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Mechanical Stretch Activates Signaling Events
for Protein Translation Initiation and Elongation

in C2C12 Myoblasts
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and Yoshinobu Ohira'?

It has been proposed that mechanically induced tension is
the critical factor in the induction of muscle hypertrophy.
However, the molecular mechanisms involved in this
process are still under investigation. In the present study,
the effect of mechanical stretch on intracellular signaling
for protein translation initiation and elongation was stud-
ied in C2C12 myoblasts. Cells were grown on a silicone
elastomer chamber and subjected to 30-min of 5 or 15%
constant static or cyclic (60 cycles/min) uniaxial stretch.
Western blot analyses revealed that p70 S6 kinase
(p70S6K) and eukaryotic elongation factor 2 (eéEF2), which
are the markers for translation initiation and peptide chain
elongation, respectively, were activated by both static and
cyclic stretch. The magnitude of activation was greater in
response to the 15% cyclic stretch. Cyclic stretch also
increased the phosphorylation of MAP kinases (p38 MAPK,
ERK1/2 and JNK). However, the pharmacological inhibition
of MAP kinases did not block the stretch-induced activa-
tion of p70S6K and eEF2. An inhibitor of the mammalian
target of rapamycin (mTOR) blocked the stretch-induced
phosphorylation of p70S6K but did not affect the eEF2
activation. A broad-range tyrosine kinase inhibitor, gen-
istein, blocked the stretch-induced activation of p70S6K
and eEF2, whereas Src tyrosine kinase and Janus kinase
(JAK) inhibitors did not. These results suggest that the
stretch-induced activation of protein translation initiation
and elongation in mouse myoblast cell lines is mediated
by tyrosine kinase(s), except for Src kinase or JAK.

INTRODUCTION

Skeletal muscle is a highly plastic tissue. In response to re-
peated bouts of resistance exercise and overload, skeletal
muscle is liable to undergo hypertrophy (Matoba and Gollnick,
1984; Timson, 1990). It has been proposed that mechanical
stimuli play a major role in the regulation of skeletal muscle
mass (Goldberg et al., 1975). In fact, passive stretch of muscle

leads to an increase in muscle tension and promotes skeletal
muscle growth by stimulating protein synthesis (Barnett et al.,
1980).

Recently, the mammalian target of the rapamycin (mTOR)
pathway has been reported to be of importance in the control of
skeletal muscle mass in response to mechanical stimulation
(Hornberger and Chien, 2006; Hornberger et al., 2006; 2007;
Zanchi and Lancha, 2008). Activation of mTOR stimulates
downstream targets for protein synthesis, such as p70 S6
kinase (p70S6K) and eukaryotic elongation factor 2 (eEF2).
Phosphorylation of p70S6K at threonine 389 residue, by mTOR
kinase, activates the ribosomal protein S6 and upregulates a
subclass of MRNA encoding the translation apparatus (Dennis
et al., 1996; Kimball et al., 1999). eEF2 is another potentially
important signaling protein in the control of translation, which
mediates the translocation step of elongation (Redpath et al.,
1996). eEF2 is activated by dephosphorylation at threonine 56
in response to insulin or serum, and this correlates with the
activation of elongation (Redpath et al., 1996; Wang et al.,
2000).

There are potential candidates for the upstream signaling
pathway of mTOR in response to mechanical stimulation. Phos-
phatidylinositol-3 kinase (PI3K)/Akt (Bodine et al., 2001), phos-
phatidic acid generated by phospholipase D (PLD) (Hornberger
et al., 2006), integrin/FAK (focal adhesion kinase) (Marin et al.,
2008), and mitogen-activated protein kinases (MAPKs) (Marti-
neau and Gardiner, 2001) have been reported to be involved in
mechanotransduction. However, the mechanism underlying the
intracellular signaling upstream of the mTOR response to me-
chanical stimulation remains to be clarified. To investigate a
wide variety of biological regulation, a cell culture model would
be an invaluable tool. In the present study, mechanical stimula-
tion was applied to myoblasts cultured in a silicon elastomer
chamber using a stretching apparatus. Another advantage to
using the cell culture model instead of intact tissue in vivo is the
ability to apply various pharmacological inhibitors to block spe-
cific signaling pathways.

The aim of the present study was to investigate the effect of
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mechanical stretch on intracellular signaling for protein transla-
tion initiation and elongation in C2C12 myoblasts. Here we
present the evidence that mechanical stretch activates signal-
ing events for protein translation initiation and elongation, while
tyrosine phosphorylation is an indispensable process in this
regulation.

MATERIALS AND METHODS

Materials

Culture medium, fetal bovine albumin (FBS), and antibiotics
were purchased from Sigma-Aldrich (USA). Pharmacological
inhibitors were purchased from Sigma-Aldrich, Cell Signaling
Technology (USA) or Santa Cruz Biotechnology (USA) and
dissolved in dimethyl sulfoxide (DMSO), methanol or phos-
phate-buffered saline (PBS), as was stated in the figure legends.
Antibodies against phospho-p70S6K, phospho-eEF2, total-eEF2,
phospho-extracellular-regulated kinase 1/2 (ERK1/2), phospho-
p38 MAPK and phospho-c-Jun N-terminal kinase (JNK) were
obtained from Cell Signaling Technology. Antibody against
total-p70S6K was obtained from Santa Cruz Biotechnology.

C2C12 culture

C2C12 cells were plated on a fibronectin-coated silicone elas-
tomer chamber (32 mm long, 32 mm wide, and 10 mm deep) in
Dulbecco’s modified Eagle’s medium (DMEM), supplemented
with 10% FBS, 100 units/ml penicillin, and 100 mg/ml strepto-
mycin sulfate in a 5% CO.-humidified chamber at 37°C. Cells
were grown to approximately 90% confluence and used for
experiments. Cells were subjected to 30-min of uniaxial me-
chanical static or cyclic stretch using a stretch apparatus (ST-
150; Strex, Japan). The chamber was uniaxially stretched at 5
or 15% of the initial length. Cyclic stretch was accomplished by
subjecting cells to the indicated length at 60 stretch-relaxation
cycles/min. Static stretch was induced at a constant indicated
length without relaxation. In the experiments using the inhibitors,
the cells were pre-incubated with the inhibitor for an indicated
time prior to stretch.

SDS-PAGE and immunoblotting

After stretching for 30 min, cells were rinsed with cold PBS and
lysed in RIPA lysis buffer (Santa Cruz Biotechnology). Control
cells were equally treated except that they were not stretched.
Equal amounts of protein were subjected to SDS-PAGE and
immunoblotting. Separated proteins were transferred to polyvi-
nylidene difluoride (PVDF) membranes. Nonspecific binding to
the membrane was blocked with Tris-buffered saline (pH 7.4),
containing 0.05% (v/v) Tween-20 and 5% bovine serum albu-
min (BSA) or 5% skim milk. Following an overnight incubation
with indicated primary antibody, the membranes were washed
and then incubated with horseradish peroxidase-conjugated
anti-rabbit IgG or anti-mouse IgG as appropriate. Immunoreac-
tive protein bands were visualized by ECL-plus (GE Healthcare
UK Limited, UK) with an ECL mini camera (GE Healthcare UK
Limited). The band intensity was quantified by a computer
analysis package (NIH ImageJ).

Statistics

Data were presented as means + SD. Statistical analysis for
multiple comparisons was performed using one-way or two-
way analysis of variance (ANOVA) followed by the Scheffe’s
post hoc test. Differences were considered statistically signifi-
cantat p < 0.05.
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Fig. 1. Effects of static and cyclic stretch on the phosphorylation of
p70 S6 kinase (p70S6K) (A) and the dephosphorylation of eu-
karyotic elongation factor 2 (eEF2) (B). Cells were subjected to 30-
min of uniaxial mechanical static or cyclic stretch at 5 or 15% of the
initial length. Photographs of representative Western blots of total-
p70S6K and phospho (P)-T389-p70S6K are shown at the top (A).
Photographs of representative Western blots of total-eEF2 and
phospho (P)-T56-eEF2 are shown at the top (B). Data for P-T389-
p70S6K (A) and P-T56-eEF2 (B) are expressed as the percentage
relative to the non-stretched control cells (100%). Values are means
+ SD from 4-6 independent experiments. Values with different let-
ters are significantly different (P < 0.05).

RESULTS

Effects of static and cyclic stretch on phosphorylation of
p70S6K and eEF2

Phosphorylation of p70S6K at the threonine 389 residue results
in the maximal kinase activity (Dufner and Thomas, 1999).
Western blot analysis revealed that the total amount of p70S6K
protein was identical among the groups (Fig. 1A). Static and
cyclic stretch significantly increased p70S6K (T389) phosphory-
lation, but the increase in the 5% static stretch group did not
reach significance. The increment of p70S6K phosphorylation
was greater in the cyclic stretch than in the static stretch group.
The greatest increase was seen in the 15% cyclic stretch group
(~5-fold vs. nonstretched control).

It has been shown that dephosphorylation of eEF2 at threo-
nine 56 activates the translocation step of elongation (Redpath
et al., 1993). Although the amount of total eEF2 was not differ-
ent among the groups, both static and cyclic stretch significantly
decreased eEF2 (T56) phosphorylation (Fig. 1B). Dephos-
phorylation of eEF2 was induced most markedly following static
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Fig. 2. Effects of static and cyclic stretch on the phosphorylation of
extracellular-regulated kinase 1/2 (ERK1/2), p38 mitogen-activated
protein kinase (p38 MAPK), and c-Jun N-terminal kinase (JNK).
Cells were subjected to 30-min of uniaxial mechanical static or
cyclic stretch at 15% of the initial length. Representative patterns of
phosphorylated (P)-ERK1/2, p38 MAPK and JNK, determined by
immunoblotting, are shown.

(32% vs. nonstretched control) and cyclic (35% vs. non-
stretched control) stretch at 15% of elongation.

Effects of static and cyclic stretch on phosphorylation of
MAPKs

The MAPKs are serine/threonine kinases that become acti-
vated upon tyrosine/threonine phosphorylation (Robinson and
Cobb, 1997). The MAPK superfamily is a widely distributed
group of enzymesthat can be divided into several subfamilies.
The three best-characterized MAPK cascades are: (i) ERKSs, (ii)
JNKs, and (jii) p38 MAPK cascade. The latter two are stress-
activated protein kinases (SAPKs) (Robinson and Cobb, 1997).
In the present study, the cyclic stretch, but not the static stretch,
increased the phosphorylation of all three MAPKs (Fig. 2).

Effects of MAPK inhibitors on the stretch-induced
activation of p70S6k and eEF2

The roles of the stretch-activated signaling pathways on the
activation of p70S6K and eEF2 were evaluated using pharma-
cological inhibitors for MAPKs. For this purpose, inhibitors for
ERK1/2, p38 MAPK, and JNK (PD98059, SB203580, and
SP600125, respectively) were administered to the cells prior to
the stretch. As shown in Figs. 3A, 3B, and 3C, none of the in-
hibitors for MAPKs blocked the stretch-induced activation of
p70S6K and eEF2.

Effects of mTOR inhibitor, rapamycin, phospholipase D
inhibitor, 1-butanol, and phosphatidylinositol-3 kinase
inhibitor, LY294002, on the stretch-induced activation of
p70S6k and eEF2

It is well known that mTOR catalyzes the phosphorylation of
p70S6K (Pearson et al., 1995; Weng et al., 1998). The stretch-
induced activation of p70S6K was completely diminished by
pre-treatment with an mTOR inhibitor, rapamycin (Fig. 4A). Pre-
treatment with rapamycin also inhibited the basal phosphoryla-
tion of p70S6K, suggesting that the mTOR pathway is essential
for the basal and stretch-induced activation of p70S6K. On the
other hand, dephosphorylation of eEF2 was not inhibited by
rapamycin, suggesting that the mTOR pathway is not involved
in the stretch-induced activation of eEF2 (Fig. 4A).

The lipid second messenger phosphatidic acid has been
found to mediate the mitogenic activation of mTOR signaling
(Fang et al., 2001). Phospholipase D (PLD) is one of the en-
zymes responsible for the production of phosphatidic acid and
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Fig. 3. Effects of MAPK inhibitors on the stretch-induced activation
of p70S6K and eEF2. Cells were pre-treated with ERK1/2 inhibitor,
PD98059 (50 pM in dimethyl sulfoxide, DMSO) (A), p38 MAPK
inhibitor, SB203580 (10 uM in DMSO) (B), or JNK inhibitor,
SP600125 (10 uM in DMSO) (C), for 30 min prior to the static or
cyclic stretch. Cells were subjected to 30-min of uniaxial mechanical
static or cyclic stretch at 15% of the initial length. Photographs of
representative Western blots of phospho (P)-T389-p70S6K and
phospho (P)-T56-eEF2 are shown.

is an upstream regulator in the mTOR pathway (Fang et al.,
20083). In the present study, pre-treatment with a PLD inhibitor,
1-Butanol, partially blocked the stretch-induced activation of
p70S6K (Fig. 4B). But 1-Butanol did not inhibit the stretch-
induced activation of eEF2.

Phosphatidylinositol-3 kinase (PI3K) is another candidate for
mTOR regulator (Bodine et al., 2001). The addition of PI3K
inhibitor, LY294002, partially blocked the stretch-induced acti-
vation of p70S6K, but did not affect eEF2 activation (Fig. 4C).

Effects of genistein, PP2 and JAK inhibitor on the
stretch-induced activation of p70S6k and eEF2

To investigate the involvement of tyrosine phosphorylation in
the stretch-induced activation of p70S6K and eEF2, we studied
the effects of tyrosine kinase inhibitors. Pre-treatment of the
cells with genistein, a broad-range tyrosine kinase inhibitor, at a
concentration of 50 uM did not affect the stretch-induced activa-
tion of p70S6K (Fig. 5A) or eEF2 (Fig. 5B). On the other hand,
at 250 pM, genistein markedly blocked the stretch-induced
activation of p70S6K and eEF2. Basal levels of p70S6K and
eEF2 were also inhibited by pre-treatment with genistein. Pre-
treatment of the cells with a more-specific tyrosine kinase inhibi-
tor, PP2 (Src tyrosine kinase inhibitor) or Janus kinase (JAK)
inhibitor (JAK inhibitor I, Santa Cruz Biotechnology), did not
affect the stretch-induced activation of p70S6K (Fig. 6A) or
eEF2 (Fig. 6B).

DISCUSSION

The effects of mechanical stretch on the activation of protein
translation initiation and elongation were investigated in a
mouse myoblast cell line. The data obtained in the present
study showed that the mechanical stretch-induced activation of
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Fig. 4. Effects of mammalian target of rapamycin (mTOR) kinase
(A), phospho lipase D (PLD) (B), and phosphatidylinositol-3 kinase
(PI3K) (C) inhibitors on the stretch-induced activation of p70S6K
and eEF2. Cells were pre-treated with mTOR kinase inhibitor, ra-
pamycin (100 nM in methanol), PLD inhibitor, 1-Butanol (1% v/v), or
PI3K inhibitor, LY294002 (10 uM in DMSO), for 30 min prior to the
static or cyclic stretch. 2-Butanol dose not inhibit PLD and was used
for control. Cells were subjected to 30-min of uniaxial mechanical
static or cyclic stretch at 15% of the initial length. Photographs of
representative Western blots of phospho (P)-T389-p70S6K and
phospho (P)-T56-eEF2 are shown.

p70S6K and eEF2 was transmitted through different pathways,
but tyrosine phosphorylation was an essential process in this
regulation.

To examine the effects of mechanical stretch, we subjected
cells to two different types of stretch, constant static and cyclic,
at two different intensities (5 or 15% elongation above the initial
length). Phosphorylation of p70S6K and dephosphorylation of
eEF2 were highest in the 15% cyclic stretch group (Figs. 1A
and 1B). Zheng et al. (2008) reported that the cyclic stretch
induced a more robust vascular tube formation and branching
than the static stretch in endothelial cells. Taken together, the
previous and present results confirmed that the cyclic stretch is
more effective than the static stretch for the induction of cellular
responses. Alexander et al. (2004) reported that the cyclic
stretch-induced arachidonic acid release was intensity-depen-
dent (0% to 15% stretch) in rabbit proximal tubule cells. Our
results showed the same trend, where the activation of p70S6K
and eEF2 was greater in the 15% stretch group than in the 5%
group.

To investigate the pathways involved in the stretch-induced
activation of protein translation initiation and elongation, first the
effect of stretch on MAPK phosphorylation was determined.
Cyclic stretch increased the phosphorylation of three MAPKs:
ERK1/2, p38 MAPK, and JNK (Fig. 2). However, the inhibition
of MAPKSs by pre-treatment of the cells with specific inhibitors
did not block the stretch-induced activation of p70S6K or eEF2
(Figs. 3A, 3B, and 3C), suggesting that MAPKs may not be
involved in this process.

It has been reported that eEF2 activation was regulated by
eEF2 kinase, and eEF2 kinase activity was believed to be un-
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Fig. 5. Effects of a broad-range tyrosine kinase inhibitor on the
stretch-induced activation of p70S6K (A) and eEF2 (B). Cells were
pre-treated with tyrosine kinase inhibitor, genistein (50 or 250 uM in
DMSO), for 45 min prior to the cyclic stretch. Cells were subjected
to 30-min of uniaxial mechanical cyclic stretch at 15% of the initial
length. Photographs of representative Western blots of phospho
(P)-T389-p70S6K (A) and phospho (P)-T56-eEF2 (B) are shown at
the top. Data for P-T389-p70S6K (A) and P-T56-eEF2 (B) are ex-
pressed as the percentage relative to the non-stretched control cells
(100%). Cont; non-stretch control, CS; cyclic stretch. Values are
means + SD from 4-6 independent experiments. *, Significantly
different from Cont in the same groups (P < 0.05). Values with dif-
ferent letters are significantly different (P < 0.05).

der the control of p70S6K (Wang et al., 2001). Interestingly, the
stretch-induced dephosphorylation of eEF2 was not diminished,
although pre-treatment with mTOR inhibitor rapamycin com-
pletely blocked the basal and stretch-induced phosphorylation
of p70S6K (Fig. 4A). These results suggest that the stretch-
induced activation of p70S6K is mTOR-dependent, but the
activation of eEF2 is not transmitted through the mTOR/
p70S6K pathway.

Another candidate for the upstream regulator of mTOR is
phosphatidic acid generated by PLD and a pathway involving
PISK/Akt. Pre-treatment of the cells with PLD and PI3K inhibi-
tors attenuated the stretch-induced activation of p70S6K (Figs.
4B and 4C). Our results confirmed a previous report that inhibi-
tion of PLD blocked the mechanically induced activation of
mTOR/p70S6K signaling (Hormberger et al., 2006). However,
the stretch-induced phosphorylation of p70S6K was not
blocked completely, although we added the same concentra-
tion of PLD inhibitor, 1-Butanol (1%), as in their study (Horn-
berger et al., 2006). Differences in tissues (incubated muscle vs.
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Fig. 6. Effect of Src family tyrosine kinase inhibitor, PP2, and Janus
kinase (JAK) inhibitor on the stretch-induced activation of p70S6K
(A) and eEF2 (B). Cells were treated with DMSO, PP2 (50 uM), or
JAK inhibitor (20 uM) for 45 min prior to stretch. Cells were sub-
jected to 30-min of uniaxial mechanical cyclic stretch at 15% of the
initial length. Photographs of representative Western blots of phos-
pho (P)-T389-p70S6K (A) and phospho (P)-T56-eEF2 (B) are
shown at the top. Data for P-T389-p70S6K (A) and P-T56-eEF2 (B)
are expressed as the percentage relative to the non-stretched con-
trol cells (100%). Cont; non-stretch control, CS; cyclic stretch. Val-
ues are means + SD from 4-6 independent experiments. *, Signifi-
cantly different from Cont in the same groups (P < 0.05).

cultured cells) and stretch protocols (90 min vs. 30 min) may be
the reasons for these divergent results. On the other hand,
results from the same laboratory have demonstrated that me-
chanical stimuli can activate the mTOR pathway, which is not
directly related to PI3K (Hornberger and Chien, 2006). In the
present study, the stretch-induced phosphorylation of p70S6K
was diminished by ~50%, and remained partially even in the
presence of the PI3K inhibitor (Fig. 4C). We stretched the cells
in the culture medium containing 10% FBS, suggesting that a
PI3K inhibitor, LY294002, may have blocked the growth-factor-
dependent basal activation of p70S6K. In fact, Wu et al. (2004)
reported that insulin-induced phosphorylation of p70S6K was
completely blocked by LY294002. Further studies are needed
to elucidate the involvement of PLD and PI3K in the stretch-
induced activation of p70S6K. In contrast to the attenuation of
the stretch-induced phosphorylation of p70S6K, dephosphory-
lation of eEF2 was not inhibited by pre-treatment with rapamy-
cin (Fig. 4A), 1-Butanol (Fig. 4B), or LY294002 (Fig. 4C). Thus,
mechanical stretch can activate eEF2 independent of the
mTOR/p70S6K, PLD, and PI3K pathways.

The involvement of tyrosine kinases, especially focal adhe-
sion kinase (FAK)/Src pathway (Crosara-Alberto et al., 2009;
Marin et al., 2008; Zhang et al., 2007) and the janus kinase/

signal transduction and activators of transcription (JAK/STAT)
pathway (Pan et al., 1999; Wang et al., 2004) was reported to
be involved in the regulation of stretch-induced molecular
events. To investigate the involvement of tyrosine phosphoryla-
tion in the stretch-induced activation of p70S6K and eEF2, we
performed pharmacological inhibition. First, we examined the
effect of genistein, a broad-range tyrosine kinase inhibitor. The
inhibition of tyrosine kinase by pre-treatment of the cells with
genistein (250 uM) drastically blocked the stretch-induced acti-
vation of p70S6K (Fig. 5A). However, neither a more-specific
tyrosine kinase inhibitor, PP2 (Src tyrosine kinase inhibitor), nor
a JAK inhibitor blocked the stretch-induced p70S6K phosphory-
lation (Fig. 6A). The results of the present study are not consis-
tent with those of Marin et al. (2008), who reported that inhibi-
tion of FAK/Src activity by PP2 or depletion of FAK by specific
siRNA abolished the stretch-induced p70S6K phosphorylation.
Their study was performed on primary cultured rat ventricular
myocytes under starvation conditions, whereas we stretched
the myoblast cell line under fed (10% FBS) conditions. Activa-
tion of the JAK/STAT pathway by mechanical stretch was re-
ported in cardiomyocytes (Pan et al., 1999; Wang et al., 2004).
Both studies suggested that stretch-induced activation of the
JAK/STAT pathway was dependent on autocrine/paracrine-
secreted angiotensin Il and other cytokines. In the present
study, the JAK inhibitor did not block the stretch-induced activa-
tion of p70S6K, although it did diminish the phosphorylation of
STAT3 (data not shown), suggesting that p70S6K phosphoryla-
tion is not under the control of the JAK/STAT pathway. There-
fore, unknown tyrosine kinase(s), excluding Src kinase and JAK,
was involved in the stretch-induced activation of p70S6K in the
C2C12cell line.

Moreover, here we report for the first time that the inhibition
of tyrosine kinase strongly blocked the basal and stretch-
induced dephosphorylation of eEF2 (Fig. 5B). Stretch-induced
activation of eEF2 has been demonstrated in muscle contrac-
tion in humans (Drummond et al., 2009) and rats (Thomson et
al., 2008), and in a stretched cell model (Atherton et al., 2009).
Recent reports provided evidence that AMP-activated protein
kinase (AMPK) (Thomson et al., 2008) and/or Ca?*-calmodulin
kinase (Rose et al., 2009) may be involved in eEF2 regulation.
In addition to these molecules, our results suggest that tyrosine
kinase plays an essential role in the stretch-induced activation
of translation initiation and elongation in C2C12 cells. However,
further investigation is needed to determine which tyrosine
kinase is involved in this regulation.
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