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Abstract Regulated splicing of fibronectin (FN) occurs during the mesenchymal to chondrocyte transition and
ultimately results in the relative enrichment of an extra domain B (EDB) exon-containing FN isoform with the suggestion
that FN isoforms may play a functional role in chondrogenesis. Promotion of chondrogenesis can also be achieved by
treatment with transforming growth factor-b (TGF-b), which also regulates FN isoform expression.We have examined the
effects of TGF-b treatment on the assumption of the chondrogenic phenotype in the teratoma-derived cell lineATDC5 and
tested whether these effects on chondrogenesis are paralleled by appropriate changes in FN isoform expression. ATDC5
cells were maintained in a pre-chondrogenic state and, in this state, treated with 10 ng/ml TGF-b. The cells started to
elaborate a matrix rich in sulfated proteoglycans, such that within the first 12 days of culture, TGF-b1 treatment appeared
to slightly accelerate early acquisition of an Alcian blue-stainedmatrix, and caused a dose- and time-dependent decrease
in collagen type I expression; changes in collagen type II expressionwere variable. At later times, cells treatedwith TGF-b
became indistinguishable from those of the controls. Interestingly, TGF-b treatment caused a significant dose- and time-
dependent decrease in the proportion of FN containing the extra domain A (EDA) and the EDB exons. These data suggest
that TGF-b induces the early stages of chondrogenic maturation in this pre-chondrogenic line and that TGF-b treatment
increases expression of FN isoforms that lack the EDA and EDB exons. J. Cell. Biochem. 95: 750–762, 2005.
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Endochondral bone formation arises from
the staged replacement of the cartilaginous
rudiment. These cartilaginous elements arise

from mesenchymal cells that condense to form
the embryonic limb bud and then undergo
maturation that is governed by a series of
transcriptional and post-transcriptional events
[Hickok et al., 1998]. A number of trans-
cription factors and extracellular matrix com-
ponents have been suggested to be important
for the transition from a mesenchymal cell
through a pre-chondrogenic pre-cursor to a
chondrocyte. Among these suggested regulators
is the extracellular matrix protein fibronectin
(FN).

Multiple isoforms of FN occur and are expres-
sed in a tissue- and developmentally-specific
manner [Kornblihtt et al., 1985; Bennett et al.,
1991; ffrench-Constant, 1995; Gehris et al.,
1996b; MacLeod et al., 1996]. These isoforms
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arise from alternative splicing associated with
two type III repeats, and complex splicing of
a third exon called V or IIICS that connects
two type III regions [Kornblihtt et al., 1985;
Paul et al., 1986; Norton and Hynes, 1987]. The
first two exons are referred to as extra domain
A and B (EDA or EDB) or EIIIA or EIIIB. The
protein segments encoded by these exons reside
between type III repeats 11 and 12 (EDA) and
between repeats 7 and 8 (EDB) [Schwarzbauer
et al., 1983, 1987; Paul et al., 1986; Norton and
Hynes, 1987]. Inclusion or exclusion of these
two exons results in the production of four of the
FN isoforms.
TGF-b is an important growth factor impli-

cated in regulation of many genes and proteins
during chondrogenic maturation [Wu et al.,
1992] and is used to induce chondrogenesis
in high-density cultures of mesenchymal pre-
cursor cells [Lust et al., 1991]. Regulation of
FN levels and isoform expression may occur in-
dependently of the Smad pathway [Hocevar
et al., 1999]. TGF-b1 treatment favors in-
clusion of EDA in fibroblasts [Balza et al.,
1988; Inoue et al., 1999], bovine granulose cells
[Colman-Lerner et al., 1999], and tubular epi-
thelial cells [Viedt et al., 1995; Burger et al.,
1998] and inclusion of EDB in fibroblasts [Borsi
et al., 1992].
The FN isoforms are expressed in a charac-

teristic pattern during chondrocyte matura-
tion [Bennett et al., 1991; Gehris et al., 1996b;
Peters and Hynes, 1996]. FNs containing these
exons appear to be more readily incorporated
into the extracellular matrix, suggesting a role
in matrix stability [Guan et al., 1990]. Specifi-
cally, FN Aþ Bþ are characteristic of mesench-
ymal pre-cursor cells. As these cells undergo
chondrocytic differentiation, splicing favors
exclusion of the EDA exon and inclusion of the
B exon [Bennett et al., 1991]. Exclusion of EDA
during chondrocyte maturation occurs consis-
tently over several species [Zhang et al., 1995],
whereas the inclusion rate of the EDB exon
appears to be dependent on the tissue and on the
species studied [Bennett et al., 1991; Magnuson
et al., 1991; Zhang et al., 1995]. Studies of
the EDA exon implicate it in altered cellular
spreading, migration, and transit through the
cell cycle [Hashimoto-Uoshima et al., 1997;
Manabe et al., 1997, 1999]. Animals in which
splicing of the EDA exon was ablated appeared
normal except for deficits in wound healing and
a decreased life span [Muro et al., 2003; Tan

et al., 2004]. In vitro studies using mini-genes
containing the EDB exon suggest an RGD- and
integrin-independent role in cell adhesion
[Chen and Culp, 1998]. The EDB exon has been
ablated and results in mice that are of normal
size, exhibit Mendelian frequencies for off-
spring, and show no obvious abnormalities in
cartilage or fracture repair. However, fibro-
blasts from these animals showed a small
decrease in proliferative rate and decreased
FN matrix assembly [Fukuda et al., 2002].

The data therefore suggest that the different
FN isoforms may have unique roles in the
initiation of cellular signaling and determina-
tion of cellular morphology. During chondro-
genesis, the transition from a more fibroblastic
mesenchymal cell to a rounded cell is neces-
sary for differentiation [Loty et al., 1995],
and based on reported studies, we and others
have hypothesized that the production and
deposition of these FN isoforms may play an
important role in the induction and mainte-
nance of the chondrogenic phenotype [Bennett
et al., 1991; Burton-Wurster et al., 1997; White
et al., 2003].

In order to begin to examine interrelation-
ships between TGF-b1 regulation of FN isoform
expression and chondrogenesis, we have chosen
to use themouse teratoma cell lineATDC5. This
line is maintained in its committed, prolifera-
tive, pre-chondrogenic state by culturing in
DMEM/F-12 containing serum, 378C, 5% CO2.
When switched to a-MEM containing serum
supplements with insulin, transferrin, and
selenium (ITS), 3% CO2, the cells differentiate
to recapitulate the chondrocyte condensation
to hypertrophy program [Atsumi et al., 1990].
When these chondrogenic cells (in medium
containing ITS) are treated with members of
the TGF-b superfamily, they appear to pro-
gress to the proliferating chondrocyte without
the transition through cellular condensation
[Asahina et al., 1996; Shukunami et al., 1998;
Kawai et al., 1999].Effects ofTGF-b1 on thepre-
chondrogenic cells (without ITS) are not known.
We have asked if TGF-b1 is sufficient to induce
chondrogenesis and appropriate maturation-
dependent FN-isoform expression in ATDC5
cells maintained without ITS. Our data suggest
that (1) TGF-b1 effects on chondrogenesis were
separable from effects on FN splicing and (2)
TGF-b1 appears to only accelerate early chon-
drogenic maturation while suppressing FN
EDA and EDB inclusion.

TGF-b1 Regulates Chondrocyte Differentiation 751



METHODS

Cell Culture

ATDC5 cells were routinely grown in Dulbec-
co’s Modified Eagle Medium (DMEM) Ham’s F-
12 (1:1) (Invitrogen, San Diego, CA) containing
5% fetal bovine serum (FBS) (Atlanta Biologi-
cals, Atlanta, GA), and maintained at 378C
and 5% CO2. ATDC5 cells were inoculated into
6-well plastic cell culture plates (Corning,
Corning,NY), andmaintained inDMEM/Ham’s
F-12 (1:1) containing 5% FBS at 378C and 5%
CO2 until confluence. After confluence, plates
were separated into three groups and cultured
as follows: Group one: DMEM/Ham’s F-12 (1:1)
containing 5% FBS, 378C, 5% CO2 as a control;
Group two: a-modified Eagle Medium (aMEM)
(Invitrogen) containing 5% FBS, 378C, 3% CO2;
Group three: aMEM containing 5% FBS, and 1
or 10 ng/ml human transforming growth factor-
b 1(TGF-b1, Atlanta Biologicals, Atlanta, GA)
In a series of short-term experiments, cells were
cultured as above in the presence and absence
of serum for up to 4 days. The cells proliferate
as pre-chondrocytic mesenchymal cells when
cultured in serum-containing DMEM/F-12,
the pre-chondrogenic maintenance medium or
a-MEM, the medium permissive for chondro-
genesis. Please note that, according to pub-
lished accounts, addition of 10 mg/ml bovine
insulin (I), 10 mg/ml human transferrin (T),
3� 10�8 mol/L sodium selenite (S) (ITS, Bio-
whittaker, Walkersville, MD) is necessary for
them to undergo the complete program of
chondrocyte maturation; in the absence of ITS,
according to published accounts, they should
matureatmost into the condensing chondrocyte
[Atsumi et al., 1990]. Medium was refreshed
every 3 days.

Alcian Blue Staining

Cells were washed in PBS, fixed in 4%
formalin in PBS for 10 min, and incubated with
1% Alcian blue (Fluka, Buchs, Switzerland) in
0.1N HCl overnight at room temperature.

Plates were rinsed with PBS and extent of
staining detected by digital imaging.

RNA Extraction and Transcription-Polymerase
Chain Reaction

Total RNA was isolated from ATDC5 cells
(Qiagen RNeasy kit (Qiagen, Chatsworth, CA)),
measured spectrophotometrically, 1.0 mg was
reverse transcribed into cDNA (SuperScript
First-Stand Synthesis System (Invitrogen)),
and amplified in 50 ml of PCR reaction. The
primers used are shown in Table I, with
amplification conditions in Table II. The PCR
products were fractionated by electrophoresis
in 1% agarose gels containing ethidium bro-
mide, and sizes compared to pGEM DNA
markers (Promega, Madison, WI). Images were
recorded digitally and relative densities deter-
mined using the Scion Image Program (Scion
Technologies, Inc.)

DNA Sequencing of PCR Products

PCR-amplified FN EDB isoform cDNAs were
fractionated by electrophoresis, bands isolated
andeluted (QiagenGelExtractionkit (Qiagen)),
and sequenced using a TGG CCT GGA GTA
CAA CGT CAG primer that resides 21 bp 30 of
the original sense primer used to generate the
cDNA fragment. Sequencing was performed
using the central sequencing facility at Thomas
Jefferson University.

DNA Measurement

ATDC5 proliferation was measured based
on cellular DNA content using the PicoGreen
dsDNA quantitation kit (Molecular Probes,
Eugene, OR); PicoGreen binds to double-
stranded DNA to yield a fluorescent signal that
is proportional to DNA content. ATDC5 cells
were incubated in 96-well flat bottom plates
(Corning, Corning, NY). Different cell densities
(5,000, 1,000, 500, and 100/well) were added,
and cultured in (MEM containing 5% FBS and
0, 1, or 10 ng/ml TGF-b1. Cells were harvested,
lysed, and fluorescence measured, relative to a

TABLE I. Amplification Primers

Name Forward (50–30) Reverse (50–30) Reference

Collagen type I, (col a1 (I)) GAATTCGGACTAGACATTG GGTAAGGTTGAATGCACT
Collagen type II, (col a1(II)), GTGAGCCATGATCCGC GACCAGGATTTCCAGG 489 bp

285 bp
SR protein40 (SRp40) GAATTTATCCTCAAGAGTCAG ACTTCTGGTCCGAGATCGTGA Kuo et al. [2002]
FN EDA exon GAAATGACCATTGAAGGTTTG TTCTTTCATTGGTCCTGTCTT Gehris et al. [1996a]
FN EDB exon CATGCTGATCAGAGTTCCTG GGTGAGTAGCGCACCAAGAG Gehris et al. [1996a]
b-actin GTGCTATGTTGCCCTGGATT TGCTAGGGCTGTGATCTCCT
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standard curve of DNA concentration using
SpectreFluorPlus (Tecan,Austria) plate reader.

Data Analysis

All gels were digitally imaged and assembled
using Adobe PhotoShop. Within any series, all
adjustments were made in parallel to all gels
used for comparison. Statistical significance
was determined using a two-way analysis of
variance (ANOVA) with time and treatment
as covariates. A Tukey multiple comparison
procedure was used to determine differences
between groups. Each experiment shown is a
representative experiment of at least three
experiments.

RESULTS

TGF-b1 is a growth factor that has been
implicated in chondrocyte condensation, as well
as regulating FN splice site selection. We
therefore investigated the effects of TGF-b1 on
the pre-chondrogenic, teratoma-derived cell
line, ATDC5. ATDC5 cells were cultured in
DMEM/F-12, the medium used to maintain
cells in their committed pre-chondrogenic state;
effects of TGF-b1 were assessed in this medium
for some dose-response studies. In parallel, in
all dose-response and time course studies,
cells were maintained in aMEM containing
5% FBS, 3% CO2. In this medium, ATDC5 cells
are reported to remain as pre-chondrocytes
with minimal differentiation; work from others
shows that chondrocyte maturation does not
occur until addition of insulin, transferrin, and
selenium (ITS) [Atsumi et al., 1990]. Thus, in
this report, ATDC5 cells were maintained as
pre-chondrocytes. Using these conditions, we
determined whether TGF-b1 treatment caused
the assumption of a chondrogenic phenotype,
characterized by a reduction in cellular prolif-
eration, acquisition of a sulfated proteoglycan
matrix and modification of the expression pat-
tern of collagens type I and II. We then tested

the hypothesis that TGF-b1 treatment alters
FN EDA or EDB inclusion in parallel with
effects on chondrogenesis and as a function of
dose and time.

TGF-b1 Does Not Affect Early
Cell Proliferation

To measure cell proliferation, DNA content
was measured in cells maintained in aMEM
containing 0, 1, or10 ng/ml TGF-b1 (Fig. 1A). No
proliferative differences were apparent at 1, 2,
or 3 days of culture. At day 4, cells cultured in
the presence of TGF-b1 showed a trend towards
a decrease in proliferation in comparison to cells
treated with 1 or 0 ng/ml TGF-b1.

TGF-b1 Treatment Accelerates Accumulation
of an Early Sulfated Proteoglycan Matrix

Wenext examined the effect of 10 ng/ml TGF-
b1 on the acquisition of a sulfated proteoglycan
matrix over a 42-day time course. As shown in
Figure 1B, through day 17, Alcian blue staining
appeared slightly bluer in cultures contain-
ing TGF-b. Beyond that time point, staining
appeared equivalent between control and TGF-
b1-treated cells.However, after day 14, cultures
treated with aMEM alone showed focal clusters
of intensely stained cells that were not seen in
the cultures treated with aMEM supplemented
withTGF-b1 (SeeFig. 1B, close-ups). Therefore,
aMEM, even in the absence of ITS, appeared to
support some degree of chondrocyte matura-
tion; based on the appearance of these cultures,
the inclusion of TGF-b1 early in the culture
period facilitated this process. At later time
points, cells cultured in aMEM alone continued
to mature whereas inclusion of TGF-b1 in the
aMEM culture medium appeared to inhibit
complete chondrogenic differentiation as mark-
ed by the absence of focal Alcian blue staining.
Based on densitometry of the cultures (Fig. 1C),
total Alcian blue staining only showed a time-
dependence.

TABLE II. Amplification Conditions

Denaturation Annealing Extension Cycles

Col a1(I) 948C 1 min 478C 1.5 min 728C 1 min 26,27
Col aI(II) 948C 1 min 488C 1.5 min 728C 1 min 30,33
SRp40 948C 1 min 558C 1.5 min 728C 1 min 27,28,30
FN EDA 948C 1 min 508C 1.5 min 728C 1 min 28,35
FN EDB 948C 1 min 538C 1.5 min 728C 1 min 28,35
b-actin 948C 1 min 558C 1.5 min 728C 1 min 20
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TGF-b1 Regulates Collagen Type II and Type I
Accumulation in a Time-Dependent Manner

To examine the time course of maturation of
the ATDC5 precursor cells, collagen type I and

collagen type II mRNA levels at times through
42 days were measured by semi-quantitative
RT-PCR. b-actin amplified in parallel was used
as a control. Based on normalization of the data,
two groups were analyzed. The first group

Fig. 1. TGF-b1 does not affect ATDC5 cell proliferation and
accelerates Alcian blue staining. A: ATDC5 cells were main-
tained in aMEMcontaining 10 (^), 1 (&), or 0 ng/ml (~) TGF-b1
and cells stained for DNA content using the PicoGreen kit on the
indicated days.B: ATDC5 cells weremaintained inDMEM/F-12,
aMEM or aMEMþ 10 ng/ml TGF-a1 for times up to 42 days and
sulfated proteoglycan content detected by Alcian blue staining.

Representative samples for 7, 14, 17, and 28 days are shown,
as are close-up views for the 14 and 28 day cultures, where
the presence of focal clusters of cells can be readily observed
(arrow,day28cultures).C: Relativedensities of the stainedplates
with time. (&) DMEM/F-12; (&Î) aMEM; (&) aMEMþ10 ng/ml
TGF-b1.
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corresponds to the proliferating, condensing
pre-chondrocyte, and the second group has
the characteristics of the post-confluence pre-
hypertrophic chondrocyte [Atsumi et al., 1990].
While statistical analysis showed no signi-
ficant differences between groups in either the
early or late culture periods (Fig. 2B), TGF-b1
treatment appeared to consistently depress
col II expression early. Effects of TGF-b1 at
times after 12 days showed the same trends as
controls.
Collagen type I expression decreased over

time under all conditions (Fig. 3). Although, as
consistent with collagen II, statistical analysis
showed no significant differences between
groups, TGF-b1 treatment tended to cause
consistently lower expression of collagen I
during the early time period. After day 12,
collagen type I expression is slowly lost underall
conditions.

TGF-b1 Regulates Alternative Splicing
of Fibronectin in a Dose- and
Time-Dependent Manner

Because TGF-b1 alters alternative splicing of
FN [Balza et al., 1988; Borsi et al., 1992; Viedt
et al., 1995; Burger et al., 1998; Inoue et al.,
1999], we next investigated the effects of TGF-
b1 on FN isoform expression in the condensing
pre-chondrocytic cell. FNRNAwas amplified by
RT-PCR using primers that span the EDA or
EDB splice sites. The amounts of any particular
isoform, as measured by densitometry, were
expressed as a percentage of the total amount of
FN amplified in that experiment (i.e., ([FN Aþ]/
([FN Aþ]þ [FN A�]))� 100). This representa-
tion of FN alternative splicing has been vali-
dated asnot only accurate but preferable forRT-
PCR measurements of exon usage [Magnuson
et al., 1991]. Inclusion of theEDAexon (Aþ) was

Fig. 2. Effects of 10 ng/ml TGF-b1 with time on collagen type II
mRNA expression. ATDC5 cells were maintained in DMEM/F-
12, aMEM, or aMEMþ10 ng/ml TGF-b1 at times out to 42 days.
A: Representative gel for effects of TGF-b1on collagen type II and
b-actin at 1, 2, 3, 5, 7, and 28 days is shown. The samples come
from different regions of the same gel for each of the three.
B: Densitometry of the complete time course, normalized to

b-actin that was amplified in parallel from the same cDNA
synthesis. Statistical analysis of the data showed that it consis-
tently broke into two groups comprising days 1–9 and 12–42.
Statistical analysis of group values showed that different treat-
ments did not cause significant changes in expression of
collagen type II (ns in figure). (*) DMEM/F-12; (&) aMEM; (~)
aMEMþ 10 ng/ml TGF-b1.
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decreased in a dose-dependent manner on both
days 2 and 4 (Fig. 4); 1 ng/ml TGF-b1 showed
little effect whereas the 10 ng/ml dose greatly
decreased FN EDA splicing. Similar results
were seen in the pre-chondrogenic DMEM and
a-MEM that is permissive for chondrogenesis.
In both media, sensitivity to the effects of TGF-
b1 was greater on days 4 than on 2. Thus, TGF-
b1 treatment of ATDC5 cells favored exclusion
of the EDA exon both in aMEM and in DMEM.

Similarly, splicing of the EDB exon also
showed a dependency on TGF-b1 dose (Fig. 5).
Like EDA splicing, at 1 ng/ml TGF-b1, treat-
ment reproducibly caused a small increase in
EDB exclusion; 10 ng/ml caused a large effect
such that much greater than 50% of the FN
excluded the EDB exon. These effects were
independent of the medium. However, sensitiv-
ity to the effects of TGF-b1was increased on day
4, in comparison to day 2. Thus, TGF-b1
treatment increased exclusion of the EDA and
of the EDB exon in both a time- and dose-
dependent manner at both times tested.

We therefore tested the effects of TGF-b1 on
FN expression throughout the 42 days that we
used to characterize the response of collagen
types I and II. Inclusion of the EDA exon was
favored when ATDC5 cells were cultured in the
presence of DMEM/F12 or aMEM (Fig. 6). As
determined by densitometry (Fig. 6B), incuba-
tion with TGF-b1 significantly decreased levels
of FN containing the EDA exon throughout the
entire culture period. This exclusion of the EDA
exon is consistent with increased commitment
to chondrogenesis.

Inclusion of the EDB exon was significantly
favored in ATDC5 cells cultured in DMEM/F-
12, the maintenance medium (Fig. 7). In this
and some other RT-PCR experiments amplify-
ing the EDB region of FN, a band sometimes
appeared that was larger than expected for
EDBþ. To confirm the assignment of the
bands, all three bands were sequenced after
purification. The top band corresponded to a
non-specific product; the second band repre-
sented EDBþ and the smallest band EDB�, as

Fig. 3. Effects of 10 ng/ml TGF-b1 with time on collagen type I
mRNA expression. ATDC5 cells were maintained in DMEM/F-
12, aMEM, or aMEMþ10 ng/ml TGF-b1 at times out to 42 days.
A: Representative gel for effects of TGF-b1 on collagen type I and
b-actin at 1, 2, 3, 5, 7, and 28 days is shown. The samples come
from different regions of the same gel for each of the three.
B: Densitometry of the above gels, normalized to b-actin thatwas

amplified in parallel from the same cDNA synthesis. The overall
trend was for decreased expression, with no significant
differences (ns) observed between the groups, although there
was an early trend towards decreased col I expression in
the presence of TGF-b1. (*) DMEM/F-12; (&) aMEM; (~)
aMEMþ10 ng/ml TGF-b1.
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indicated on thefigure. For determination of the
splicing pattern of the EDB exon, as was seen
with collagen type I and type II, there seemed to
be a phenotypic change in the cells between
days 9 and 12 so that significance was deter-
mined separately for the early and late period
(Fig. 7B). In the early period (1–9days), TGF-b1
treatment increased FN EDB exclusion and
the level of EDB-containing FN was signifi-
cantly less than both control levels; at later
times (12–42 days), this effect modulated such
that cells cultured in aMEM showed a greater
exclusion of the EDB exon. This increased ex-
clusion of the FN EDB exon was not character-
istic of the known cartilage FN splicing pattern.
Therefore, as in the measures of commitment

to the chondrogenic lineage, TGF-b1 treatment
causes the most marked effects on FN splicing
early in chondrogenesis. However, while exclu-
sion of the EDA exon is consistent with the
initiation of chondrogenesis, exclusion of the

EDB exon is not, suggesting that at least in
ATDC5 cells, TGF-b1 treatment may dissociate
effects on chondrogenesis from effects on FN
splicing.

Finally, as inclusion of the FN EDA exon has
been described to be dependent on interaction
with the splicing protein, SRP40, we examined
regulation of this factor under parallel condi-
tions to those described above. No dependence
of SRP40 expression on TGF-b1 treatment was
measured in pre-chondrogenic ATDC5 cells
(Han and Hickok, unpublished results).

DISCUSSION

Chondrogenesis is a complex series of events
that is characterized by cellular condensation,
followed by proliferation and elaboration of
a sulfated proteoglycan rich matrix. The cell
line ATDC5 serves as an in vitro system to
model the stages of chondrogenicdifferentiation

Fig. 4. TGF-b1 treatment favors exclusion of the FN extra
domain A (EDA) exon and is dose-responsive. ATDC5 cells were
maintained in aMEMorDMEM/F-12 containing 0, 1, or 10 ng/ml
TGF-b1 for 2 or 4 days. RNAwas collected and amplified by RT-
PCR. A: Representative gel for effects of TGF-b1 on FN EDA.
Inclusion of the exon results in a longer product, designated as
Aþ; similarly the exclusion of the EDA exon results in a shorter

project labeled A�. B: Densitometry of the above gels. Amounts
for each of the splice products are expressed as a percentage of
the total, that is, FNAþ¼ {[FNAþ]/([FNAþ]þ [FNA�])}�100.
Both the DMEM/F-12 proliferative conditions and the a-MEM
media conditions gave similar responses in the presence of TGF-
b1. & Percentage of Aþ containing amplification product; &
Percentage of A� containing product.
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and maturation, with defined stimuli being
necessary for the progression from one stage to
the next [Atsumi et al., 1990; Shukunami et al.,
1996; Siebler et al., 2002].While the phenotypic
effects of TGF-b1 onATDC5 cells combinedwith
insulin are known [Kawai et al., 1999; Palmer
et al., 2000], this is the first report of the effects
of TGF-b1 on FN splicing during the transition
from the mesenchymal precursor to committed
chondrogenic cell. By characterizing ATDC5
cells in the absence of insulin, we have main-
tained the cells in their pre-chondrogenic state
and asked to what extent treatment with TGF-
b1 will drive them down the differentiation
pathway. TGF-b1 accelerated early chondro-
genesis as evidenced by increased Alcian blue
staining and decreased expression of collagen
type I. Because the presence of themany factors
in serum could influence ATDC5 differen-
tiation, we also performed mRNA expression
analysis over the first 4 days of culture in the
presence and absence of serum. For all analyses

and culture conditions, trends observed in
serum-free medium paralleled those observed
in serum-containing medium. In some cases,
the serum-free cultures seemed to very slightly
favor (<10%–15%) amore dedifferentiated pat-
tern (Han and Hickok, unpublished results).
During the later culture period (>12 days), a
time that has been associated with the post-
condensation, pre-hypertrophic stage [Atsumi
et al., 1990], TGF-b1 treatment appeared to no
longer facilitate the maintenance of the chon-
drogenic phenotype, based on the markers of
chondrogenesis.However, higher relative levels
of FN Bþ mRNA were present in these same
cultures, suggesting attainment of amore chon-
drocytic splicing pattern and underlining the
complexity of the many events that integrate to
signal chondrocytic maturation.

TGF-b has been used under many circum-
stances with mesenchymal pre-cursors to in-
duce their differentiation into the chondrogenic
pathway [Cassiede et al., 1996; Worster et al.,

Fig. 5. TGF-b1 treatment favors exclusion of the FN extra
domain B (EDB) exon and is dose-responsive. ATDC5 cells were
maintained in aMEMorDMEM/F-12 containing 0, 1, or 10 ng/ml
TGF-b1 for 2 or 4 days. RNA was collected and amplified by
RT-PCR. A: Representative gel for effects of TGF-b1 on FN EDB
inclusion. Inclusion of the exon results in a longer product,
designatedasBþ; similarly the exclusionof the EDBexons results

in a shorter project labeled or B�. B: Densitometry of the above
gels. Amounts for each of the splice products are expressed as
a percentage of the total, that is, FN Bþ¼ {[FN Bþ]/([FN
Bþ]þ [FN B�])}� 100. The two different media resulted in
similar responses to TGF-b1 treatment. & Percentage of Bþ
containing amplification product.& Percentage of B� contain-
ing product.
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2001; Nakayama et al., 2003; Tuli et al., 2003].
These primary mesenchymal cells are capable
of sustaining their differentiation and matura-
tion program solely with the stimuli supplied
by the high-density cultures and the medium
conditions.Our studies suggest thatwhile TGF-
b1 is capable of facilitating the initial stages
of chondrogenic differentiation, it is incap-
able of stimulating further differentiation and
may, in fact, be inhibitory toward terminal
differentiation.
This programmed differentiation of the

chondroprogenitor cells is accompanied by a
stage-specific expression of FN isoforms. Again,
TGF-b1 has been shown in multiple systems to
influence FN splicing [Balza et al., 1988;
Magnuson et al., 1991; Wang et al., 1991; Borsi
et al., 1992; Zhang et al., 1995; Inoue et al., 1998,
1999]. This influence has been to favor inclusion
of the EDA exon, and when measured, the EDB
exon. In our system, TGF-b1 treatment favored
exclusion of both the EDA and EDB exons.

While others have reported that TGF-b treat-
ment modestly increased EDA inclusion in
articular chondrocytes, with no significant
alteration in the extent ofEDB inclusion [Zhang
et al., 1995], some evidence suggests that the
ability of TGF-b to alter FN splicing is depen-
dent on cell growth state and/or cell architec-
ture. Increased cell density favored a decline in
EDA inclusion in fibroblasts; TGF-b treatment
had little effect on EDA inclusion in low-density
cultures but increased inclusion in high-density
cultures [Inoue et al., 1998]. In polarized airway
epithelial cells, the response to TGF-b treat-
ment dependedon thenature of the stimulation,
with only apical stimulation resulting in in-
creased EDA inclusion [Wang et al., 1991].

Based on our data, TGF-b1 treatment of
ATDC5 cells is able to accelerate early assump-
tion of the chondrogenic phenotype and loss
of the EDA and EDB exons. Loss of the EDA
exon is compatible with known events in chon-
drogenesis; loss of the EDB exon is not. Loss of

Fig. 6. 10 ng/ml TGF-b1 causes a time-dependent exclusion of
the FN extra domain A (EDA) exon. ATDC5 cells were
maintained in DMEM/F-12, aMEM, or aMEMþ 10 ng/ml TGF-
b1at timesout to42days.A: Representative gel for effects of TGF-
b1 on inclusion of the FN EDA exon at 1, 2, 3, 5, 7, and 28 days is
shown. B: Densitometry of the complete time course gels.
Amounts of the splice products are expressed as a percentage of

the total, (i.e., FN Aþ¼ {[FN Aþ]/([FN Aþ]þ [FN A�])}�100.
Results for inclusion of the A exon are shown in the left graph;
results for A� are the reciprocal of those for Aþ. Statistical
analysis showed that TGF-b1 treatment significantly decreased
EDA inclusion, thereby significantly increasing EDA exclusion
(*). (*) DMEM/F-12; (&) aMEM; (~) aMEMþ 10 ng/ml TGF-b1.
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the two exons would favor a more rounded
phenotype [White et al., 2003], an event neces-
sary for progression of chondrogenesis [Loty
et al., 1995] and could therefore be akey event in
the early effects of TGF-b1 on ATDC5 matura-
tion [BenyaandPadilla, 1993].Weare currently
investigating the roles of these isoforms inmore
detail.
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