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Dexamethasone Inhibits Insulin-Induced Chondrogenesis
of ATDC5 Cells by Preventing PI3K-Akt Signaling
and DNA Binding of Runx2
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Abstract Glucocorticoids play important roles in cell growth and differentiation. In this study, we investigated
the effect of application of dexamethasone (DEX) at the early stage of chondrogenesis using the prechondrogenic cell
line, ATDC5, which differentiates into chondrocytes in the presence of insulin. When ATDC5 cells were cultured in
the presence of DEX and insulin, DEX inhibited insulin-induced cellular condensation and subsequent cartilaginous
nodule formation, and reduced proteoglycan synthesis and type II collagen expression dose-dependently. Pretreatment
with 10�8 M DEX for 1 day inhibited insulin-induced Akt phosphorylation, but not ERK1/2 phosphorylation, in ATDC5
cells. Treatment of ATDC5 cells with insulin for more than 2 days upregulated the levels of phosphatidylinositol 3-kinase
(PI3K) subunit proteins, p85 and p110, andAkt, whereas the upregulationwas inhibited in the presence of 10�8MDEX. In
electrophoresis mobility shift assays (EMSAs), treatmentwith 10�8MDEX inhibitedDNAbinding of Runx2 during culture
of ATDC5 cells with insulin. Reporter assays using osteocalcin promoter showed that DEX inhibited Runx2-dependent
transcription dose-dependently. Adenoviral introduction of dominant-negative (dn)-Akt or dn-Runx2 into ATDC5 cells
inhibited cellular condensation and reduced proteoglycan synthesis upon incubation with insulin, whereas adenoviral
introduction of Akt or Runx2 prevented the inhibition of chondrogenesis byDEX. These findings indicate that DEX inhibits
chondrogenesis of ATDC5 cells at the early stage by downregulating Akt phosphorylation as well as the protein levels of
PI3K subunits and Akt, thereby suppressing PI3K-Akt signaling, and by inhibiting DNA binding of Runx2 and Runx2-
dependent transcription. J. Cell. Biochem. 93: 374–383, 2004. � 2004 Wiley-Liss, Inc.
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Glucocorticoids are known to play important
roles in cell growth and differentiation [Beato,
1989]. Various glucocorticoids have been shown

to maintain the chondrocyte phenotype and
enhance proteoglycan synthesis in chondro-
cytes [Calcagno et al., 1970; Jones and Addison,
1975; Kato andGospodarowicz, 1985; Takigawa
et al., 1988; Grigoriadis et al., 1989, 1996;
Itagane et al., 1991; Quarto et al., 1992].
Further, glucocorticoids may stimulate or sup-
press cell growth depending on the culture
conditions or the chondrocyte phenotype [Jones
andAddison, 1975; SilbermannandMaor, 1985;
Takigawa et al., 1988; Itagane et al., 1991].
Although the effects of glucocorticoids on chon-
drocytes at the late stage of chondrogenesis
have been extensively examined, their effects
on prechondrogenic cells at the early stage of
chondrogenesis remain to be clarified.

During embryogenesis, skeletal formation
begins with condensation of mesenchymal cells
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and their differentiation into chondrocytes.
These chondrocytes then undergo a program of
proliferation and maturation [Thorogood and
Hinchliffe, 1975]. The importance of cellular
condensation and cell–cell interactions in chon-
drogenesis and in the maintenance of the chon-
drocyte phenotype has been shown, and studies
on chondrocyte differentiation in vitro have been
performedunderhigh-densitycultureconditions
[Hickoketal.,1998].However,therequirementof
high cellular density makes it difficult to inves-
tigate theonset of cellular condensation,which is
one of the key events in chondrogenesis. ATDC5
cells have been shown to be a useful in vitro
model forexaminingchondrocytedifferentiation.
ATDC5cells showthe characteristics ofundiffer-
entiated prechondrogenic cells in the growing
phase [Atsumi et al., 1990], and maintain the
potential for chondrogenesis. When cultured
with insulin, ATDC5 cells undergo cellular con-
densation in thepostconfluentphaseandacquire
the phenotype of chondrocytes, characterized by
proteoglycan synthesis and type II collagen
expression [Atsumi et al., 1990; Akiyama et al.,
1996; Shukunami et al., 1996].
The insulin signaling process involves a

cascade of events initiated by the binding of in-
sulin to its receptor and activation of the
intrinsic tyrosine kinase which elicits tyrosine
phosphorylation of insulin receptor substrates
(IRSs). The binding of the regulatory subunit of
phosphatidylinositol 3-kinase (PI3K) (p85) to
the tyrosine-phosphorylated IRSs results in
activation of the catalytic subunit of PI3K
(p110). Akt (also called PKB), a serine/threo-
nine protein kinase, is activated through the
PI3K pathway [Cantley, 2002]. Glucocorticoids
have been shown to affect insulin signaling in
adipocytes [Turnbow et al., 1994; Burén et al.,
2002]. Dexamethasone (DEX) downregulated
the expression of IRS-1, PI3K, and Akt proteins
and Akt phosphorylation in adipocytes. In
myoblasts, DEX upregulated p85 expression,
which, in turn, competed with the PI3K hetero-
dimer for binding at IRS-1, thereby inhibiting
PI3K activation; DEX also reduced the level of
IGF-1-induced phosphorylation of Akt [Single-
ton et al., 2000]. Thus, the effects of DEX on
insulin signaling are still controversial and
remains to be clarified.
Runx2 is a transcription factor that belongs

to the Runx family [Komori, 2002]. Runx2
acquires the capacity for DNA binding and
transcriptional activation by forming a hetero-

dimer with Cbfb [Kundu et al., 2002; Miller
et al., 2002; Yoshida et al., 2002]. Targeted
disruption of Runx2 results in a complete lack of
bone formation due to the absence of osteo-
blasts, demonstrating that Runx2 is essential
for osteoblast differentiation [Komori et al.,
1997; Otto et al., 1997]. Runx2 also plays im-
portant roles in chondrocyte maturation and in
maintenance of the chondrocyte phenotype
[Inada et al., 1999; Kim et al., 1999; Enomoto
et al., 2000, 2004;Takedaetal., 2001;Ueta et al.,
2001; Stricker et al., 2002]. In Runx2-
deficient mice, mesenchymal condensation
for intramembranous ossification is poor, while
mesenchymal condensation and subsequent
cartilaginous skeletal formation are not grossly
impaired [Komori et al., 1997; Otto et al., 1997;
Inada et al., 1999; Kim et al., 1999]. However,
when thedominant-negative formofRunx2 (dn-
Runx2) was stably transfected in ATDC5 cells,
insulin did not induce cellular condensation of
these ATDC5 cells, indicating that Runx2 is
required for insulin-induced cellular condensa-
tion of ATDC5 cells [Akiyama et al., 1999].

In this study, we examined the effects of
application of a glucocorticoid on chondrogen-
esis of ATDC5 cells and its effects on insulin
signaling and Runx2 functioning. Here, we
show that DEX inhibits insulin-induced chon-
drogenesis of ATDC5 cells at the stage of cellu-
lar condensation by downregulating the levels
of PI3K subunit proteins, p85 and p110, the
level of Akt protein, Akt phosphorylation, DNA
binding of Runx2, and Runx2-dependent tran-
scription.

MATERIALS AND METHODS

Cell Culture, Alcian Blue Staining, and
Measurement of Proteoglycan Content

TheATDC5 chondrogenic cell line, purchased
from RIKEN Cell Bank, was cultured as pre-
viously described [Enomoto et al., 2000].Briefly,
ATDC5 cells were cultured in DMEM/Ham’s
F12 (1:1) hybrid medium (GIBCO BRL, New
York, NY) supplemented with 5% fetal bovine
serum (FBS) (GIBCO BRL), 10 mg/ml human
transferrin (Roche Diagnostics, Mannheim,
Germany), and 3� 10�8 M sodium selenite
(Sigma Chemical Co.). ATDC5 cells were plated
at an initial density of 1� 105 cells/well in 6-well
plates or at 2� 104 cells/well in 24-well plates
(Corning, NY). To induce chondrogenesis, cells
were cultured in the above medium supple-
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mented with 10 mg/ml of human recombinant
insulin (Wako Pure Chemical, Osaka, Japan).
The medium was changed every other day. For
Alcian blue staining, the wells were rinsed
twice with PBS and fixed with 95% methanol
at �208C for 2 min. They were then stained
overnight with 0.1% Alcian blue in 0.1 M HCl.
After the wells were rinsed three times with
distilled water, the dye was extracted with 6 M
guanidine–HCl [Akiyama et al., 1996]. Total
optical density of extracted dye was measured
at 620 nm and designated as A620 as previously
described [Atsumi et al., 1990; Akiyama et al.,
1996].

RNA Extraction and Northern Blot Analysis

Total RNA was extracted using ISOGEN
(Nippon Gene) according to the manufacturer’s
instructions. A 0.4-kb fragment of mouse
Col2a1 cDNA [Inada et al., 1999] was labeled
with [a-32P]dCTP, and hybridization was per-
formed as previously described [Enomoto et al.,
2000].

Western Blot Analysis

Proteins were extracted from ATDC5 cells,
equal amounts of proteins (10 mg) were sepa-
rated on a 10% gel by SDS–PAGE, andWestern
blotting was performed as previously described
[Yoshida et al., 2002], using anti-phospho-
ERK1/2 (New England Biolabs, Beverly, MA),
anti-ERK1/2 (NewEnglandBiolabs), anti-phos-
pho-Akt (New England Biolabs), anti-Akt (New
England Biolabs), anti-p85 (Santa Cruz Bio-
technology, Inc., Santa Cruz, CA), anti-p110b
(Santa Cruz Biotechnology, Inc.), anti-Runx2
[Yoshida et al., 2002], anti-Cbfb [Yoshida et al.,
2002], and horseradish peroxidase-conjugated
anti-rabbit or anti-mouse IgG antibodies (New
EnglandBiolabs). Although p110awas strongly
detected in C3H10T1/2 cells on Western blot
analysis using anti-p110a antibody (SantaCruz
Biotechnology, Inc.), it was barely detectable in
ATDC5 cells (data not shown). For semiquanti-
fication of the blots, the enhanced chemilumi-
nescence exposures were scanned into a PPC
Macintosh computer utilizing an EPSON
GT7600 with Adobe Photoshop 5.0 software.
The images were quantified utilizing NIH
Image 1.61 software. The levels of phospho-
ERK1/2 or phospho-Akt protein were then
divided by the level of ERK1/2 or Akt protein,
respectively, to generate normalized values for
activatedAkt in each sample. In the time-course

studies of the levels of p85, p110, Akt, Runx2,
and Cbfb in ATDC5 cells after insulin stimula-
tion, the mean level of each protein in ATDC5
cells that were maintained in the absence of
DEX and insulin on day 0 was defined as 1 and
the levels of each protein on subsequent days
were expressed as relative values.

Electrophoresis Mobility Shift Assay (EMSA)

Cells were homogenized using a Dounce
homogenizer (B-type pestle) in four volumes of
buffer Awhich contained 1.5mMMgCl2, 10mM
KCl, 1mMEDTA, 1mMEGTA, 1mMDTT, and
1 mg/ml of each protease inhibitor (p-amidino-
phenyl-methanesulfonyl fluoride, leupeptin,
pepstatin A, and aprotinin), and NP-40 was
added at 0.6%. After standing on ice for 5 min,
the homogenates were centrifuged at 20,000g
for 5 min. Pellets were resuspended in four
volumes of buffer B (400 mMKCl, 1 mMEDTA,
1 mM EGTA, 10% glycerol, and 1 mg/ml each of
the above protease inhibitors in 50 mM Tris-
HCl buffer, pH 7.5) and after standing on ice for
30 min, the suspensions were centrifuged at
20,000g for 20 min. Double-stranded OSE2 oli-
gonucleotides, which contain a Runx2 binding
element [Thirunavukkarasu et al., 1998], were
labeled with [a-32P]dATP and Klenow frag-
ment, and purified by Nick column. 2.5 mg
nuclear extracts were incubated with 10 fmol
of the labeled probe with a specific activity of 3–
5� 106 cpm/pmol DNA in binding buffer con-
sisting of 50mMTris-HCl (pH 7.5), 50 mMKCl,
5 mM MgCl2, 1 mM EDTA, 1 mM DTT, 10%
glycerol, and 1 mg poly(dI-dC). Protein–DNA
complexes were resolved on 6% nondenaturing
polyacrylamide gels. We carried out competi-
tion with either a 100-fold molar excess of
unlabeled OSE2 oligonucleotides or a 100-fold
molar excess of mutated OSE2 oligonucleotides
[Thirunavukkarasu et al., 1998]. For super-
shift experiments, monoclonal antibody against
Runx2 [Yoshida et al., 2002] was added to the
entire mixture.

Reporter Assay

The day before transfection, ATDC5 cells
were plated on 48-well multiplates at a density
of 2.5� 104 cells/ml. They were transfected
with 0.2 mg of p147mOG2/luciferase reporter
construct (p147-luc) and 0.002 mg of pRL-CMV
vector, which was used to normalize the trans-
fection efficiencies, using FuGENE 6 (Roche)
according to the manufacturer’s protocol. After
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transfection, DEX-containing medium was
added to the plates. After culture for 24 h, the
cellswere treatedwith insulin for 24h, and then
the cells were harvested. Luciferase activities
were assayed using the Luciferase Reporter
Assay System (Promega, Madison, WI) and a
model TD20/20 luminometer (Turner BioSys-
tems, Sunnyvale, CA).

Adenoviral and Retroviral Transfers

Bicistronic adenovirus vectors expressing
type II Runx2 and enhanced green fluorescent
protein (EGFP) or EGFP alone were generated
as previously described [Enomoto et al., 2003].
Dn-Runx2- and -EGFP-expressing adenovirus
vector was generated by inserting the 421 bp
DNA fragment containing the runt domain of
Runx2 into the EcoRI-BamHI sites of the
pACCMV-IRES-EGFP vector [Enomoto et al.,
2003]. Akt-expressing and dn-Akt-expressing
adenoviruses were generated as described pre-
viously [Fujio and Walsh, 1999]. ATDC5 cells
were plated at a density of 2� 104 cells/well
in 24-well plates. For EGFP-expressing, Akt-
expressing, or Runx2- and -EGFP-expressing
adenovirus infection, after ATDC5 cells were
cultured in the absence or presence of 10�8 M
DEX for 2 days, the cells were infected with
adenovirus at a multiplicity of infection (MOI)
of 10 for 12 h. For dn-Akt- or dn-Runx2- and -
EGFP-expressing adenovirus infection, at
2 days before confluence, we infected ATDC5
cells at an MOI of 10 for 12 h. Cbfb-expressing
retroviruswaspreparedaspreviously described
[Yoshida et al., 2002]. ATDC5 cells were plated
at a density of 2� 104 cells/well in 24-well
plates, and 24 h later, the cells were incubated
with retroviral supernatants in the presence of
4 mg/ml polybrene for 12 h.

RESULTS

DEX Inhibited Cellular Condensation
and Subsequent Cartilaginous Nodule

Formation in ATDC5 Cells

WhenATDC5 cells were incubated with insu-
lin, the ATDC5 cells began to aggregate and
formed cartilaginous nodules. On day 9 (day
0 was set at confluence), many cartilaginous
nodules were observed and the plate was
strongly stained with Alcian blue, indicating
that ATDC5 cells had differentiated to chon-
drocytes and produced a large amount of
proteoglycan (Fig. 1A,D). However, upon incu-

Fig. 1. Effect of dexamethasone (DEX) on insulin-induced
chondrogenesis of ATDC5 cells.A–F: Microphotographs of phase
contrast (A–C) and Alcian blue staining (D–F) of ATDC5 cells
treated with insulin (A, D), with insulin plus 10�8 MDEX (B, E), or
with insulin plus 10�8 M DEX plus 10�6 M RU486 (C, F) for 12
days. Bar (A–F), 10 mm.G: Proteoglycan production. ATDC5 cells
wereculturedwith insulinand the indicatedconcentrationofDEX.
After a 12-day culture, the cells were stained with Alcian blue. To
obtain quantitative data, the dye was extracted with 6 M
guanidine–HCl, and the concentration of Alcian blue was
measured at 620 nm. Total optical density of extracted dye was
measured at 620 nmand designated as A620. Values are expressed
as the mean� SD of three wells. *P< 0.05 and **P< 0.01 versus
control as determined by one-way ANOVA. Two independent
experiments were performed and gave similar results. Represen-
tative pictures of cells stained with Alcian blue are shown in the
upper panel. Bar, 500 mm. H: Northern blot analysis of Col2a1.
ATDC5 cells were cultured in the presence of insulin and the
indicatedconcentrationofDEX for 12days. Twentymicrogramsof
total RNA was loaded and hybridized with 32P-labeled Col2a1
probe. 28S and 18S ribosomal bands stained with ethidium
bromide are shown in the lower panel as internal controls. Two
independent experimentswereperformedandgavesimilar results.
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bation of ATDC5 cells with insulin and 10�8 M
DEX, DEX strongly inhibited cellular conden-
sation, and subsequent nodule formation and
the ATDC5 cells produced less proteoglycan
(Fig. 1B,E). When ATDC5 cells were cultured
with insulin, DEX, and RU486, which is an
inhibitor of the glucocorticoid receptor, the anti-
chondrogenic effects of DEXwere abolished and
chondrogenesis was restored, as shown by their
morphology and staining with Alcian blue
(Fig. 1C,F). Extraction and quantitation of Al-
cian blue confirmed the dose-dependent, inhi-
bitory effect of DEX on proteoglycan synthesis
(Fig. 1G). Northern blot analysis showed that
DEX also suppressed type II collagen expres-
sion in a dose-dependent manner (Fig. 1H).
Insulin-induced cellular condensation was also
inhibited by DEX in a concentration-dependent
manner (data not shown). These findings indi-
cate that DEX inhibited insulin-induced chon-
drogenesis of ATDC5 cells by preventing
cellular condensation through the glucocorti-
coid receptor.

DEX Prevented PI3K-Akt Signaling in
Insulin-Induced Chondrogenesis of ATDC5

Cells by Downregulating Akt Phosphorylation
and the Levels of p85, p110, and Akt Proteins

To investigate themechanism through which
DEX inhibited insulin-induced chondrogenesis
of ATDC5 cells, we first examined the effect of
DEX on insulin signaling in ATDC5 cells, be-
cause PI3K-Akt signaling is involved in chon-
drogenesis of ATDC5 cells [Hidaka et al., 2001].
The addition of insulin to ATDC5 cell cultures
immediately induced the phosphorylation of
ERK1/2 and Akt (Fig. 2). Next, ATDC5 cells

were incubated with DEX for 24 h, and then
insulin was added to the cell cultures. Incuba-
tion with DEX for 24 h had no effect on the level
of insulin-induced phosphorylation of ERK1/2,
but it reduced the level of insulin-induced Akt
phosphorylation (Fig. 2). Semiquantification of
the blots showed that the level of Akt phosphor-
ylation in the presence of DEX was one-third of
that in the absence of DEX. When ATDC5 cells
were treated with insulin, the levels of p85 and
p110, which are the subunits of PI3K, increased
on day 3 (day 0 was set as the day of insulin
stimulation) (Fig. 3A,B). When DEX was added
to ATDC5 cell cultures at 24 h before the insulin
treatment, however, the levels of p85 and p110
did not increase up through 3 days after insulin
treatment. In ATDC5 cell cultures in the ab-
sence of DEX, insulin treatment increased the
Akt protein level on days 2 and 3. However,
when DEXwas added to ATDC5 cell cultures at
24 h before the insulin treatment, the Akt
protein level did not increase up through 3 days
after insulin treatment (Fig. 3C).

DEX Suppressed DNA Binding of Runx2
and Runx2-Dependent Transcription

Weexamined the involvement ofRunx2 in the
inhibition of insulin-induced chondrogenesis of
ATDC5 cells at an early stage by DEX. When
ATDC5 cells were cultured with insulin in the
absence or presence of DEX for up to 3 days,
therewereno significant changes in the levels of
Runx2 andCbfb in theATDC5 cells. (Fig. 3D,E).
We next examined theDNAbinding of Runx2 in
insulin-treated ATDC5 cells by EMSA. When
ATDC5 cells were cultured with insulin for
3 days, the DNA binding of Runx2 increased.
However, when ATDC5 cells were first incu-
batedwithDEX for 24h followed by the addition
of insulin, the DNA binding of Runx2 gradually
decreased after insulin treatment (Fig. 4). Re-
porter assays using the osteocalcin promoter
showed that DEX reduced the level of Runx2-
dependent transcriptional activation in a dose-
dependent manner (Fig. 5). These findings
indicate that DEX suppresses DNA binding of
Runx2 and Runx2-dependent transcription
during the chondrogenesis of ATDC5 cells.

Overexpression of Akt or Runx2 Abolished
the Inhibitory Effect of DEX on the
Chondrogenesis of ATDC5 Cells

To examine whether the suppression of
either Akt or Runx2 leads to inhibition of

Fig. 2. Effect of DEX on the insulin-induced phosphorylation of
ERK1/2 and Akt. After confluency, the medium was changed to
FCS-freemediumwithorwithout 10�8MDEX, and24h later, the
cells were stimulated with 10 mg/ml insulin. Western blot
analyses were performed. The maximal responses in the
phosphorylation of Akt and ERK1/2 were obtained at 30 and at
10 min, respectively, after the insulin treatment in time-course
analysis (data not shown). Insulin promoted Akt and ERK1/2
phosphorylation, and DEX reduced the level of insulin-induced
Akt phosphorylation but not ERK1/2 phosphorylation. Data are
representative of four independent experiments.
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chondrogenesis of ATDC5 cells, dn-Akt or dn-
Runx2wasadenovirally introduced intoATDC5
cells. Overexpression of dn-Akt or dn-Runx2 in
ATDC5 cells severely inhibited proteoglycan
production (Fig. 6A). We next examined whe-
ther overexpression of Akt can prevent the
inhibitory effect of DEX on the chondrogenesis
of ATDC5 cells. Adenoviral introduction of Akt

prevented the inhibition of proteoglycan pro-
duction by DEX (Fig. 6B). Similarly, adenoviral
introduction of Runx2 prevented the inhibition
of proteoglycan production by DEX, and the

Fig. 3. Effect of DEX on the protein levels of p85, p110, Akt,
Runx2, and Cbfb in ATDC5 cells after insulin stimulation. After
confluency, ATDC5 cells were cultured in the absence or
presence of 10�8 M DEX for 24 h, and the cells were stimulated
with 10 mg/ml insulin. Samples were prepared on the indicated
days of culture (day 0 was set as just before insulin stimulation).
Ten micrograms of cell lysates was loaded, and the transferred
membrane was incubated with anti-p85 (A), anti-p110 (B), anti-

Akt (C), anti-Runx2 (D), or anti-Cbfb (E) antibodies. Semiquanti-
tative Western blot analyses were performed as described in the
‘‘Materials and Methods.’’ The mean value in cells that were
maintained in the absence of DEX and insulin on day 0 was
defined as 1 and relative values are shown.*, insulin;*, insulin
plus DEX. The values are mean� SE of four independent
experiments. *Versus no DEX treatment, *P< 0.05, **P<0.001
as determined by Student’s t-test.

Fig. 4. Electrophoresis mobility shift assay (EMSA). After
confluency, ATDC5 cells were cultured in the absence or pre-
sence of 10�8MDEX for 24 h, and then the cells were stimulated
with 10 mg/ml insulin. Nuclear extracts were prepared on the
indicated days of culture (day 0 was set as just before insulin
stimulation), and EMSAwas performed usingOSE2 oligonucleo-
tides.A: EMSAusing the nuclear extract from the cells on day 3 in
the absence of DEX. The specific band (arrowhead) competed
with unlabeled OSE oligonucleotides (wt, �100), but not with
mutated oligonucleotides (mut, �100). Addition of antibody
against Runx2 super-shifted the specific band (asterisk). B, C:
EMSA using the nuclear extract from cells that were cultured in
the absence of DEX (B) or in the presence of 10�8MDEX (C). The
intensity of the specific band (arrowhead) was elevated on day 2
after insulin treatmentof cells thatwere cultured in theabsenceof
DEX (B), while it was reduced on day 1 and lowest on day 2 in
cells that were cultured in the presence of DEX (C). Data are
representative of three independent experiments.

Fig. 5. Reporter assays. The reporter plasmid containing the
osteocalcin promoter was co-transfected with Renilla luciferase
vector into ATDC5 cells that were cultured inmedium that did or
did not contain the indicated concentration of DEX. One day
after transfection, 10mg/ml insulinwas added to themedium,and
luciferase activity was measured 24 h later. The luciferase
activity was normalized to Renilla luciferase activity using the
pRL-CMV vector, and calculated data are shown as fold-
decrease� SE. n¼4. *Versus no DEX treatment, *P< 0.005,
**P<0.001 as determined by Student’s t-test. Similar results
were obtained in three independent experiments and represen-
tative data are shown.
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introduction of bothRunx2 andCbfb completely
restored the proteoglycan production (Fig. 6C).
Upon dn-Akt- or dn-Runx2-expressing adeno-
virus infection, cellular condensation of the
infected ATDC5 cells was severely inhibited.
On the other hand, infection of Akt- or Runx2-
expressing adenovirus enhanced cellular con-
densation (data not shown). These findings
indicate that Akt and Runx2 are both involved
in the DEX-induced inhibition of chondrogen-
esis of ATDC5 cells at the early stage.

DISCUSSION

Using the ATDC5 prechondrogenic cell line,
which differentiates into chondrocytes when
treated with insulin, we investigated the effects
of application of a glucocorticoid at the early
stage of chondrogenesis. DEX inhibited insulin-
induced chondrogenesis of ATDC5 cells at the
stage of cellular condensation. DEX inhibited
insulin signaling by reducing Akt phosphoryla-
tion, and by downregulating the protein levels
of the PI3K subunits, p85 and p110, and Akt.
Further, DEX suppressed DNA binding of
Runx2 and Runx2-dependent transcription
without affecting the levels of the Runx2 and
Cbfb proteins. Overexpression of dn-Akt or dn-
Runx2 severely inhibited insulin-induced chon-
drogenesis of ATDC5 cells, and the inhibitory
effect of DEX on chondrogenesis was prevented
by the overexpression of Akt or Runx2. These

Fig. 6. Adenoviral introduction of dn-Runx2, dn-Akt, Akt, or
Runx2 into ATDC5 cells. ATDC5 cells were plated at 2� 104

cells/well in 24-well plates and cultured in medium supplemen-
ted with 10 mg/ml insulin. After confluence, the cells were
cultured in the absence or presence of 10�8 M DEX for 2 days,
and then infected with enhanced green fluorescent protein
(EGFP)-, dn-Runx2- and -EGFP-, dn-Akt-, Akt-, or Runx2- and
-EGFP-expressing adenovirus at an multiplicity of infection
(MOI) of 10 for 12 h. The infected cells were cultured in the
absence or presence of 10�8 M DEX for 8 days and stained with
Alcian blue. After extraction, the concentration of Alcian blue
was measured at 620 nm. Total optical density of extracted dye
was measured at 620 nm and designated as A620. Values are
expressed as the mean� SD of three wells. A: EGFP-, dn-Runx2-
and -EGFP-, or dn-Akt-expressing adenovirus infection.
*P< 0.001 versus EGFP-expressing cells without DEX treatment
as determined by one-way ANOVA. B: EGFP- or Akt-expressing
adenovirus infection. *P<0.001.C: EGFP- orRunx2- and -EGFP-
expressing adenovirus infection. For introduction of Cbfb,
ATDC5 cells were infected with Cbfb-expressing retrovirus for
12 h before DEX treatment. *P<0.005 and **P< 0.001. In each
experiment, three independent experimentswere performed and
gave similar results. Representative pictures of cells stained with
Alcian blue are also shown. Bars, 500 mm.
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findings indicate that DEX inhibits insulin-
induced chondrogenesis of ATDC5 cells by
suppressing PI3K-Akt signaling and Runx2
activation.
The effect of DEX on the level of the PI3K

subunit, p85, has been controversial. Treat-
ment of myoblasts with a high dose of DEX
(10�5M) upregulated p85 expression [Singleton
et al., 2000], while treatment of adipocytes with
DEX (3� 10�7 M) downregulated it [Burén
et al., 2002]. In our analysis, treatment of
chondrogenic ATDC5 cells with a physiologi-
cally relevant concentration of DEX (10�8 M)
downregulated the levels of both p85 and p110
(Fig. 3A,B). Therefore, the dosage of DEX and
the cell type seem to affect the action of DEX on
the PI3K protein level. The inhibitory effects of
DEX on the Akt protein level andAkt phosphor-
ylationwere consistent, although the time cour-
ses of the inhibitory effects of DEX on the PI3K
and Akt protein levels differed. Treatment of
adipocytes with DEX for 24 h reduced the p85
and Akt protein levels, leading to reduced Akt
phosphorylation [Burén et al., 2002]. In the
present study on ATDC5 cells, a prechondro-
genic cell line, however, incubation with DEX
for 24 h prior to the addition of insulin caused a
reduction in the level of insulin-induced Akt
phosphorylationat30minafter thestart of insu-
lin stimulation, although the protein levels of
p85, p110, and Akt were not affected by DEX at
this time point (Figs. 2 and 3A–C). Therefore,
our results indicate that DEX suppresses Akt
phosphorylation without affecting the protein
levels of p85, p110, and Akt, and that DEX
inhibits PI3K-Akt signaling by reducing Akt
phosphorylation as an early effect and by down-
regulating the p85, p110, and Akt protein levels
as a late effect. In accordancewith this response
pattern, we found no glucocorticoid responsive
elements in the promoter regions of the p85a,
Akt1,Akt2, andAkt3genesbyadatabasesearch.
As DEX reduces the levels of IRS-1 mRNA and
protein [Turnbow et al., 1994; Burén et al.,
2002] and DEX exerted the anti-chondrogenic
effects on ATDC5 cells through glucocorticoid
receptor (Fig. 1C,F), the reduction of Akt
phosphorylation by DEX may be caused by the
transcriptional suppression of IRS-1 by gluco-
corticoid–glucocorticoid receptor complexes. In-
deed,manymolecules interact with Akt and are
involved in Akt phosphorylation [Brazil et al.,
2002], and it is also possible that DEX mod-
ulates Akt phosphorylation by transcriptional

regulation of the genes encoding Akt-interact-
ing molecules. The mechanisms through which
DEX regulates the p85, p110, and Akt protein
levels and Akt phosphorylation need to be
further investigated.

It has been shown that DEX reduces the level
of Runx2 protein in primary osteoblasts [Chang
et al., 1998]. When DEXwas applied at an early
stage of chondrogenesis to ATDC5 cells, how-
ever, it had no effect on the Runx2 and Cbfb
protein levels, but it reduced DNA binding of
Runx2 and Runx2-dependent transcription
(Figs. 3D,E, 4, and5).Our recent results showed
that Runx2 and PI3K-Akt signaling are mutu-
ally dependent on each other in the regulation
of osteoblast and chondrocyte differentiation
[Fujita et al., 2004]. Runx2 upregulated PI3K
subunits (p85 and p110b) and Akt, and PI3K-
Akt signaling enhanced DNA binding of Runx2
and Runx2-dependent transcription [Fujita
et al., 2004]. Therefore, the following cascade
may be suggested for the anti-chondrogenic
effects of DEX, DEX inhibits Akt phosphoryla-
tion; the inhibition of Akt phosphorylation leads
to the reduction in Runx2 function; and the
reduced Runx2 function decreases PI3K sub-
units and Akt. MAPK-dependent phosphoryla-
tion of Runx2 stimulates Runx2-dependent
transcription [Xiao et al., 2000], and protein
kinase A also phosphorylates the transactiva-
tion domain of Runx2 [Selvamurugan et al.,
2000]. In contrast, Runx2 is negatively regu-
lated by serine phosphorylation [Wee et al.,
2002]. Therefore, DEX may regulate Runx2
function by phosphorylation or dephosphoryla-
tion of Runx2 through PI3K-Akt signaling.
However, it is unlikely that PI3K-Akt signaling
modulates Runx2 phosphorylation, because the
level of Runx2 phosphorylationwas not affected
by Akt activation [Fujita et al., 2004]. Further,
interactions with other transcription factors
such as Ets, Smads, and C/EBP, with the trans-
cription cofactor Rb, and with the transcrip-
tional repressor TLE and YAP greatly influence
Runx2 function [Sato et al., 1998; Javed et al.,
2000; McCarthy et al., 2000; Zhang et al., 2000;
Thomas et al., 2001; Gutierrez et al., 2002; Zaidi
et al., 2004]. Therefore, it is also possible that
DEX regulates Runx2 function by regulating
one of these interacting proteins. Moreover,
DEX may regulate the molecules that are
related to the nuclear import and subnuclear
localization of Runx2, because the fidelity of the
subnuclear localization of Runx2 mediated by a
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nuclear-matrix-targeting signal is required for
Runx2 function [Choi et al., 2001]. These pos-
sibilities remain to be investigated.

In contrast to our results, 10�8MDEXenhan-
ced cartilaginous nodule formation in another
chondrogenic cell line, RCJ 3.1C5 [Grigoriadis
et al., 1989]. Recently, however, similar to our
results, it was reported that a high dose of DEX
(10�6M) inhibited insulin-induced chondrogen-
esis ofATDC5cells, although themechanism for
the inhibition was not resolved [Siebler et al.,
2002]. Our findings suggest that the effect of
glucocorticoids applied at the early stage of
chondrogenesis varies in different types of cells
depending on the signaling pathway for cellular
condensation, and that glucocorticoids effec-
tively inhibit cellular condensation in cells that
are dependent on insulin/IGF signaling and
Runx2 for their cellular condensation.
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