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Abstract: Rearrangement of the actin cytoskeleton plays an inductive role in chondrogenic differentiation. Our previ-
ous study showed that blebbistatin, an inhibitor of myosin II, removes actin stress fibres and induces chondrogenesis of
mesenchymal cells in monolayer cultures. In the present study, we investigated signalling pathways implicated in the in-
duction of chondrogenesis by dissolving actin stress fibres after blebbistatin treatment. Blebbistatin increased the activity
of phosphoinositide 3-kinase (PI3K). Inhibition of PI3K with LY294002 blocked blebbistatin-induced chondrogenesis with-
out affecting blebbistatin-induced reorganization of actin filaments. Blebbistatin also upregulated the phosphorylation of
phosphoinositide-dependent protein kinase 1 (PDK1), and inhibition of PDK1 with GSK2334470 suppressed blebbistatin-
induced chondrogenesis, indicating that removal of actin stress fibres by blebbistatin induced chondrogenesis by activating
PI3K/PDK1. Although inhibition of Akt activity by Akt inhibitor IV blocked blebbistatin-induced chondrogenesis, phos-
phorylation of Akt was not affected by blebbistatin. Blebbistatin increased the phosphorylation of mammalian target of
rapamycin (mTOR) at Ser2448 and p70 ribosomal protein S6 kinase (p70S6K). Inhibition of mTOR with rapamycin almost
completely abolished the phosphorylation of p70S6K. Inhibition of mTOR complex 1 (mTORC1) and complex 2 (mTORC2)
with pp242 diminished phosphorylation of Akt at Ser473, whereas inhibition of mTORC1 with rapamycin did not. How-
ever, blebbistatin did not affect the phosphorylation of mTOR at Ser2481. Taken together, the present results suggest that
blebbistatin induces chondrogenesis by activating the PI3K/PDK1/mTOR/p70S6K pathway. Our data also indicate that
Akt activity is essential for chondrogenesis but is regulated by mTORC2, which is independent of blebbistatin treatment.
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Introduction

Cell shape and the cytoskeleton are closely associ-
ated with chondrogenesis. Embryonic limb mesenchy-
mal cells undergo changes in their shape and cytoskele-
ton during chondrogenesis. Undifferentiated mesenchy-
mal cells with a stellate morphology become round af-
ter differentiating into chondrocytes (Wezeman 1998).
Mature articular cartilage contains actin microfilaments
as a predominantly cortical structure (Langelier et al.
2000). Chondrogenesis of mesenchymal cells can be in-
duced when they become rounded in vitro. Single limb
mesenchyme cells cultured on type I collagen gels differ-
entiate into cartilage in a round configuration (Solursh
et al. 1982). Dedifferentiated chondrocytes cultured on
chitosan membranes exhibit cortical distribution of the
actin cytoskeleton and restored chondrocyte character-
istics (Park et al. 2008). Similarly, disruption of the

actin cytoskeleton is another important trigger of chon-
drogenesis. Cytochalasin D disrupts actin stress fibres,
thus inducing the chondrogenesis of chick limb bud
mesenchymal cells (Zanetti & Solursh 1984; Lim et al.
2000). Recent studies have shown that blebbistatin,
a cell-permeable inhibitor of muscle and non-muscle
myosin II (Straight et al. 2003), removes actin stress
fibres and induces chondrogenesis (Kim et al. 2012).
Phosphoinositide 3-kinase (PI3K) plays a central

role in many cellular processes, including proliferation,
survival, adhesion, development, motility, and trans-
formation (Krasilnikov 2000; Katso et al. 2001). The
PI3K protein family includes 3 classes of enzymes
(I–III) that generate 3’ phosphoinositide lipids. Upon
activation, class I PI3Ks convert phosphatidylinosi-
tol 4,5-bisphosphate [PI(4,5)P2] to phosphatidylinos-
itol (3,4,5)-triphosphate [PI(3,4,5)P3] that functions
as a docking site for Akt and 3-phosphoinositide-
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dependent protein kinase-1 (PDK1) and allows the lat-
ter to phosphorylate Akt at Thr308 (Cantley 2002).
The PI3K/Akt signalling pathway has been shown to
be involved in chondrogenesis, and PI3K activity is re-
quired for chondrogenesis (Bang et al. 2000; Hidaka et
al. 2001; Lee et al. 2013). Insulin-like growth factor 1 in-
duces chondrogenesis by activating PI3K and Akt (Oh
& Chun 2003).
To elucidate the mechanisms through which reor-

ganization of actin filaments induces chondrogenesis, we
determined whether the PI3K signalling pathway is as-
sociated with blebbistatin-induced chondrogenesis.

Material and methods

Antibodies and reagents
Anti-PI3K p85, anti-GAPDH, anti-Akt, anti-phospho-Akt
(Ser473), anti-PDK1, anti-phospho-PDK1 (Ser241), anti-
phospho-p70S6K (Thr389), and anti-phosphorylated-mole-
cular target of rapamycin (anti-phospho-mTOR; Ser2448),
and anti-phospho-mTOR (Ser2481) antibodies were pur-
chased from Cell Signaling Technology (Beverly, MA, USA).
Anti-type II collagen, anti-phospho-PI3K p85 (Tyr508),
anti-p70S6K, and anti-phospho-Akt (Thr308) antibodies
were obtained from Santa Cruz Biotechnology (Dallas, TX,
USA). Blebbistatin and LY294002 were purchased from
Enzo Life Sciences (Plymouth, PA, USA). Cytochalasin D
and GSK2334470 were from Tocris Bioscience (Ellisville,
MO, USA). Rapamycin was purchased from LC Laborato-
ries (Woburn, MA, USA).

Cell culture
Chick embryo wing bud mesenchymal cells were cultured as
described previously (Kim et al. 2012). Briefly, wing buds
were dissected from Hamburger-Hamilton stage 23/24 chick
embryos and were collected in Ca2+/Mg2+-free Hanks’ bal-
anced salt solution. The wing buds were then treated with
0.1% collagenase/trypsin for 10 min in a humidified incu-
bator at 37◦C and 5% CO2. F12 supplemented with 10%
foetal bovine serum (FBS) was added to stop the reaction,
and a cell suspension was obtained by pipetting the medium
up and down several times. The cells were collected by cen-
trifugation at 400 × g for 10 min and resuspended in F12
containing 10% FBS. Single cells were obtained by filtering
the cell suspension through 8 layers of lens paper. Cells were
counted using a hemocytometer. Cell cultures at low den-
sity where cells remain undifferentiated were performed by
spreading the 3 × 106 cells over the entire 60 mm culture
dishes and the cells were incubated for 1 h at 37◦C. Cells
were then treated with blebbistatin, LY294002, cytochalasin
D, GSK2334470 or rapamycin dissolved in dimethyl sulfox-
ide (DMSO) for 1 or 2 days. Controls received DMSO vehicle
at a concentration equal to that of agent-treated cells. For
Western blot analysis with anti-PI3K p85 and anti-phospho-
PI3K p85 (Tyr508) antibodies, which do not react well with
samples from chicken, the distal subridge region of the limbs
of E11.5 mouse embryos were dissected and mesenchymal
cell cultures were prepared as described above.

Immunofluorescence
The cells were fixed with 4% paraformaldehyde for 10 min
and permeabilized with 0.1% Triton X-100 for 5 min. Next,
the cells were rinsed with phosphate-buffered saline and
blocked using 1% bovine serum albumin (BSA) to prevent
nonspecific binding. The cells were then incubated with goat

anti-type II collagen antibody in 1% BSA for 1 h at room
temperature. After washing with phosphate-buffered saline,
the cells were double stained with Alexa 555-conjugated
anti-goat secondary antibody and Alexa 488-conjugated
phalloidin (Molecular Probes, Eugene, OR, USA) to detect
type II collagen and F-actin, respectively, for 30 min at room
temperature. Cell nuclei were stained using 4’,6-diamidino-
2-phenylindole (DAPI). The stained cells were visualized us-
ing a Zeiss Axiophot (Carl Zeiss, Oberkochen, Germany)
epifluorescence microscope.

Western blot
Cultures were extracted in lysis buffer (50 mM Tris, pH
7.4, 150 mM NaCl, 1 mM EDTA, 0.25% sodium deoxy-
cholate, and 1% NP-40) containing 1 mM sodium ortho-
vanadate, 1 mM sodium fluoride, and protease inhibitor
cocktail (Sigma-Aldrich, St. Louis, MO, USA). Protein con-
centrations of the cell lysates were measured spectrophoto-
metrically using a BCA Assay Kit (Thermo Scientific Inc.,
Rockford, IL, USA). Next, 30 μg of the protein extract
was resolved by sodium dodecyl sulphate polyacrylamide
gel electrophoresis and the resolved proteins were electro-
transferred onto a nitrocellulose membrane (Amersham Bio-
sciences, Piscataway, NJ, USA). The membrane was blocked
using 4% non-fat dry milk in TBS with 0.1% Tween 20 for
1 h at room temperature and incubated overnight at 4◦C
with primary antibodies. The membrane was then incubated
with secondary antibodies conjugated to horseradish perox-
idase for 1 h at room temperature. Membrane-bound pro-
teins were detected using SuperSignal West Femto (Thermo
Scientific) according to the manufacturer’s protocol.

PI3K assay
PI3K activity was determined using a P13-Kinase Activity
ELISA kit according to the manufacturer’s protocol (Eche-
lon Biosciences Inc., Salt Lake City, UT, USA). Briefly, the
cells were lysed in ice-cold lysis buffer (20 mM Tris-HCl,
pH 7.4, 137 mM NaCl, 1 mM CaCl2, 1 mM MgCl2, 1 mM
sodium orthovanadate, and 1% NP-40). The cell lysate was
centrifuged, and the supernatant was incubated with anti-
p85 PI3K antibody at 4◦C for 1 h, with gentle rotation.
Protein A agarose beads (60 μL of 50% slurry) were added,
and the mixture was incubated at 4◦C overnight. Immuno-
precipitated enzyme was mixed with phosphatidylinositol
4,5-bisphosphate and incubated at room temperature for
3 h. The kinase reaction was stopped by adding 100 mM
EDTA, and the mixture was then transferred to a PI3K
ELISA plate. Detector was added to the mixture, and the
mixture was incubated for 1 h. The plate was then washed
and incubated with the secondary detector for 30 min.
The plate was washed again and incubated with 3,3’,5,5’-
tetramethylbenzidine solution for 20 min, and then the re-
action was stopped by adding H2SO4. The plate was read
at 450 nm using a plate reader. Protein concentrations in
the cell lysate were measured as described above, and PI3K
activities were corrected for protein content.

Results

Blebbistatin induces chondrogenesis by activating PI3K
Chick embryo wing bud mesenchymal cells were grown
in the absence or presence of blebbistatin. Untreated
cells exhibited numerous well-organized actin stress fi-
bres and were not positive for type II collagen by im-
munostaining, whereas cells treated with blebbistatin
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Fig. 1. Blebbistatin induces chondrogenesis by activating phosphoinositide 3-kinase (PI3K). Chick wing bud mesenchymal cells were
incubated in the presence or absence of 100 μM blebbistatin (Bleb) with or without 10 μM LY294002 (LY) for 2 days. (A) Cells were
stained for F-actin (phalloidin, green), type II collagen (Col II, red), and nuclei were stained with DAPI (blue). Scale bar: 10 μm.
(B) Cell lysates were analyzed for type II collagen by immunoblotting. (C) The cells were lysed, and the p85 subunit of PI3K was
immunoprecipitated from cell lysates using an anti-PI3K antibody, followed by competitive ELISA, as described in Materials and
methods. Data are expressed as means ± SEM of 3 independent experiments. *P < 0.005 versus control group. (D) Mouse embryo
limb bud mesenchymal cells were incubated in the presence or absence of 100 μM blebbistatin (Bleb) with or without 10 μM LY294002
(LY) for 2 days. Cell lysates were analyzed for phospho-PI3K p85 (Tyr508) and PI3K p85. GAPDH served as a loading control for
immunoblots. The images are representative of 3 or more independent experiments.

showed disappearance of stress fibres and were posi-
tively stained for type II collagen (Fig. 1A). Chondro-
genic induction of blebbistatin was confirmed by West-
ern blot using anti-type II collagen antibody (Fig. 1B).
To examine whether blebbistatin-induced chon-

drogenesis required PI3K activity, the mesenchymal
cells were incubated with blebbistatin and LY294002,
and chondrogenesis was examined using immunofluo-
rescence and Western blot with anti-type II collagen
antibody. As shown in Figure 1A,B, inhibition of PI3K
with LY294002 blocked blebbistatin-induced expression
of type II collagen. LY294002 did not block the disap-
pearance of stress fibres induced by blebbistatin, indi-
cating that PI3K signalling is involved in the chondro-
genic process following dissolution of actin stress fibres
by blebbistatin. To determine whether PI3K activity is
regulated by blebbistatin treatment, PI3K activity was
measured. The assay used immunoprecipitated enzyme
to measure the generation of PI(3,4,5)P3, a product of
PI(4,5)P2 conversion by PI3K. Blebbistatin increased
PI3K activity by 2.01 fold (Fig. 1C). To confirm the
above result, we tested whether blebbistatin affects the
phosphorylation of PI3K subunit p85. Figure 1D shows
that blebbistatin increased the phosphorylation of PI3K
subunit p85 at Tyr508.

Blebbistatin activates PDK1 but not Akt
PDK1 functions downstream from PI3K in receptor ty-
rosine kinase signal transduction pathways (Vanhae-

sebroeck & Alessi 2000). To investigate the down-
stream components of the PI3K pathway, we deter-
mined whether PDK1 is involved in the PI3K path-
way. Blebbistatin increased the phosphorylation of
PDK1 (Fig. 2A). Inhibition of PDK1 activity with
GSK2337740, a highly specific ATP-competitive PDK1
inhibitor (Najafov et al. 2011), blocked blebbistatin-
induced chondrogenesis (Fig. 2B,C). LY294002 inhib-
ited the phosphorylation of PDK1 that was increased
by blebbistatin (Fig. 2A), indicating that blebbistatin
activated the PI3K/PDK1 pathway.
Targets of PDK1 include many protein kinases be-

longing to the AGC family, including Akt and p70 ribo-
somal protein S6 kinase (p70S6K) (Mora et al. 2004).
Therefore, we examined whether Akt is downstream
of the PI3K/PDK1 pathway in blebbistatin-induced
chondrogenesis. Blebbistatin treatment results in little
change or even decreased level of Akt phosphorylation
(Fig. 2D). However, inhibition of Akt with Akt inhibitor
IV almost completely blocked blebbistatin-induced ex-
pression of type II collagen (Fig. 2E,F). These results
indicate that Akt is not involved in the PI3K/PDK1
signalling pathway activated by blebbistatin, but the
activity of Akt is essential for chondrogenesis.

mTOR/p70S6K1 is implicated in the PI3K/PDK1
pathway activated by blebbistatin
The kinase mTOR is central in the PI3K signalling
pathway (Hay & Sonenberg 2004). Therefore, we deter-
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Fig. 2. Blebbistatin activates PDK1 but not Akt. (A) Mesenchymal cells were treated with 100 μM blebbistatin (Bleb) or 10 μM
LY294002 (LY) for 1 or 2 days, and cell lysates were analyzed for phospho-PDK1 (Ser241) and PDK1 by immunoblotting. GAPDH
served as a loading control. (B) Cells were incubated in the presence or absence of 100 μM blebbistatin (Bleb) with or without 10 μM
GSK2334470 (GSK) for 2 days and cell lysates were analyzed for type II collagen by immunoblotting. (C) Cells were incubated in
the presence of blebbistatin and GSK2334470 for 2 days and stained for F-actin (phalloidin, green), type II collagen (Coll II, red).
The cell nuclei were stained with DAPI (blue). Scale bar: 10 μm. (D) Mesenchymal cells were incubated in the presence or absence of
blebbistatin for 1 or 2 days. Cell lysates were analyzed for phospho-Akt (Ser473), phospho-Akt (Thr308) and Akt by immunoblotting.
(E) Cells were incubated in the presence or absence of 100 μM blebbistatin (Bleb) with or without 0.5 μM Akt inhibitor IV (Akt I) for
2 days and cell lysates were analyzed for type II collagen by immunoblotting. (F) Cells were incubated in the presence of blebbistatin
and Akt inhibitor IV for 2 days and stained for F-actin (phalloidin, green), type II collagen (Coll II, red). The cell nuclei were stained
with DAPI (blue). Scale bar: 10 μm. GAPDH served as a loading control for immunoblots. The images are representative of 3 or more
independent experiments.

mined whether mTOR is downstream of PI3K/PDK1.
As shown in Figure 3A, blebbistatin increased the
phosphorylation of mTOR at Ser2448. LY294002 and
GSK2337740 inhibited the phosphorylation of mTOR
that was increased by blebbistatin (Fig. 3B). In addi-
tion, rapamycin decreased phosphorylation of mTOR
and blocked chondrogenesis induced by blebbistatin
(Fig. 3C). p70S6K is a downstream effector of the
mTOR pathway (Berven & Crouch 2000). Phospho-
rylation of p70S6K was increased by blebbistatin
treatment (Fig. 3A), and decreased by LY294002,
GSK2337740 (Fig. 3B), and rapamycin (Fig. 3C).
These results suggest that blebbistatin induces chon-
drogenesis of single-cell cultures of mesenchymal cells
by activating the PI3K/PDK1/mTOR/p70S6K path-
way.

Akt is regulated by mTORC2 that is independent of
blebbistatin treatment
In the previous section, we showed that Akt activity
is essential for chondrogenesis, but is not regulated by
blebbistatin treatment. Therefore, we sought to inves-
tigate how Akt is regulated. Phosphorylation of Akt at
Ser473 in the carboxyl-terminal hydrophobic motif is
induced by mTOR complex 2 (mTORC2) (Sarbassov et
al. 2005). Whereas rapamycin inhibits mTORC1, pp242
inhibits both mTORC1 and mTORC2 (Apsel et al.
2008). Blebbistatin did not affect the phosphorylation
of mTOR at Ser2481 (Fig. 4A). Although rapamycin
did not affect the phosphorylation of Akt at Ser473,
pp242 inhibited this phosphorylation. pp242 did not
affect the phosphorylation of Akt at Thr308 (Fig. 4B),
indicating that pp242 inhibits mTORC2. These results
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Fig. 3. Blebbistatin activates mTOR/p70S6K through the PI3K/PDK1 pathway. (A) Mesenchymal cells were incubated in the presence
or absence of blebbistatin for 1 or 2 days. Cell lysates were analyzed for phospho-mTOR (Ser2448), phospho-p70S6K (Thr389), and
p70S6K by immunoblotting. (B) Cells were incubated in the presence or absence of 100 μM blebbistatin (Bleb) with or without
LY294002 or GSK2334470 for 2 days. Cell lysates were analyzed for phospho-mTOR (Ser2448), phospho-p70S6K (Thr389), and
p70S6K by immunoblotting. (C) Cells were incubated in the presence or absence of 100 μM blebbistatin (Bleb) with or without 20 nM
rapamycin (Rapa) for 2 days. Cell lysates were analyzed for type II collagen, phospho-mTOR (Ser2448), phospho-p70S6K (Thr389), and
p70S6K by immunoblotting. GAPDH served as a loading control. The images are representative of 3 or more independent experiments.

Fig. 4. Akt is regulated by mTORC2 independently of blebbistatin. (A) Mesenchymal cells were incubated in the presence or absence
of blebbistatin for 1 or 2 days. Cell lysates were analyzed for phospho-mTOR (Ser2448). (B) Cells were incubated in the presence or
absence of 100 μM blebbistatin (Bleb) with or without 20 nM rapamycin (Rapa) or pp242 for 2 days. Cell lysates were analyzed for
phospho-Akt (Ser473) and phospho-Akt (Thr308). GAPDH served as a loading control. The images are representative of 3 or more
independent experiments.

suggest that Akt is regulated by mTORC2 indepen-
dently of blebbistatin treatment.

Discussion

Regulation of the actin cytoskeleton is one of the diverse
functions of PI3K. PI3K is required for actin filament
remodelling induced by growth factors (Rodriguez-
Viciana et al. 1994; Wennström et al. 1994) and
insulin (Tsakiridis et al. 1999). PI3K also induces

actin filament remodelling through Akt and p70S6K1
(Qian et al. 2004). Conversely, mechanical proper-
ties of the microenvironment alter the activation of
the PI3K pathway. For example, cyclic strain deforms
cells and activates PI3K (Hoshino et al. 2007; Gayer
et al. 2009). In the present study, blebbistatin re-
moved actin stress fibres and increased PI3K activity
and phosphorylation (Fig. 1). Inhibition of PI3K with
LY294002 blocked blebbistatin-induced chondrogene-
sis, but did not influence blebbistatin-induced reorga-
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nization of actin filaments. These results indicate that
blebbistatin-induced changes in the actin cytoskeleton
activated PI3K, leading to chondrogenic differentia-
tion.
Several proteins function as downstream targets

of PI(3,4,5)P3 produced by PI3K, including PDK1
(Hirsch et al. 2007). In our study, blebbistatin in-
creased PDK1 phosphorylation that was suppressed by
LY294002 (Fig. 2). In addition, inhibition of PDK1 with
GSK2334470 blocked blebbistatin-induced chondrogen-
esis, indicating that PDK1 is downstream of PI3K dur-
ing blebbistatin-induced chondrogenesis. To our knowl-
edge, this is the first report demonstrating that PDK1
is downstream of PI3K during chondrogenesis.
Activated PDK1 phosphorylates and activates the

AGC family of protein kinases including Akt and
p70S6K (Mora et al. 2004). Akt contains 2 regulatory
phosphorylation sites: Thr308 in the activation loop
within the kinase domain and Ser473 in the C-terminal
regulatory domain. Akt is phosphorylated at Thr308 by
PDK1 and becomes partially activated. Complete acti-
vation of Akt occurs when it is phosphorylated at both
Thr308 and Ser473 (Song et al. 2005). Interestingly, our
results show that phosphorylation of Akt at Thr308
and Ser473 was not significantly affected by blebbis-
tatin, although inhibition of Akt blocked blebbistatin-
induced chondrogenesis. The PI3K/Akt pathway has
been shown to be involved in insulin-induced chondro-
genesis (Hidaka et al. 2001; Fujita et al. 2004) and
enhancement of chondrogenesis by hypoxia (Lee et al.
2013). Our present data suggest that Akt is not down-
stream of the PI3K/PDK1 pathway activated by bleb-
bistatin and is presumably regulated by other signalling
pathways.
Studies have shown that mTOR is implicated in

chondrogenic differentiation. Rapamycin inhibits chon-
drogenic differentiation (Oh et al. 2001; Phornphuktul
et al. 2008) and skeletal growth (Phornphuktul et al.
2009). Furthermore, mechanical stress, e.g., cyclic load-
ing of embryonic chicken growth plate chondrocytes,
induces sustained activation of mTOR (Guan et al.
2014). Consistent with these data, our present results
show that removal of actin stress fibres by blebbistatin
increased the phosphorylation of mTOR on Ser2448
and that inhibition of mTOR with rapamycin blocked
blebbistatin-induced chondrogenesis (Fig. 3A). Further,
phosphorylation of mTOR on Ser2448 was inhibited by
LY294002 (Fig. 3B). mTOR interacts with several pro-
teins to form two distinct complexes, namely mTORC1
and mTORC2. In mTORC1, mTOR is phosphory-
lated predominantly on Ser2448, whereas in mTORC2,
mTOR is phosphorylated predominantly on Ser2481
(Copp et al. 2009). Thus, the current data suggest that
PI3K activated by blebbistatin increased the activity of
mTORC1.
mTOR has been implicated in the phosphoryla-

tion of p70S6K (Berven & Crouch 2000). mTORC1
is a major downstream effector of Akt (Slomovtiz &
Coleman 2012). The signalling leading to activation of
mTOR/p70S6K by insulin has been extensively studied

and involves the canonical association of PI3K, PDK1,
and Akt (Avruch et al. 2006; Corradetti & Guan 2006;
Bertrand et al. 2008). In the present study, blebbistatin
increased the phosphorylation of p70S6K (Fig. 3A), and
inhibition of PI3K or PDK1 decreased the phosphory-
lation of p70S6K (Fig. 3B). Based on these results, we
can assume that PI3K/PDK1/mTOR/p70S6K plays
a role in blebbistatin-induced chondrogenesis. How-
ever, as our results show that Akt was not activated
by blebbistatin treatment, it seems reasonable to rule
Akt out of the above pathway. It has been shown
that mTORC1 activity is controlled by a PI3K/Akt-
independent pathway mediated by PDK1 (Finlay et al.
2012). In addition, although leucine-dependent activa-
tion of mTOR/p70S6K is prevented by PI3K inhibitors,
it does not involve PKB/Akt activation (Peyrollier et
al. 2000; Greiwe et al. 2001; Krause et al. 2002), but re-
quires PDK1 (Sanchez Canedo et al. 2010). Our present
data show that inhibition of PDK1 decreased the phos-
phorylation of mTOR (Fig. 3B). This result confirms
that PI3K/PDK1 regulates the mTOR/p70S6K path-
way.
As mentioned above, Akt was not regulated by

blebbistatin. It has been documented that Akt is
phosphorylated at Ser473 by mTORC2 (Sarbassov et
al. 2005). However, the phosphorylation of mTOR
on Ser2481 was not affected by blebbistatin in our
study (Fig. 5A), indicating that mTORC2 is not
involved in blebbistatin-induced chondrogenesis. Al-
though the mTORC1 inhibitor rapamycin did not affect
the phosphorylation of Akt on Ser473 and Thr308, the
mTORC1 and mTORC2 dual inhibitor pp242 blocked
the phosphorylation of Akt on Ser473, but not on
Thr308 (Fig. 4B). These results indicate that Akt is
regulated by mTORC2 independently of blebbistatin.
Taken together, our results suggest that reorga-

nization of the actin cytoskeleton by blebbistatin in-
duces chondrogenesis of single mesenchymal cells via
the PI3K/PDK1/mTOR/p70S6K pathway. Our find-
ings also show that mTORC2 regulates Akt indepen-
dently of blebbistatin and Akt activity is essential for
chondrogenesis.
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