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Abstract Disruption of the actin cytoskeleton in subconfluent mesenchymal cells induces chondrogenic
differentiation via protein kinase C (PKC) a signaling. In this study, we investigated the role of p38 mitogen-activated
protein (MAP) kinase in the chondrogenic differentiation of mesenchymal cells that is induced by depolymerization of the
actin cytoskeleton. Treatment of mesenchymal cells derived from chick embryonic limb buds with cytochalasin D (CD)
disrupted the actin cytoskeleton with concomitant chondrogenic differentiation. The chondrogenesis was accompanied
by an increase in p38 MAP kinase activity and inhibition of p38 MAP kinase with SB203580 blocked chondrogenesis.
Together these results suggest an essential role for p38 MAP kinase in chondrogenesis. In addition, inhibition of p38 MAP
kinase did not alter CD-induced increased expression and activity of PKCa, whereas down-regulation of PKC by
prolonged exposure of cells to phorbol ester inhibited CD-induced p38 MAP kinase activation. Our results therefore
suggest that PKC is involved in the regulation of chondrogenesis induced by disruption of the actin cytoskeleton via a p38
MAP kinase signaling pathway. J. Cell. Biochem. 88: 713–718, 2003. � 2003 Wiley-Liss, Inc.
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During early chondrogenesis of chick limb
mesenchymal cells, aggregation of the cells
occurs to form precartilage condensation and
subsequent cartilage nodules in which chondro-
cyte-specific type II collagen and proteoglycan
are synthesized [DeLise et al., 2000]. Ahrens
et al. [1977] developed an in vitro micromass

culture system in which cells are plated at
confluent density to mimic the in vivo devel-
opmental stage when prechondrogenic conden-
sation occurs prior to overt chondrogenesis.
Mesenchymal cells can also differentiate into
chondrocytes in monolayer cultures when they
are converted to a round shape. For example,
chondrogenesis was induced by culturing the
cells on a three-dimensional structure such as
collagen gel [Solursh et al., 1982] or semi-
adhesive substratum [poly(HEMA)] [Archer
et al., 1982] or by changing cell shape via
disrupting the actin cytoskeleton [Zanetti and
Solursh, 1984; Loty et al., 1995; Lim et al.,
2000]. However, the mechanism by which cell
shape change exerts its inductive effect on
chondrogenesis remains uncharacterized.

We have shown previously that disruption of
the actin cytoskeleton with cytochalasin D (CD)
in subconfluent chick limb bud mesenchymal
cells can induce chondrogenic differentiation
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[Lim et al., 2000]. In this case, chondrogenesis
was induced by the increased expression and
activity of protein kinase C (PKC) a [Lim et al.,
2000]. In addition to PKC, cellular responses
to disruption of the actin cytoskeleton are as-
sociated with changes in MAP kinase activity.
For instance, disassembly of actin filaments
inhibited stretch-induced ERK activation
[Numaguchi et al., 1999] and abolished insu-
lin-induced phosphorylation of ERK and p38
MAP kinase [Tsakiridis et al., 1998]. Inhibition
of the ERK and p38 MAP kinase pathways also
affected expression of the matrix metalloprotei-
nases induced by CD treatment [Lambert et al.,
2001]. We, therefore, investigated the role of
MAP kinase subtypes, ERK-1/-2 and p38 MAP
kinase, in PKCa-regulated chondrogenesis of
mesenchymal cells induced by cytoskeleton
disruption. We report here that chondrogenesis
induced by disruption of the actin cytoskeleton
is regulated by PKCa via the activation of p38
MAP kinase signaling.

MATERIALS AND METHODS

Cell Culture

Mesenchymal cells were obtained from Ham-
burger-Hamilton stage 23/24 chick wing buds
[Hamburger and Hamilton, 1951] by digestion
at 378C for 10 min in Ca2þ- and Mg2þ-free
Hank’s balanced salt solution containing 0.1%
trypsin and 0.1% collagenase, as described pre-
viously [Lim et al., 2000]. The cells were plated
at a density of 6� 106 cells/60mm tissue culture
dish or 6� 105 cells in each well of 24 well cul-
ture plates. Cells were grown in F-12 medium
supplemented with 10% fetal calf serum and
antibiotics (100 U/ml penicillin and 100 mg/ml
streptomycin) and maintained at 378C in a
humidified atmosphere of 5% CO2 and 95% air
with daily changing of the culture medium.

Determination of Chondrogenesis

Chondrogenesis of mesenchymal cells was
determined by Western blot analysis of type II
collagen expression, and quantified by measur-
ing the accumulation of sulfated proteoglycan
in Alcian blue-stained cells. Briefly, cells were
rinsed with phosphate buffered saline (PBS)
and fixed with Kahle’s fixative for 5 min. The
cells were stained with Alcian blue in 0.1 NHCl
overnight and bound dye was extracted using
4 M guanidium HCl overnight at 48C. The opti-
cal density of the extracted dye was measured

at 595 nm with a microplate reader (Bio-Rad,
Hercules, CA).

Cell Fractionation

Cytosolic and particulate membrane fractions
of cells were prepared as described previously
[Lim et al., 2000]. Briefly, the cells were soni-
cated in buffer A (20 mM Tris, pH 7.5, 250 mM
sucrose, 10 mM EGTA, 2 mM EDTA, 1 mM
PMSF, 1 mg/ml aprotinin, 1 mg/ml leupeptin,
1 mg/ml pepstatin, 1 mM NaF, 1 mM sodium
orthovanadate) and centrifuged for 10 min at
1,000� g to remove cell debris. The super-
natants were then centrifuged at 100,000� g
for 30 min at 48C, and the resulting super-
natants were saved as the cytosolic fractions.
Proteins in the pellets were extracted with
0.3 ml of buffer B (20 mM Tris, pH 7.5, 1%
SDS, 150 mMNaCl, 1 mMEGTA, 1 mMPMSF,
1 mg/ml aprotinin, 1 mg/ml leupeptin, 1 mg/ml
pepstatin, 1 mMNaF, 1mM sodium orthovana-
date). Following centrifugation at 100,000� g
for 30 min at 48C, the supernatants were saved
as the particulate membrane fractions.

Immunoprecipitation

Cells were washed in ice-cold PBS and lysed
in50mMTris, pH7.4, containing150mMNaCl,
1 mM EDTA, 1 mM PMSF, 1 mg/ml aprotinin,
1mg/ml leupeptin, 1mg/ml pepstatin, 1mMNaF,
1 mM sodium orthovanadate, 0.25% sodium
deoxycholate, and 1% NP-40. The cell lysates
were precleared by incubating with protein
A-agarose for 1 h at 48C. The lysates were then
incubated with anti-phosphotyrosine antibody
(1 mg) at 48C for 1 h, followed by 25 ml of protein
A-agarose at 48C for 1 h.

Preparation of Cell Lysates and
Western Blot Analysis

To prepare a total cell lysate, cells were
washed in ice-cold PBS and lysed in 50 mM
Tris, pH 7.4, containing 150 mM NaCl, 1 mM
EDTA, 1 mM PMSF, 1 mg/ml aprotinin, 1 mg/ml
leupeptin, 1 mg/ml pepstatin, 1 mM NaF, 1 mM
sodium orthovanadate, 0.25% sodium deoxy-
cholate, and 1% NP-40. The supernatants were
collected after centrifugation for 10 min at
10,000� g. Protein samples were size-fractio-
nated by electrophoresis and the proteins
were electrotransferred to nitrocellulose mem-
brane. The membranes were immunoblotted
with primary antibodies followed by horserad-
ish peroxidase-conjugated anti-mouse IgG. The
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immunoblotted proteins were visualized by a
chemiluminescence ECL system (Amersham
Pharmacia Biotech, Buckinghamshire, UK).
The primary antibodies were purchased from
the following sources: anti-type II collagen
from Developmental Studies Hybridoma Bank
(University of Iowa), anti-PKC a, g/i, and E anti-
bodies from BD Transduction Lab (Lexington,
KY), anti-phospho ERK-1/-2 from Cell Signal-
ing (Beverly, MA), anti-p38 MAP kinase from
Santa Cruz Biotech (Santa Cruz, CA), and anti-
phosphotyrosine antibody from ICN (Costa
Mesa, CA).

p38 Kinase Assay

p38 immunoprecipitates obtained as describ-
ed above were washed three times with lysis
buffer and once with a kinase assay buffer
(25 mM HEPES, pH 7.4, 25 mM MgCl2, 25 mM
b-glycerophosphate, 100 mMsodium orthovana-
date, and 2 mM DTT). The immune complexes
were mixed with 10 ml of the kinase buffer
containing 20 mg of myelin basic protein as a
substrate and 20 mM [g-32P]ATP (20 Ci/mmol;
Amersham).After incubation for30minat308C,
the reaction was stopped by the addition of
SDS sample buffer and by boiling for 5 min.

Phosphorylation of the substrate was deter-
mined by autoradiography.

RESULTS

Activation of p38 MAP Kinase is Required for
CD-Induced Chondrogenesis of

Mesenchymal Cells

Treatment of mesenchymal cells cultured at
subconfluent densitywithCD causes disruption
of the actin cytoskeleton [Lim et al., 2000] with
concomitant induction of chondrogenesis, as
determined by Alcian blue staining (Fig. 1A).
To determine the possible involvement of p38
MAP kinase in this CD-induced chondrogen-
esis, changes in p38MAPkinase activity during
chondrogenesis were monitored by measuring
tyrosine phosphorylation and by a direct kinase
assay. Tyrosine phosphorylation of p38 MAP
kinasewas low in control cultures but gradually
increasedwith the time of culture inCD-treated
cells (Fig. 1B). An in vitro kinase assay also
indicated that p38 MAP kinase activity incre-
ased significantly in cultures treated with CD,
whereas the levels remained constant in control
cultures (Fig. 1C). To determine whether the
increased p38 MAP kinase activity in cells

Fig. 1. Cytochalasin D (CD)-induced chondrogenesis accom-
panies an increase in p38 MAP kinase activity. A: Mesenchymal
cells were incubated with the indicated concentrations of CD
for three days and accumulation of sulfated proteoglycan
was determined by Alcian blue staining. The average values
from three independent experiments are shown (mean� SE).
B: Mesenchymal cells were either untreated as a control (CON)
or treated with 1 mg/ml CD for the indicated time periods.
Tyrosine phosphorylation of p38 MAP kinase was determined

by Western blot analysis of p38 kinase immunoprecipitates.
Levels of p38 MAP kinase from whole cell lysates were deter-
mined by Western blot analysis. C: Mesenchymal cells were
cultured in the absence (CON) or presence of 1 mg/ml CD alone
or CD and 10 mM SB203580 (CDþSB). p38 MAP kinase activity
was determined by a kinase binding assay using MBP as a
substrate and analysed by Western blot analysis. The data shown
in B and C represent typical results from at least four independent
experiments.
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treated with CD is necessary for chondrogen-
esis, mesenchymal cells were treated with the
p38 MAP kinase inhibitor, SB203580 [Cuenda
et al., 1995] prior to CD treatment. SB203580
effectively inhibited the CD-induced activation
of p38 MAP kinase (Fig. 1C). This result was
confirmed by the reduction in both Alcian blue
staining (Fig. 2A) and type II collagen expres-
sion (Fig. 2B). The above results indicate that
CD-induced activation of p38 MAP kinase is
required for the chondrogenic differentiation of
mesenchymal cells.

p38 MAP Kinase Mediates PKC Regulation of
Chondrogenesis Induced by CD Treatment

We previously demonstrated that increased
expression and activity of PKCa is necessary
for CD-induced chondrogenesis of mesenchy-
mal cells [Lim et al., 2000]. In this study, we,
therefore, aimed to determine the functional
relationship between PKCa and p38 MAP
kinase signaling in CD-induced chondrogen-

esis. Consistent with our previous report [Lim
et al., 2000], chondrogenesis of mesenchymal
cells by CD treatment was accompanied by
increased expression of PKCa and a slight
decrease in the expression of PKCE and g/i
(Fig. 3A). Inhibition of p38 MAP kinase with
SB203580 did not significantly alter the incre-
ased PKCa expression (Fig. 3A) or translocation
of cytosolic PKCa to the particulate membrane
fraction (Fig. 3B), even though chondrogenic
differentiationwasdramaticallyblocked (Fig. 2).
In contrast, CD-induced activation of p38 MAP
kinase was significantly decreased by both
down-regulation of PKC following prolonged
treatmentwith phorbol 12-myristate 13-acetate
(PMA) and inhibition of PKC with GF109203X
(Fig. 4A). The inhibitory effects of PMA on p38
MAP kinase activity were dose-dependent as
shown in Fig. 4B. Inhibition or down-regulation
of PKC also blocked chondrogenesis as indi-
cated by the reduction in Alcian blue staining
(Fig. 4C). Taken together, the above results
suggest that PKC regulates CD-induced chon-
drogenesis by activating p38 MAP kinase
signaling.

DISCUSSION

Several lines of evidence suggest that MAP
kinase subtypes are important regulators of

Fig. 2. CD-induced activation of p38 kinase is required for
chondrogenesis. A: Mesenchymal cells were treated with the
indicated concentrations of SB203580 for three days in the
presence of 1 mg/ml CD and accumulation of sulfated pro-
teoglycan was determined by Alcian blue staining. The average
values of three independent experiments are shown (mean� SE).
B: Mesenchymal cells were cultured in the presence of CD
alone or CD and 10 mM SB203580 (CDþSB) for three days and
expression of type II collagen was determined by Western blot
analysis. The data represent typical results from at least four
independent experiments.

Fig. 3. Inhibition of p38 MAP kinase does not affect PKCa
signaling. Mesenchymal cells were cultured in the absence
(CON) or presence of 1 mg/ml CD or CD and 10 mM SB203580
(CDþSB). Levels of PKC isoforms in whole cell lysates were
determined by Western blot analysis (A). Alternatively, the cells
were fractionated into cytosolic (C) and particulate membrane
(M) fractions and levels of PKC isoforms in each fraction were
determined by Western blot analysis (B). The data represent
result of typical experiments from at least four independent
experiments.
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chondrogenesis that is induced by micromass
culture of mesenchymal cells. For example,
phosphorylation of ERK-1 is decreased during
micromass culture-induced chondrogenesis
and inhibition of ERK activity with PD98059
promotes chondrogenic differentiation [Chang
et al., 1998]. ERK activity is also inhibited
following an increase in the expression and
activity of PKCa [Chang et al., 1998]. In
contrast, p38 MAP kinase activity was incre-
ased during micromass culture-induced chon-
drogenesis while inhibition of p38 MAP kinase
suppressed chondrogenesis [Oh et al., 2000].
Theability ofp38MAPkinase to induce chondro-
genesis is independent of PKCa signaling [Oh
et al., 2000]. In addition, p38 MAP kinase also
positively regulates cartilage nodule formation
and expression of type II collagen induced by
growth/differentiation factor-5 in ATDC5 cells
[Nakamura et al., 1999].

This study demonstrates that activation of
p38 MAP kinase is necessary for CD-induced
chondrogenesis. This accords with the chondro-
genesis induced bymicromass culture ofmesen-
chymal cells [Oh et al., 2000]. However, an
important difference in terms of signaling
pathways is that p38 MAP kinase activation is
independent of PKC signaling during micro-
mass culture-induced chondrogenesis [Ohet al.,
2000], whereas we have shown here that CD-
induced activation of p38 MAP kinase is re-
gulated by PKC signaling. During micromass
culture-induced chondrogenesis, increased ex-
pression and activity of PKCa causes chondro-
genesis by inhibiting ERK-1/-2 signaling
[Chang et al., 1998]. Although the decrease
of ERK-1/-2 activity was also observed in our
system, inhibition of ERK with PD98059 did
not affect the CD-induced chondrogenesis [Lim
et al., 2000], suggesting that the decrease in

Fig. 4. PKC regulates p38 MAP kinase during CD-induced
chondrogenesis. A: Mesenchymal cells were cultured in the
presence of 1 mg/ml CD, CD and 10�7 M PMA (CDþPMA), CD
and 5 mM GF109203X (CDþGF), or CD and 10 mM SB203580
(CDþSB). p38 MAP kinase activity was determined by a kinase
assay using MBP as a substrate. Levels of p38 MAP kinase in
whole cell lysates were determined by Western blot analysis.
B: Mesenchymal cells were treated with the indicated concen-
trations of PMA or SB203580 in the presence of 1 mg/ml CD. p38

MAP kinase activity was determined by a kinase assay using
MBP as a substrate (upper panel), and the relative phosphoryla-
tion of MBP was quantified by densitometry (lower panel).
C: Mesenchymal cells were cultured in the presence of 1 mg/ml
CD, CD and 10�7 M PMA (CDþPMA), 5 mM GF109203X
(CDþGF), or 10 mM SB203580 (CDþSB) for three days.
Accumulation of sulfated proteoglycan was determined by
Alcian blue staining. The average values of three independent
experiments are shown (mean� SE).
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ERK-1/-2 activity is not critical for CD-induced
chondrogenesis. In this study, we observed that
inhibition of PKC with GF109203X or down-
regulation of PKC with PMA did not affect the
CD-induced inhibition of ERK-1/-2 activity
(data not shown). In addition, inhibition of
ERK-1/-2 with PD98059 did not recover the
inhibition of CD-induced chondrogenesis in-
duced by prolonged treatment with PMA or
GF109203X (data not shown). Taken together,
our data clearly suggest that p38 MAP kinase
mediates the PKC involvement in regulating
CD-induced chondrogenesis, whereas ERK-1/-2
mediates the PKC regulation of micromass
culture-induced chondrogenesis of mesenchy-
mal cells.

In summary, p38 MAP kinase activity was
increased by disruption of the cytoskeleton
with CD and its activity is required for CD-
induced chondrogenesis. Inhibition or down-
regulation of PKC blocked CD-induced p38
MAP kinase activation, whereas inhibition of
p38 MAP kinase did not influence the expres-
sion and activity of PKC, indicating that a
PKC-p38 MAP kinase pathway is associated
with the induction of chondrogenesis by disrup-
tion of the cytoskeleton.

ACKNOWLEDGMENTS

This work was supported by a grant from
the Korea Science and Engineering Foundation
(R01-2000-00108). The antibody against type II
collagen developed by Dr. T. Linsenmayer was
obtained from the Developmental Studies Hy-
bridoma Bank developed under the auspices of
the NICHD and maintained by The University
of Iowa, Department of Biological Sciences,
Iowa City, IA 52242.

REFERENCES

Ahrens PB, Solursh M, Reiter RS. 1977. Stage-related
capacity for limb chondrogenesis in cell culture. Dev Biol
60:69–82.

Archer CW, Rooney P, Wolpert L. 1982. Cell shape and
cartilage differentiation of early chick limb bud cells in
culture. Cell Differ 11:245–251.

Chang SH, Oh CD, Yang MS, Kang SS, Lee YS, Sonn JK,
Chun JS. 1998. Protein kinase C regulates chondro-
genesis of mesenchymes via mitogen-activated protein
kinase signaling. J Biol Chem 273:19213–19219.

Cuenda A, Rouse J, Doza YN, Meier R, Cohen P, Gallagher
TF, Young PR, Fee JC. 1995. SB 203580 is a specific
inhibitor of a MAP kinase homologue which is stimulated
by cellular stresses and interleukin-1. FEBS Lett 364:
229–233.

DeLise AM, Fischer L, Tuan RS. 2000. Cellular interactions
and signaling in cartilage development. Osteoarthritis
Cartilage 8:309–334.

Hamburger V, Hamilton HL. 1951. A series of normal
stages in development of the chick embryo. J Morphol
88:49–92.

Lambert CA, Colige AC, Munaut C, Lapiere CM, Nusgens
BV. 2001. Distinct pathways in the over-expression of
matrix metalloproteinases in human fibroblasts by
relaxation of mechanical tension. Matrix Biol 20:397–
408.

Lim YB, Kang SS, Park TK, Lee YS, Chun JS, Sonn JK.
2000. Disruption of actin cytoskeleton induces chondro-
genesis of mesenchymal cells by activating protein kinase
C-alpha signaling. Biochem Biophys Res Commun 273:
609–613.

Loty S, Forest N, Boulekbache H, Sautier JM. 1995.
Cytochalasin D induces changes in cell shape and pro-
motes in vitro chondrogenesis: A morphological study.
Biol Cell 83:149–161.

Nakamura K, Shirai T, Morishita S, Uchida S, Saeki-Miura
K, Makishima F. 1999. p38 mitogen-activated protein
kinase functionally contributes to chondrogenesis in-
duced by growth/differentiation factor-5 in ATDC5 cells.
Exp Cell Res 250:351–356.

Numaguchi K, Eguchi S, Yamakawa T, Motley ED,
Inagami T. 1999. Mechanotransduction of rat aortic
vascular smooth muscle cells requires RhoA and intact
actin filaments. Cir Res 85:5–11.

Oh CD, Chang SH, Yoon YM, Lee SJ, Lee YS, Kang SS,
Chun JS. 2000. Opposing role of mitogen-activated
protein kinase subtypes, erk-1/2 and p38, in the regula-
tion of chondrogenesis of mesenchymes. J Biol Chem
275:5613–5619.

Solursh M, Linsenmayer TF, Jensen KL. 1982. Chondro-
genesis from single limb mesenchyme cells. Dev Biol
94:259–264.

Tsakiridis T, Bergman A, Somwar R, Taha C, Aktories CK,
Cruz TF, Klip A, Downey GP. 1998. Actin filaments
facilitate insulin activation of the src and collagen
homologous/mitogen-activated protein kinase pathway
leading to DNA synthesis and c-fos expression. J Biol
Chem 273:28322–28331.

Zanetti N, Solursh M. 1984. Induction of chondrogenesis in
limb mesenchymal cultures by disruption of the actin
cytoskeleton. J Cell Biol 99:115–123.

718 Lim et al.


