3A, B, C), though aggrecan did (Fig. 3D). In the
presence of 50ng/ml of GDF-5, -6 or -7, on the other hand,
Sox9, ColX and aggrecan showed increased expression in
ATDC5 cells after 24 and 48 hours (Fig. 3A, B, C and D).
Furthermore, the presence of GDF-5 significantly increased
the gene expression of Sox9 after 24 hours of culture (Fig.
3A) and that of aggrecan after 48 hours of culture (Fig. 3D)
compared with the presence of GDF-6 or -7 after the
equivalent culture period.

Figure 1. Proportional cell number of ATDC5 in the presence each dose of
GDFs after 24h culture. *p<0.05 when compared with each dose of GDFs.

3.2. Alcian Blue Staining
Next we investigated the production of cartilaginous
matrices by ATDC5 cells, which can be measured with
alcian blue staining after two weeks of culture. Cultures of
ATDC5 were stained alcian blue at each concentration of
each GDF (Fig. 2A), and the intensity of alcian blue
staining increased in a dose-dependent manner (Fig. 2B).
3.3. Gene Expression
We examined the expression levels of cartilage marker
transcripts, such as Sox9, Col2, ColX, and aggrecan, using
RT-PCR. In the absence of GDFs in the maintenance
medium, Sox9, Col2 and ColX did not in decrease in

Figure 2. Alcian blue staining of ATDC5 cells and staining intensity assay
of alcian blue treated by each GDFs. ATDC5 cells were cultured for 2w in
the absence (Fig.2A, 0, Fig.2B, Control) or in the presence four dose of
GDF-5, GDF-6, or GDF-7. Representative alcian blue staining of ATDC5
culture in the absence or presence of each GDFs (A) and the intensity of
staining measured by solubilized alcian blue stain using light absorbance at
600nm (B). *p<0.05 when compared with control or each dose of GDFs.

Figure 3. The gene expression profile of chondrogenic differentiation marker promoted by each GDFs. ATDC5 cells were cultured for 24 or 48 hours in the
absence (Control) or presence (GDF-5, GDF-6, and GDF-7) of each GDFs at 50ng/ml. Relative gene expression was assayed by real-time RT-PCR and
normalize to that of GAPDH. Each gene expression was designated as ratio to that at initial cell attachment as one (Initial). *p<0.05 when compared with
initial or each GDFs.

4. Discussion
Previous studies have suggested that GDF-5, GDF-6, and
GDF-7 all play important roles in chondrogenesis or

chondrogenic cell differentiation in vitro and in vivo
[1,3-5,7-9]. It remains unclear, however, whether these
GDFs have different effects on chondrogenic cell
differentiation or chondrogenic matrix production.
In our study, GDF-5, -6, and -7 induced cartilaginous
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nodule formation dose-dependently after two weeks of
culture in the absence of insulin and ascorbic acid. The
ATDC5 cell line was originally established from mouse
embryonic teratocarcinoma cells which, when supplemented
with 10g/ml insulin in maintenance medium containing
sodium selenite and transferrin, could undergo sequential
chondrogenic proteoglycan synthesis [12]. ATDC5 cells that
were treated on day 7 of culture with ascorbic 2-phosphate
along with insulin in DMEM/F12 produced larger and more
abundant cartilaginous nodules on day 21 of culture than
ATDC5 cells cultured in the absence of ascorbic
2-phosphate did [13]. However, a previous study reported
that GDF-5 enhanced cartilage nodule formation in ATDC5
cells over three weeks (21days) of culture in DMEM/F12
differentiation medium containing ascorbic acid and
β-glycerophosphate but not insulin [14].
Additionally, transforming growth factor beta-1 (TGFβ1)
could promote chondrogenic differentiation as indicated by
an increase in alcian blue staining intensity after 17 days of
culture with alpha-modified Eagle Medium (αMEM) in the
absence of ascorbic acid, β-glycerophosphate, and insulin
[15]. In human mesenchymal stromal cells derived from
bone marrow and cultured in both a growth medium
including insulin and an osteo-inductive medium including
β-glycerophosphate,
BMP-13
(GDF-6)
promoted
proteoglycan synthesis as indicated by alcian blue staining
[6]. It has also been reported that GDF-7 increased alcian
blue staining, suggesting extracellular matrix formation, in
cells from the mouse pluripotent mesenchymal cell line
C3H10T1/2 cultured in DMEM containing ascorbic acid and
β-glycerophosphate [7]. Thus our result suggests that, in
ATDC5 cells, GDF-5, -6 and -7 all promote the formation of
cartilaginous nodules or the production of proteoglycans as
indicated by alcian blue staining in a dose-dependent
manner after two weeks of culture, even in the absence of
other chondrogenesis-inducing factors such as ascorbic acid,
β-glycerophosphate and insulin.
Our study demonstrated that all three of the exogenous
GDFs that we studied promoted chondrogenic marker gene
expressions, and in particular that, compared with GDF-6
and GDF-7, GDF-5 significantly promoted the gene
expression of Sox9 after 24 hours of culture and that of
aggrecan after 48 hours culture. Sox9 is expressed
predominantly in cells in mesenchymal condensations
during the early skeletal development of embryos [16], and
an overexpression of Sox9 enhanced aggrecan expression in
a mouse articular cartilage-derived cell line [17]. Thus our
finding that exogenous GDF-5 increases the expression of
aggrecan after 48 hours of culture may depend on the fact
that it first increases the expression of Sox9 after 24 hours of
culture.
In ATDC5 cells, exogenous GDF-5 increased the
expression of Col2 after one day of culture and further
increased it after nine days of culture, as revealed by
Northern Blot analysis [14]. In addition, exogenous GDF-5
increased aggrecan expression in periodontal ligament cells
although it did not increase the expression of Sox9 [18]. It
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has been suggested that GDF-6 may promote the formation
of chondrogenic gene products while inhibiting or retarding
osteo-inductive signaling [6]. On the other hand, it has been
reported that GDF-7 stimulates alcian blue staining, which is
indicative of extracellular matrix formation, without
affecting aggrecan gene expression in the mouse pluripotent
mesenchymal cell line C3H10T1/2 [7]. Furthermore, cells of
the MC615 chondrocyte cell line derived from the limbs of
14-day mouse embryos can simultaneously express
chondrocytic and osteoblastic markers in response to BMP-2
or -4, but show minimal response to BMP-12 (or GDF-7) or
BMP-13 (or GDF-6) [19]. Taken together, our results
indicate that, in the ATDC5 chondrogenic cell line, GDF-5,
-6 and -7 can all promote chondrogenic cell differentiation
marker genes, and especially that GDF-5 has a more potent
effect than GDF-6 and GDF-7 have on the increase in
aggrecan expression that is induced by Sox9. In summary,
our study suggests that GDF-5, -6 and -7 do have functional
differences in early chondrogenic cell differentiation with
regard to chondrogenic gene expression. Our findings may
be useful in the field of tissue regeneration as these GDFs
could serve as molecular manipulators of cell differentiation.
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