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It is well-established that phosphoinositide 3-kinase (PI3-kinase) regulates myogenesis by inducing transcription of
myogenin, a key muscle regulatory factor, at the initiation of myoblast differentiation. In this study, we investigated
the role of PI3-kinase in cells that have committed to differentiation. PI3-kinase activity increases during myogenesis,
and this increase is sustained during the myogenic process; however, its function after the induction of differentiation
has not been investigated. We show that LY294002, a PI3-kinase inhibitor, blocked myoblast fusion even after
myogenin expression initially increased. In contrast to the inhibitory effects of LY294002 on myogenin mRNA levels
during the initiation of differentiation, LY294002 blocked the accumulation of myogenin protein without affecting its
mRNA level after differentiation was induced. Treatment with cycloheximide, a translation inhibitor, or actinomycin
D, a transcription inhibitor, indicated that the stability of myogenin protein is lower than that of its mRNA.
LY294002 inhibited the activities of several important translation factors, including eukaryotic elongation factor-2
(eEF2), by altering their phosphorylation status. In addition, LY294002 blocked the incorporation of [35S]methionine
into newly synthesized proteins. Since myogenin has a relatively short half-life, LY294002-mediated inhibition of
post-transcriptional processes resulted in a rapid depletion of myogenin protein. In summary, these results suggest
that PI3-kinase plays an important role in regulating the expression of myogenin through post-transcriptional
mechanisms after differentiation has been induced.
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Introduction

The differentiation of skeletal muscle cells is character-

ized by withdrawal from the cell cycle, alignment

and elongation, activation of genes expressing muscle-

specific proteins, and fusion of mononucleated myo-

blasts to form multinucleated myotubes (Molkentin and

Olson 1996). Myoblast differentiation depends on the

activities of muscle regulatory factors (MRFs) consist-

ing of four members: MyoD, myogenin, Myf5, and

MRF4, which contain identical basic helix-loop-helix

(bHLH) regions (Brand-Saberi and Christ 1999). All of

these factors can induce the differentiation of non-

muscle cells into a muscle cell phenotype (Emerson

1990; Olson 1990; Weintraub et al. 1991). However, they

function very differently during myogenesis. Myf5 and

MyoD mediate the early events of myogenesis, pre-

sumably during the myogenic determination phase,

whereas myogenin and MRF4 function later to cause

terminal differentiation (Perry and Rudnick 2000).

While MyoD is expressed in both undifferentiated and

differentiated myoblasts, myogenin expression begins

upon induction of differentiation and its mRNA level is

sustained throughout myogenesis (Li et al. 1994). The

importance of myogenin in myogenesis is based on the

strict correlation of myogenin expression and the

onset of differentiation in skeletal muscle cell lines

(Edmondson and Olson 1989; Wright et al. 1989;

Lassar and Musterberg 1994). In addition, homozygous

inactivation of the myogenin gene causes accumulation

of myoblasts that are arrested in their terminal differ-

entiation program (Arnold and Braun 1996).

It is believed that phosphoinositide 3-kinase (PI3-

kinase) is indispensable for myoblast differentiation.

PI3-kinase inhibitors, such as LY294002 and wortman-

nin, or the dominant negative mutant form of p85a, the

regulatory subunit of PI3-kinase, block myoblast

fusion and the expression of muscle-specific proteins

(Kaliman et al. 1996; Jiang et al. 1998). We have

previously shown that PI3-kinase is involved in with-

drawal from the cell cycle at the early stages of L6

myoblast differentiation (Woo and Kim 2006). Regula-

tion of myogenesis by PI3-kinase is closely related to

myogenin expression. There have been many reports

demonstrating that PI3-kinase induces myogenin ex-

pression at the transcriptional level upon the initiation

of differentiation (Kaliman et al. 1996; Jiang et al.

1998; Sarker and Lee 2004).

Although the importance of PI3-kinase activity

has been demonstrated during the early stages of
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myogenesis, the role of PI3-kinase in later differentia-

tion stages, i.e., after cells have committed to differ-

entiation, has not been investigated. In this study, we

examined the role of PI3-kinase after the first observed

increase in myogenin expression. Since myogenin

expression is sustained throughout myogenesis, we

hypothesized that PI3-kinase may be involved in the

maintenance of high myogenin protein levels, in addi-
tion to its established role in the initial induction of

myogenin expression. Here, we demonstrate that PI3-

kinase regulates myogenin expression not only at the

transcriptional level during the early stages of myogen-

esis but also at the post-transcriptional level after

cells have committed to differentiation. This contri-

butes to the maintenance of high myogenin protein

levels throughout myogenesis.

Materials and methods

Cell culture

L6 rat skeletal myoblasts (American Type Culture

Collection, USA) were cultured for 3 days in Dulbecco’s

modified Eagle’s medium (DMEM) supplemented with

10% fetal bovine serum (FBS). Differentiation was

induced by changing the media to DMEM containing

5% horse serum (referred to as differentiation med-
ium). Cell fusion was assessed as previously reported

(Jeon et al. 1994). The cells were only considered to be

fused if there was clear cytoplasmic continuity and the

presence of at least three nuclei within the myotubes.

Western blotting

Western blotting analysis was performed as previously

described (Woo and Kim 2006). The eukaryotic elonga-
tion factor 2 (eEF2) antibody was prepared as pre-

viously described (Jeon et al. 1994). The antibodies for

myogenin, b-actin and glyceraldehyde 3-phosphate

(GAPDH) were obtained from Santa Cruz Biotechnol-

ogy (Santa Cruz, CA, USA). The antibodies for

phospho-p70 ribosomal protein S6 kinase (p70S6K) on

Thr389, phospho-ribosomal protein S6 (S6) on Ser235/

236, phospho-eukaryotic initiation factor 4E-binding
protein 1 (4E-BP1) on Ser65, phospho-eEF2 on Thr56,

eEF2 kinase (eEF2K) and phospho-eEF2K on Ser366

were purchased from Cell Signaling Technology

(Beverly, USA). The proteins were detected using

enhanced chemiluminescence (Amersham Bioscience,

UK).

PI3-kinase activity assay

PI3-kinase activity was determined as previously
described (Woo et al. 2006). Briefly, the cell lysates

(500 mg proteins) were incubated with an anti-p85a
antibody (Cell Signaling Technology), and the

immune-precipitates were incubated with 2.5 mg of

phosphatidylinositol (PI) and 5 mCi of [g-32P]ATP

(Amersham Bioscience) for 10 min at room tempera-

ture. The phospholipids were separated using thin-layer

chromatography (TLC), and the radio-labeled phos-

phatidylinositol-3-phospate (PIP3) products were iden-
tified as previously described (Giorgino et al. 1997).

Pulse metabolic labeling

Myoblasts were cultured in differentiation medium for
24 h with the indicated concentrations of LY294002

(Sigma, USA). The cells were washed with methionine-

free DMEM and labeled with 20 mCi/ml of L-[35S]

methionine ([35S]-Met) (Amersham Biosciences) for

1 h. After all the unincorporated [35S]Met was removed

by washing, the cells were harvested and lysates were

prepared. Equal amounts of proteins were separated

using 7�14% SDS-PAGE and stained with Coomassie
R250. The incorporated radioactivity was detected by

exposing the dried gel to X-ray film. The band density

was quantified using the Scion Image program (Scion

Corporation, USA).

RT-PCR

Total RNA was isolated from cells using the RNAgents

total RNA isolation system (Promega, UK), according

to the manufacturer’s instructions. The qRT-PCR was

performed using the one-step premix RT-PCR system

(iNtRON, Korea), according to the manufacturer’s
instructions. Briefly, RT-PCR reactions were prepared

using a master RT-PCR mixture containing 2 mg of

total RNA, 10 units of RNase inhibitor (New England

Biolabs, Beverly, MA, USA) and specific primers

for myogenin (5?-GCAGTGCCATCCAGTACATTGA

GC-3? and 5?-GGAAGGTGACAG ACATATCCTC-

CAC-3?), or GAPDH (5?-ACCACAGTCCATGCCAT-

CAC-3? and 5?-TCC ACCACCCTGTTGCTGTA-3?).
The reverse-transcribed cDNA templates were ampli-

fied using 25 cycles of 9485 for 30 s, 598C for 45 s, and

728C for 30 s for myogenin, and 20 cycles of 948C for

30 s, 508C for 45 s, and 728C for 40 s for GAPDH

under non-saturation PCR amplification conditions.

The RT-PCR products were separated on a 2% agarose

gel and detected by staining with ethidium bromide.

Statistical analysis

All the averaged data were expressed as mean9SEM.

The significance of the differences from the respective

controls for each experiment was assayed using Stu-
dent’s t-test.
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Results

Sustained PI3-kinase activity is required for myoblast
differentiation

Once myoblasts are transferred into differentiation

medium, they immediately commit to differentiation,

which is associated with cell fusion and increased

expression of muscle-specific proteins. The L6 myo-

blasts became multinucleated myotubes with sponta-

neous cell fusion in normal differentiation medium and

the fusion index increased to greater than 60% after

72 h of culture under these conditions (Figure 1A). In

this study, we examined PI3-kinase activity after the

myoblasts had committed to differentiation. Cells were

exposed to LY294002 at 24 h after inducing differentia-

tion, which was confirmed by the onset of cell fusion

and when approximately 10% of the nuclei were

included in myotubes. In contrast to myoblasts cul-

tured under normal conditions, which had a fusion

index greater than 60%, the fusion index for the

LY294002-treated cells remained at approximately

10% (Figure 1A). Therefore, there was no further cell

fusion after LY294002 treatment, irrespective of the

exposure time.

We then investigated the PI3-kinase activity by

using the immunoprecipitated p85a, the regulatory

subunit of PI3-kinase, from the myoblast lysates. The

activity of PI3-kinase can be assayed by measuring the

amount of exogenous PI phosphorylation into PI3P.

The PI3-kinase activity was detected before inducing

differentiation (0 h), but it further increased during the

differentiation process (Figure 1B). The level at 24 h

was approximately three times greater than that

observed at 0 h (Figure 1B). The activity reached its
peak at approximately 24�48 h after inducing differ-

entiation, and this increase was relatively sustained, as

there was only a slight reduction in activity detected.

However, this increased activity is not likely to be due

to increased levels of the enzyme, as there was no

correlative increase in the amount of input, i.e., the

levels of p85a did not change. These results suggest that

PI3-kinase activity is required not only for the induc-

tion of differentiation but also after its onset.

Since PI3-kinase is involved in the regulation of
myogenin expression (Kaliman et al. 1996), and

myogenin is a key regulatory factor of myogenesis

during the early stages of differentiation, the activity of

PI3-kinase has been primarily studied in the context of

differentiation initiation. Under normal culture condi-

tions, the expression of myogenin was detected at 24 h

following the induction of differentiation (Figure 2A),

which is when cells had committed to this fate.

However, when cells were exposed to LY294002 at the

same time as the induction of differentiation (0 h), the

myogenin expression was completely abrogated at both
the mRNA and protein level after 24 h of incubation

(Figure 2A). This result is consistent with previous

reports on the activity of PI3-kinase during the

induction of differentiation. In this study, we focused

on the increased activity of PI3-kinase after the onset

of differentiation (Figure 1B). At 40 h after inducing

differentiation when myogenin expression had reached

its peak, the cells were exposed to LY294002, and the

expression of myogenin was examined at the indicated

times. After reaching its peak at 40 h, the myogenin
protein level slightly decreased during the differentia-

tion process (Figure 2B). In contrast, the myogenin

protein levels in the LY294002-treated cells were

dramatically reduced, and the protein could barely be

detected after 12 h of incubation. Of particular interest

was the observation that the mRNA level was unal-

tered at any time-point, irrespective of whether the cells

were incubated with LY294002. Both the protein and

mRNA levels of GAPDH, a housekeeping gene, did

not change during the differentiation process. These

results suggest that the inhibition of myogenin protein
accumulation by LY294002 in differentiating myobl-

asts is mediated by a post-transcriptional mechanism,

rather than through a transcriptional mechanism.

Figure 1. Sustained PI3-kinase activity is required for

myoblast differentiation. (A) Myoblasts cultured in the

mitogen-rich medium were induced to differentiate by

transferring them into differentiation medium. At 24 h after

inducing differentiation (arrowhead), the myoblasts were

exposed to the indicated concentrations of LY294002 and

cultured for a further 48 h. The cells were observed under a

microscope, and the fusion index in 10 randomly chosen

fields was measured, as described in the ‘Materials and

methods’. The values represent the average9SEM for three

independent experiments. (B) At the indicated culture times

after inducing differentiation, the cells were harvested, and

p85a was immunoprecipitated using an anti-p85a antibody.

The PI3-kinase activity was assayed by separating the 32P-

labeled PI3P, which was generated by PI3-kinase. The p85a
protein represents the input for each sample. Results are

representative of four independent experiments.
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LY294002 inhibits myogenin protein accumulation
through a post-transcriptional mechanism rather than
a transcriptional mechanism after differentiation has
been induced

The expression of protein can be regulated by changing

the rate of protein synthesis and/or degradation.

Abrogation of protein synthesis reduces the level of

many proteins, especially those with short half-lives. We

examined whether the level of myogenin protein was

influenced by the rate of protein synthesis. Cells were

exposed to cycloheximide at 40 h following the induc-

tion of differentiation, and the cells were further

cultured for the indicated times. Cycloheximide inhibits

the initiation, elongation and termination stages of

protein synthesis by targeting the 60S ribosomal

subunit (Edwards and Mahadevan 1992), so this agent

has been routinely used to determine the half-lives of

proteins (Song et al. 1998; McVean et al. 2000).

Cycloheximide treatment dramatically reduced the

amount of myogenin protein in a time-dependent

manner in normal cultured cells (Figure 3A). Our

results indicated that the half-life of myogenin protein

was approximately 3 h. In contrast, GAPDH protein

levels were not affected by cycloheximide at all tested

time-points. As expected, the myogenin mRNA levels

were not affected by cycloheximide. Next, we examined

the half-life of myogenin mRNA by treating the cells

with actinomycin D, which prevents transcription by

inhibiting the function of RNA polymerase. We

compared the half-life of myogenin mRNA to that of

GAPDH, which is relatively stable. Cells were exposed

to actinomycin D with or without LY294002 at 40 h

after inducing differentiation, and the mRNA levels

were measured using qRT-PCR. The myogenin mRNA

levels gradually decreased when transcription was

blocked with actinomycin D (Figure 3B). The half-life

for myogenin mRNA was determined to be approxi-

mately 7 h. LY294002 did not affect the reduction in

myogenin mRNA levels; therefore, the stability of

myogenin mRNA was not affected by LY294002 after

differentiation had been induced. These results clearly

demonstrate that the myogenin protein was

more unstable than its mRNA and suggest that the

accumulation of myogenin is regulated by a post-

transcriptional process.

Since protein synthesis can be regulated by the

modulation of translation factors, we first examined

whether LY294002 affected the activities of eEF2 or

Figure 2. PI3-kinase regulates myogenin expression at both

the post-transcriptional and transcriptional level. (A) At the

time of inducing differentiation (0 h), the myoblasts were

exposed to the indicated concentrations of LY294002 and

cultured for 24 h. The cells were assayed for myogenin

expression by Western blotting and qRT-PCR analysis.

b-actin was used as a loading control for both experiments.

(B) At 40 h after inducing differentiation, the cells were

treated with (�) or without (�) 20 mM of LY294002 and

cultured for the indicated times. The protein and mRNA

levels of myogenin and GAPDH were determined using

Western blotting and qRT-PCR analysis. GAPDH was used

as a loading control. Results are representative of either three

or four independent experiments.

Figure 3. Measurement of myogenin protein and mRNA

stability. (A) At 40 h after inducing differentiation, the cells

were treated with (�) or without (�) 10 ng/ml of cyclohex-

imide and cultured for the indicated times. The protein and

mRNA levels of myogenin and GAPDH were determined by

Western blotting and qRT-PCR analysis. GAPDH was used

as a loading control. (B) To determine mRNA stability, the

cells were incubated with 2 mg/ml of actinomycin D in the

presence or absence of LY294002 (20 mM) at 40 h after

inducing differentiation and cultured for the indicated times.

The mRNA level of myogenin was determined by qRT-

PCR analysis. GAPDH was used as a loading control.

Results are representative of either three or four independent

experiments.
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eEF2K, which is the only kinase that phosphorylates

eEF2. We have previously reported that PI3-kinase

activity is closely related to the activity of eEF2, which

is regulated by phosphorylation (Woo and Kim 2006).

Whereas the translational activity of eEF2 is inhibited

by phosphorylation (Ryazanov and Davydova 1989),

eEF2K is activated by phosphorylation at Ser366. This

facilitates the dephosphorylation of eEF2, which can
then promote the activation of protein synthesis

(Knebel et al. 2001; Wang et al. 2001). Phosphorylation

of eEF2 (�p -eEF2) greatly increased with increasing

doses of LY294002, whereas the eEF2 protein level

was slightly reduced (Figure 4A). In contrast, the

phosphorylation of eEF2K (�p -eEF2K) was substan-

tially blocked by LY294002. Next, we examined

whether LY294002 influenced the activity of other
important translation factors, including p70S6K, S6,

4E-BP1 as well as eEF2. The activities of these factors

were examined by assaying their phosphorylation. The

activities of all these factors, with the exception of

eEF2, are stimulated by phosphorylation at the in-

dicated sites (Ruvinsky and Meyuhas 2006). As shown

in Figure 4B, phosphorylation of all the observed

factors, except eEF2, was blocked by LY294002.
Therefore, their activities were inhibited by LY294002,

suggesting that inhibition of PI3-kinase activity results

in abrogation of protein synthesis.

Next, we examinedwhether LY294002 influenced the

rate of protein synthesis using metabolic labeling assays.

Myoblasts cultured in differentiation medium with the

indicated concentrations of LY294002 for 24 h were

exposed to [35S]Met for 1 h. Equal amounts of proteins
were separated using SDS-PAGE and incorporation of

[35S]Met into the total protein population was deter-

mined by exposing the gel to X-ray film. LY294002

reduced [35S]Met incorporation in a dose-dependent

manner (Figure 4C). There was less than 50% incorpora-

tion in the cells treated with 50 mM of LY294002, as

compared to untreated cells. The autoradiography data

indicated that LY294002 inhibited [35S]Met incorpora-
tion in the majority of proteins and not just a specific

fraction (data not shown). These results clearly demon-

strate that PI3-kinase is required for protein synthesis,

because it regulates the activities of translation factors

after differentiation has been induced.

Discussion

Until recently, investigation of the function of PI3-

kinase in the regulation of myogenesis has primarily

focused on its regulation of myogenin transcription

during the induction of differentiation. In this study,

we demonstrate that PI3-kinase is also required for the

sustained expression of myogenin throughout myogen-
esis. We determined that LY294002 blocked myoblast

fusion even after cells had committed to differentiation,

and PI3-kinase activity increased as myogenesis pro-

gressed (Figure 1). Based on these observations, we

reasoned that PI3-kinase is required for the mainte-

nance of myogenesis, in addition to its established role

in the initial induction of differentiation. We focused

our study on the regulation of myogenin expression

by PI3-kinase after differentiation was induced. Our

results indicate that PI3-kinase activity is related

to the sustained expression of myogenin throughout

myogenesis; however, the mechanism of this increased

expression differs depending on the stage of differen-

tiation. In the early stages, i.e., at the time of differ-

entiation induction, PI3-kinase primarily regulates the

transcription of myogenin, whereas it regulates the level

Figure 4. LY294002 blocks the activities of translational

components in myoblasts after induction of differentiation.

(A) At 40 h after inducing differentiation, the cells were

exposed to the indicated doses of LY294002 and cultured for

a further 6 h. The phosphorylation status of eEF2 and

eEF2K was assayed using Western blotting with the corre-

sponding antibodies. (B) The phosphorylation status of the

indicated translation factors, including p70S6K, S6, 4E-BP1

and eEF2, was assayed using Western blotting with the

corresponding antibodies. b-actin was used as a loading

control. Results are representative of three independent

experiments. (C) Myoblasts were exposed to [35S]Met for

1 h in Met-free DMEM and cultured for a further 24 h, as

described in the ‘Materials and methods’. Equal amounts of

proteins were separated by SDS-PAGE. The intensities of

[35S]Met-labeled proteins were measured using the Scion

Image program. Results are expressed as the ratio of the

band intensity, as compared to the untreated control cells.

Values represent the mean9SEM of three independent

experiments (*PB0.05 and **PB0.01).
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of myogenin through a post-transcriptional mechanism

after differentiation has been induced.

The primary conclusion of this study is that PI3-

kinase controls myogenin expression by predominantly

regulating protein synthesis. Inhibition of PI3-kinase

reduces protein synthesis and slows cell cycle progres-

sion (Alvarez et al. 2003). The protein synthesis is

regulated at the initiation and/or elongation stages of

translation (Proud 2004). PI3-kinase signaling is regu-

lated by insulin or insulin-like growth factor (IGF)-1
(Shen et al. 2005), which both influence the activity and

phosphorylation of p70S6K, 4E-BPs and eEF2 via the

induction of mammalian target of rapamycin (mTOR)

(Wang et al. 2000). p70S6K phosphorylates S6, which

plays a key role in initiation and/or elongation (Hay

and Sonenberg 2004). Eukaryotic initiation factor 4E

(eIF4E) recruits ribosomes to mRNAs, and its activity

is inhibited by binding to hypo-phosphorylated 4E-BPs

(Hay and Sonenberg 2004). Translation elongation

requires the activity of eEF2, which catalyzes the
translocation of the peptidyl-tRNA from the A to the

P site of the ribosome (Browne and Proud 2002). In

the previous report, we demonstrated that PI3-kinase is

involved in withdrawal from the cell cycle during the

early stages of differentiation, which is a prerequisite

for the terminal differentiation of myoblasts. This

process is regulated by the phosphorylation status of

eEF2 (Woo and Kim 2006). In this study, we demon-

strated that LY294002 inhibited all of these translation

factors, including eEF2, by altering their phosphoryla-

tion status after differentiation was induced. This
finding suggests that PI3-kinase-mediated signaling

can regulate translation in both differentiating and

proliferating cells.

In the LY294002-treated cells, the myogenin pro-

tein is rapidly depleted with no significant effect on the

mRNA level (Figure 2B). Myogenin protein, similarly

to other MRFs, has a relatively short half-life, which

we determined to be less than 3 h (Figure 3A).

In contrast, the half-life of the myogenin mRNA

is longer, approximately 7 h (Figure 3B). These results
are consistent with previous reports (Thayer et al.

1989; Edmondson et al. 1991; Figueroa et al. 2003;

Viñals and Ventura 2004). Constant transcription and

translation are required for the maintenance of a

constant myogenin protein level during myogenesis.

LY294002 impaired the activities of translation factors,

so there was insufficient myogenin protein available

during myogenesis due to the inhibition of protein

synthesis, so the level of mRNA transcription

was insignificant. The inhibition of the activities of

translation components and the impaired rate
of protein synthesis suggest that LY294002 blocks

total protein synthesis rather than a subset of selected

proteins. However, in contrast to myogenin, the protein

level of GAPDH was not affected by exposure to

LY294002. We suggest that this outcome is due to the

difference in their half-lives; GAPDH has a much

longer half-life than myogenin (Figure 3A). Because

half-lives of both b-actin and GAPDH have been

reported as longer than 30 h (Wilson et al. 1997;

Franch et al. 2001; Herbert et al. 2001), they are widely

used as controls. The mRNA and protein levels of

these abundant proteins were not affected by

LY294002 under our experimental conditions.
Myogenin can be degraded through the ubiquitin-

proteasome pathway (Viñals and Ventura 2004). We

examined whether LY294002 affected proteasome ac-

tivity in myoblasts; however, there was no effect of

LY294002 on proteasome activity under our experi-

mental conditions (data not shown). To our knowledge,

there have been no studies reporting that LY294002

directly regulates proteasome activity. Therefore, the

LY294002-mediated reduction in myogenin protein

levels is not due to increased degradation by the
proteasome. It has been reported that myogenin

degradation is promoted by the increased expression

of Inhibitor of DNA binding/differentiation1 (Id1)

(Viñals and Ventura 2004). Both the mRNA and

protein levels of Id1 are reduced upon the induction

of differentiation (Benezra et al. 1990). Since LY294002

was reported to inhibit the down-regulation of Id1

mRNA levels (Kaliman et al. 1996; Lopez-Carballo

et al. 2002), we cannot exclude the possibility that the

LY294002-mediated reduction in myogenin protein was

due to a reduction in Id1 levels.
In this study, we used LY294002 as a PI3-kinase

inhibitor. Although LY294002 has been widely used as

a PI3-kinase-specific inhibitor in many researches,

we could not fully exclude a potential problem of using

the agent. Recently, several reports have shown

that LY294002 might function through PI3-kinase-

independent mechanism (Gharbi et al. 2007; Sun et

al. 2008). In the previous report, we used wortmannin

as well as LY294002 as PI3-kinase inhibitors (Woo and

Kim 2006), but wortmannin was excluded in this study
because it is known to inhibit other enzymes

(Nakanishi et al. 1992; Yano et al. 1993) and it is

very unstable in an aqueous solution (Vanhaesebroeck

and Waterfield 1999; Franch et al. 2002). A more

delicate system for compensating the possible pro-

blem(s) of using the chemical should be developed. In

conclusion, we have shown that PI3-kinase functions as

a key regulatory signaling molecule throughout the

entire process of myogenesis, as it promotes the

maintenance of myogenin expression. The mechanism

of action for the effect of PI3-kinase on myogenin
expression differs depending on the stage of differen-

tiation. We demonstrate that PI3-kinase functions in

both the initial increase in myogenin expression
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through a transcriptional mechanism during the in-

duction of differentiation and also contributes to the

accumulation of myogenin protein after the induction

of differentiation through post-transcriptional mechan-

isms. Collectively, these functions result in the main-

tenance of myogenin expression during myogenesis.

Acknowledgements

This study was supported by the Korea Research Foundation
Grant funded by the Korean Government (MOEHRD, Basic
Research Promotion Fund) (KRF-2008-531-E00004).

References

Alvarez B, Garrido E, Garcia-Sanz JA, Carrera AC. 2003.
Phosphoinositide 3-kinase activation regulates cell divi-
sion time by coordinated control of cell mass and cell
cycle progression rate. J Biol Chem. 278:26466�26473.

Arnold HH, Braun T. 1996. Targeted inactivation of myo-
genic factor genes reveals their role during mouse
myogenesis: a review. Int J Dev Biol. 40:345�363.

Benezra R, Davis RL, Lockshon D, Turner DL, Weintraub
H. 1990. The protein Id: a negative regulator of helix-
loop-helix DNA binding proteins. Cell. 61:49�59.

Brand-Saberi B, Christ B. 1999. Genetic and epigenetic
control of muscle development in vertebrates. Cell Tissue
Res. 296:199�212.

Browne GJ, Proud CG. 2002. Regulation of peptide-
chain elongation in mammalian cells. Eur J Biochem.
269:5360�5368.

Edmondson DG, Olson EN. 1989. A gene with homology to
the myc similarity region of MyoD1 is expressed during
myogenesis and is sufficient to activate the muscle
differentiation program. Genes Dev. 3:628�640.

Edmondson DG, Brennan TJ, Olson EN. 1991. Mitogenic
repression of myogenin autoregulation. J Biol Chem.
266:21343�21346.

Edwards DR, Mahadevan LC. 1992. Protein synthesis
inhibitors differentially superinduce c-fos and c-jun by
three distinct mechanisms: lack of evidence for labile
repressors. EMBO J. 11:2415�2424.

Emerson CP. 1990. Myogenesis and developmental control
genes. Curr Opin Cell Biol. 2:1065�1075.

Figueroa A, Cuadrado A, Fan J, Atasoy U, Muscat GE,
Munoz-Canoves P, Gorospe M, Munoz A. 2003. Role of
HuR in skeletal myogenesis through coordinate regula-
tion of muscle differentiation genes. Mol Cell Biol.
23:4991�5004.

Franch HA, Sooparb S, Du J. 2001. A mechanism regulating
proteolysis of specific proteins during renal tubular cell
growth. J Biol Chem. 276:19126�19131.

Franch HA, Wang X, Sooparb S, Brown NS, Du J. 2002.
Phosphatidylinositol 3-kinase activity is required for
epidermal growth factor to suppress proteolysis. J Am
Soc Nephrol 13:903�909.

Gharbi SI, Zvelebil MJ, Shuttleworth SJ, Hancox T, Saghir
N, Timms JF, Waterfield MD. 2007. Exploring the
specificity of the PI3K family inhibitor LY294002.
Biochem J. 404:15�21.

Giorgino F, Pedrini MT, Matera L, Smith RJ. 1997.
Specific increase in p85alpha expression in response to
dexamethasone is associated with inhibition of insulin-

like growth factor-I stimulated phosphatidylinositol 3-
kinase activity in cultured muscle cells. J Biol Chem.
272:7455�7463.

Hay N, Sonenberg N. 2004. Upstream and downstream of
mTOR. Genes Dev. 18:1926�1945.

Herbert GB, Shi B, Gartenhaus RB. 2001. Expression and
stabilization of the MCT-1 protein by DNA damaging
agents. Oncogene. 20:6777�6783.

Jeon YJ, Kim HS, Kim HS, Kang MS, Chung CH, Ha DB.
1994. The 100-kDa protein, whose phosphorylation
precedes the fusion of chick embryonic myoblasts, is the
eukaryotic elongation factor-2. Biochem Biophys Res
Commun. 198:132�137.

Jiang BH, Zheng JZ, Vogt PK. 1998. An essential role of
phosphatidylinositol 3-kinase in myogenic differentia-
tion. Proc Natl Acad Sci USA. 95:14179�14183.

Kaliman P, Vinals F, Testar X, Palacin M, Zorzano A. 1996.
Phosphatidylinositol 3-kinase inhibitors block differen-
tiation of skeletal muscle cells. J Biol Chem. 271:19146�
19151.

Knebel A, Morrice N, Cohen P. 2001. A novel method to
identify protein kinase substrates: eEF2 kinase is phos-
phorylated and inhibited by SAPK4/p38delta. EMBO J.
20:4360�4369.

Lassar A, Munsterberg A. 1994. Wiring diagrams: regulatory
circuits and the control of skeletal myogenesis. Curr Opin
Cell Biol. 6:434�442.

Li H, Choudhary SK, Milner DJ, Munir MJ, Kuisk IR,
Capetanaki Y. 1994. Inhibition of desmin expression
blocks myoblast fusion and interferes with the myogenic
regulators MyoD and myogenin. J Cell Biol. 124:827�
841.

Lopez-Carballo G, Moreno L, Masia S, Perez P, Barettino D.
2002. Activation of the phosphatidylinositol 3-kinase/Akt
signaling pathway by retinoic acid is required for neural
differentiation of SH-SY5Y human neuroblastoma cells.
J Biol Chem. 277:25297�25304.

McVean M, Xiao H, Isobe K, Pelling JC. 2000. Increase in
wild-type p53 stability and transactivational activity by
the chemopreventive agent apigenin in keratinocytes.
Carcinogenesis. 21:633�639.

Molkentin JD, Olson EN. 1996. Defining the regulatory
networks for muscle development. Curr Opin Genet Dev.
6:445�453.

Nakanishi S, Kakita S, Takahashi I, Kawahara K, Tsukuda
E, Sano T, Yamada K, Yoshida M, Kase H, Matsuda Y.
1992. Wortmannin, a microbial product inhibitor of
myosin light chain kinase. J Biol Chem. 267:2157�2163.

Olson EN. 1990. MyoD family: a paradigm for development?
Genes Dev. 4:1454�1461.

Perry RL, Rudnick MA. 2000. Molecular mechanisms
regulating myogenic determination and differentiation.
Front Biosci. 5:D750�767.

Proud CG. 2004. Ras, PI3-kinase and mTOR signaling in
cardiac hypertrophy. Cardiovasc Res. 63:403�413.

Ruvinsky I, Meyuhas O. 2006. Ribosomal protein S6
phosphorylation: from protein synthesis to cell size.
Trends Biochem Sci. 31:342�348.

Ryazonov AG, Davydova EK. 1989. Mechanism of elonga-
tion factor 2 (EF-2) inactivation upon phosphorylation.
Phosphorylated EF-2 is unable to calalyze translocation.
FEBS Lett 251:187�190.

Sarker KP, Lee KY. 2004. L6 myoblasts differentiation is
modulated by Cdk5 via the PI3K-AKT-p70S6K signaling
pathway. Oncogene. 23:6064�6070.

Animal Cells and Systems 153



Shen WH, Boyle DW, Wisniowski P, Bade A, Liechty EA.
2005. Insulin and IGF-I stimulate the formation of the
eukaryotic initiation factor 4F complex and protein
synthesis in C2C12 myotubes independent of availability
of external amino acids. J Endocrinol. 185:275�289.

Song A, Wang Q, Goebl MG, Harrington MA. 1998.
Phosphorylation of nuclear MyoD is required for its
rapid degradation. Mol Cell Biol. 18:4994�4998.

Sun H, Xu B, Sheveleva E, Chen QM. 2008. LY294002
inhibits glucocorticoid-induced COX-2 gene expression
in cardiomyocytes through a phosphatidylinositol 3
kinase-independent mechanism. Toxicol Appl Pharma-
col. 232:25�32.

Thayer MJ, Tapscott SJ, Davis RL, Wright WE, Lassar AB,
Weintraub H. 1989. Positive autoregulation of the
myogenic determination gene MyoDl. Cell. 58:241�248.

Vanhaesebroeck B, Waterfield MD. 1999. Signaling by
distinct classes of phosphoinositide 3-kinases. Exp Cell
Res. 253:239�254.
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