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Introduction
Insulin-like growth factor-1 (IGF-1) has been shown to play a
crucial role in the control of skeletal muscle growth both during
development and regeneration and in the regulation of muscle
mass (Florini et al., 1996). Its overexpression in the muscle of
transgenic mice results in an increase in muscle weight and
protein content (Coleman et al., 1995; Musaro et al., 2001).
Some studies have shown beneficial effects of IGF-1 on the
muscle phenotype of dystrophic mice, such as an increase in
muscle mass and force (Barton et al., 2002; Zdanowicz et al.,
1995). It has been also reported that the overexpression of IGF-
1 in muscle prevented muscle atrophy observed during ageing
(Barton-Davis et al., 1998). In vitro, IGF-1-induced
hypertrophy has been demonstrated in rodent models and is
characterized by an increase in both the area (Musaro and
Rosenthal, 1999; Semsarian et al., 1999a) and the protein
content of myotubes (Vandenburgh et al., 1991).

IGF-1 is unique among growth factors since it stimulates
both the proliferation and the differentiation of myoblasts even
though its actions are mediated by a single receptor, the type
1 IGF-1 receptor (R-IGF-1) (Coolican et al., 1997). IGF-1
binding to its receptor induces an autophosphorylation of the
IGF-1 receptor that will activate two primary substrates: (1)
IRS-1 (insulin receptor substrate), an upstream regulator of the
phosphoinositide 3 kinase (PI3K)-Akt pathway and (2) Shc, an
upstream regulator of the Raf–mitogen-activated protein kinase
(MAPK) pathway (Florini et al., 1996). In myoblasts, the
MAPK pathway, including the p38 MAPK and the p42 MAPK,

has been mainly implicated in the control of myoblast
proliferation, whereas the PI3K-Akt pathway has been
described to control myoblast differentiation (Coolican et al.,
1997; Kaliman et al., 1996) and survival (Lawlor and Rotwein,
2000). The p42 MAPK has been implicated in the induction of
hypertrophy by IGF-1 in rodents although the results are
somewhat contradictory (Haddad and Adams, 2003; Rommel
et al., 1999; Wu et al., 2000). The role of Akt in muscle
hypertrophy is more commonly accepted and Akt has been
shown to increase protein synthesis in both in vitro and in vivo
studies in mice by activating mTOR (mammalian target of
rapamycin)-p70S6K-S6 pathway and by inhibiting GSK-3
(glycogen synthase kinase-3) involved in the regulation of
protein translation (Bodine et al., 2001b; Park et al., 2005;
Rommel et al., 2001). More recently, IGF-1 has been reported
to decrease protein degradation via the inhibition of the
transcription factor Foxo, which controls the expression of the
muscle-specific ubiquitin ligase F-box protein 32 (Fbxo32,
also known as atrogin-1), involved in protein degradation
during muscular atrophy (Gomes et al., 2001; Sandri et al.,
2004; Stitt et al., 2004).

Finally, calcineurin, a calcium-activated serine phosphatase,
has also been proposed to be involved in IGF-1-induced
hypertrophy. Once activated, calcineurin mediates the
dephosphorylation of the NFAT (nuclear factor of activated T
cells) transcription factors and their translocation into the
nucleus (Graef et al., 2001). Although the roles of calcineurin
and NFAT in myoblast fusion have been clearly demonstrated
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671IL-13-mediated reserve cell recruitment

(Abbott et al., 1998; Horsley et al., 2001), the data in the
literature concerning the role of calcineurin in skeletal muscle
hypertrophy are again often contradictory since some studies
in rodent models show that IGF-1-induced hypertrophy can be
suppressed using the calcineurin inhibitors cyclosporine A or
FK506 (Musaro et al., 1999; Semsarian et al., 1999b), whereas
other groups see no effect of these inhibitors on hypertrophy
and no increase in calcineurin activity in the presence of IGF-
1 (Bodine et al., 2001b; Rommel et al., 2001).

The ability of IGF-1 to act as an anabolic factor on skeletal
muscle and to counterbalance the signalling pathways of
muscle atrophy has led to the proposition that IGF-1 could be
used as a therapeutic agent to combat muscle atrophy related
to age (sarcopenia) or to various diseases. However all data
available until now describing the mechanisms of IGF-1-
induced hypertrophy have been obtained in rodent models, and
very little is known about the effects and the signalling
pathways of IGF-1 in human skeletal muscle. It is becoming
increasingly evident that the results obtained in rodent models
cannot always be directly transposed to man. For example,
whereas a twofold increase was observed in the lifespan of
myoblasts from transgenic mice overexpressing IGF-1 in
muscle (Chakravarthy et al., 2000), we recently showed in
human myoblasts that IGF-1 has no effect on the proliferative
lifespan, suggesting a different mechanism of regulation in
these two species (Jacquemin et al., 2004).

We previously developed an in vitro model of human
myotube hypertrophy induced by IGF-1 where cultures were
exposed to IGF-1 only 3 days after the induction of
differentiation, a time when most of the myoblasts have already
fused into myotubes and no more proliferation is observed.
This model allows us to distinguish between the different
effects of IGF-1 on proliferation, differentiation and
hypertrophy (Jacquemin et al., 2004). In these conditions, IGF-
1 is added to a differentiated culture that is composed of two
cell populations: myotubes and reserve cells. Following serum
deprivation, the majority of the myogenic cells differentiate:
they irreversibly exit the cell cycle by the induction of the cell
cycle inhibitors p21 or p57 (Parker et al., 1995; Zhang et al.,
1999), express myogenin and finally fuse into myotubes. But
there is always a small number of these desmin-expressing
cells, called ‘reserve cells’, that remain mononucleated and do
not fuse even though they have withdrawn from the cell cycle
(Baroffio et al., 1995; Kitzmann et al., 1998; Lindon et al.,
1998; Yoshida et al., 1998). We showed that, when IGF-1 was
added to differentiated human muscle cultures, it acts not only
on myotubes to increase their size but, more surprisingly, it
induces an increase in the fusion index resulting from a
decrease in the reserve cell compartment (Jacquemin et al.,
2004). This would suggest that there is recruitment of reserve
cells for a new wave of myogenic differentiation and fusion.

In the present study, we investigated the mechanisms by
which IGF-1 induces hypertrophy of human myotubes and
more specifically how the reserve cells are recruited for
differentiation and fusion. We showed that IGF-1 treatment
induced a re-expression of MyoD, myogenin and p57,
corresponding to a new wave of myogenic differentiation. By
differential trypsinization, we analyzed the effects of IGF-1
treatment on myotubes and reserve cells separately. We showed
that IGF-1 exclusively induced Akt and p42 MAPK activation
in myotubes but not in reserve cells, suggesting that myotubes

recruit reserve cells by a secondary mechanism. The
hypothesis that a soluble factor was responsible for reserve cell
recruitment was confirmed by conditioned media experiments
in which we showed that this factor was secreted by myotubes.
We identified this factor to be IL-13 using neutralizing
antibodies and confirmed its fusion-promoting activity by
treating cultures with exogenous IL-13. We showed that the
induction of IL-13 expression was mediated by NFATc2 that
is translocated into the nucleus of myotubes in response to
IGF-1 treatment. Finally, we showed that, in addition to
increase cell fusion, IGF-1 stimulated the protein metabolism
of myotubes, via the activation of Akt, by activating the
mTOR-p70S6K pathway and inhibiting GSK-3�, and by
inducing a downregulation of the forkhead box O1
(Foxo1)–atrogin-1 protein degradation pathway. Therefore, we
propose a model of IGF-1/IL-13 induced hypertrophy in which
IGF-1 exclusively signals to myotubes leading, (1) via Akt to
induce an increase in protein content and (2) via nuclear factor
of activated T-cells, cytoplasmic calcineurin-dependent 2
(NFATc2) to the secretion of IL-13 that will secondly activate
and recruit reserve cells for fusion.

Results
IGF-1 exclusively signals to myotubes but not to reserve
cells
In a previous study, we developed a model of IGF-1-induced
hypertrophy of human myotubes characterized not only by an
increase in the size and protein content of myotubes but also
by a significant increase in the fusion index which was
correlated with a decrease in the number of reserve cells. This
finding was demonstrated on human primary myoblasts
isolated from muscle biopsies from young, adult and old
subjects. We proposed that IGF-1 induces the recruitment of
reserve cells and stimulates their fusion and their
differentiation into myotubes (Jacquemin et al., 2004). Reserve
cells can be separated from myotubes by differential
trypsinization and characterized by western blotting. As shown
in Fig. 1A, reserve cells are desmin-positive cells that express
Pax7 (up to 90% of the desmin-positive reserve cells expressed
Pax7 as verified by immunocytochemistry; data not shown) but
do not express myogenin or the cell cycle regulator p57, which
has been shown to be involved in myogenic differentiation.
MyoD was either not detectable or expressed at extremely low
levels in reserve cells as compared with myotubes. Treatment
of total cultures with IGF-1 for 24 hours at day 3 of
differentiation (DM3) induced a significant increase in the
level of MyoD (43.7±13.6%), myogenin (46±20%) and p57
(24±0.02%), confirming this new wave of myogenic
differentiation (Fig. 1B).

However, the mechanism of recruitment of reserve cells by
IGF-1 is not known. Since IGF-1 receptor was expressed by
both myotubes and reserve cells (Fig. 1A), we investigated
whether IGF-1 directly signals onto reserve cells to recruit
them for fusion or if IGF-1 signalling is targeted only to
myotubes, which then recruit the reserve cells through a
secondary mechanism. The main pathways that have been
described as mediators of skeletal muscle hypertrophy are the
MAPK, the PI3K-Akt and the calcineurin pathways. To test the
involvement of the latter pathways in the increase in cell fusion
in response to IGF-1 during human myotube hypertrophy, the
ability of specific inhibitors of these pathways to prevent the
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increase in fusion index induced by IGF-1 was tested. As
shown in Fig. 2A, the p42 MAPK inhibitor PD098059 or the
calcineurin inhibitor FK506, prevented the increase in fusion
index, suggesting that both calcineurin and p42 MAPK are
involved in the recruitment of reserve cells for fusion. As a
control, cultures were treated with these inhibitors in the
absence of IGF-1 and we observed no effect on the final fusion
index (data not shown). These results are consistent with an
increase of 49.2±17.4% in calcineurin activity observed after
15 minutes of treatment with IGF-1 (Fig. 2B) and with the
activation of p42 MAPK as demonstrated by the increased
phosphorylation of the Tyr204 residue of p42 MAPK, observed
by western blot analysis (Fig. 2C). By contrast, when cultures
were treated with SB203580, a specific inhibitor of p38
MAPK, prior to IGF-1 treatment, the fusion index was not
significantly different from that observed in the IGF-1-treated
cultures, suggesting that the p38 MAPK pathway is not
required for reserve cell recruitment (Fig. 2A). This is
consistent with the lack of p38 MAPK activation following
IGF-1 treatment observed in Fig. 2C.

An activation of Akt was also observed after IGF-1
treatment as shown by the increased phosphorylation of the
Ser473 residue of Akt followed by a later phosphorylation of
Thr308 (Fig. 2C). Therefore, we tested the ability of LY294002
and rapamycin, specific inhibitors of PI3K and mTOR
respectively, to prevent this increase in fusion index induced
by IGF-1. However, in the presence of the latter inhibitors, a
dramatic decrease in the fusion index as well as a dramatic
effect on myotube morphology was observed (data not shown),
suggesting that inhibition of the PI3K pathway not only
prevented hypertrophy but also completely inhibited protein
synthesis. Treatment with LiCl, a non competitive inhibitor of
GSK-3�, mimicked the increase in fusion index observed in
the presence of IGF-1 (Fig. 2A), suggesting that Akt and its
target GSK-3� are also involved in the recruitment of reserve
cells for fusion.

To investigate whether IGF-1 signals directly to both
myotubes and reserve cells, the activation of Akt and p42
MAPK was next analyzed in myotubes and reserve cells
separately. As shown in Fig. 2D, IGF-1 induces a
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phosphorylation of the Ser473 residue of Akt exclusively in
myotubes but not in reserve cells although the same amount of
total Akt was found in both populations. IGF-1 also induces a
phosphorylation of Tyr204 of p42 MAPK exclusively in
myotubes, suggesting that IGF-1 signals to myotubes but not
to reserve cells. Therefore, a secondary signalling event must
be triggered from myotubes to reserve cells to recruit them for
fusion.

IL-13 is secreted in response to IGF-1 treatment and
recruits reserve cells for fusion
To determine whether a soluble factor secreted by myotubes in
response to IGF-1 could activate reserve cells and recruit them
for fusion, we tested the effect of medium conditioned on IGF-
1-treated cultures on non-treated cultures. Cultures were
treated at day 3 of differentiation with IGF-1 for 90 minutes,
then rinsed twice and incubated for 24 hours with fresh
DMEM. This conditioned medium was collected and applied
to non-treated cultures at day 4 of differentiation. At day 7 of
differentiation, cultures were fixed and the fusion index was
determined. As shown in Fig. 3A, we observed an increase in
the fusion index of cultures treated with conditioned medium
(66.7±1.5%), similar to that observed in IGF-1-treated cultures
(70.0±1.4%). This increase was significant as compared to
control cultures (58.7±1.0%). The fusion index of IGF-1-
treated cultures and conditioned medium-treated cultures were
not significantly different, confirming the presence of a
secreted factor produced in response to IGF-1 treatment and
responsible for the recruitment of reserve cells for fusion. To
investigate whether this secreted factor was produced by
myotubes or reserve cells, the ability of conditioned medium
from IGF-1-treated reserve cell cultures to increase cell fusion
was tested. Reserve cell cultures were obtained after myotube
removal by brief trypsinization. As shown in Fig. 3A, no
increase in fusion index was observed in the presence of the
conditioned medium from reserve cells (59.9±2.2%),
demonstrating that the soluble factor is secreted by the
myotubes in response to IGF-1 treatment.

Among the possible candidates for fusion promoters, the
cytokines IL-4 and IL-13 have recently been shown to be

Fig. 1. IGF-1 induces a new wave of
myogenic differentiation. (A) Desmin,
Pax7, MyoD, myogenin, p57 and �
subunit of IGF-1 receptor in myotubes
and reserve cells were analyzed
separately by western blot, after
differential trypsinization at day 3 of
differentiation. (B) Cultures were treated
with IGF-1 at day 3 of differentiation.
The content of MyoD, myogenin and
p57 in total cultures (myotubes + reserve
cells) was evaluated after 24 hours
treatment with IGF-1, by western blot
analysis. The amount of each factor
relative to that of emerin is shown below.
*P<0.05, ***P<0.001.
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responsible for the recruitment of myoblasts and the promotion
of fusion in mice (Horsley et al., 2003). Another candidate, IL-
15, has been shown to induce muscle hypertrophy of mouse
and human myotubes (Furmanczyk and Quinn, 2003; Quinn et
al., 2002). To examine whether these cytokines were
responsible for the fusion promoting activity of the conditioned
medium during IGF-1-induced hypertrophy in human cells,
cultures were treated with neutralizing antibodies specific for
human IL-4, IL-13 and IL-15, following IGF-1 treatment.

Fig. 2. IGF-1 exclusively signals to myotubes but not to reserve cells.
(A) The ability of specific inhibitors of the p38 MAPK (SB203580;
SB), p42 MAPK (PD098059; PD), and calcineurin (FK506; FK) to
prevent the increase in cell fusion induced by IGF-1 was tested, as
well as the ability of LiCl, inhibitor of GSK-3�, to mimic IGF-1-
induced increase in fusion index. Above each column the
significance of the sample versus the control (upper) and versus the
IGF-treated sample (lower) is given; NS, non significant; **P<0.01
and ***P<0.001. (B) Calcineurin activity was measured in total
cultures at day 3 of differentiation after 15 minutes treatment with
IGF-1. (C) Activation of p38 MAPK, p42 MAPK and Akt after
treatment with IGF-1 was investigated in total cultures at day 3 of
differentiation by western blot analysis using antibodies specific for
the phosphorylated forms of the molecules. (D) The phosphorylation
of Akt, normalized by total Akt, and p42 MAPK was analyzed in
myotubes and reserve cells separately, at day 3 of differentiation,
after differential trypsinization, by western blot.

Fig. 3. A soluble factor is secreted by myotubes in response to IGF-1
treatment and recruits reserve cells for fusion. (A) The ability of
conditioned medium from total cultures (myotubes + reserve cells) or
reserve cell cultures (obtained after myotube removal by brief
trypsinization) treated with IGF-1 to induce an increase in the fusion
index was measured. (B) The ability of neutralizing antibodies
directed against IL-13, IL-4, IL-15 to prevent the increase in cell
fusion induced by IGF-1 was tested. Mouse immunoglobulins were
used as a control. Above each column the significance of the sample
versus the control (upper) and versus the IGF-treated sample (lower)
is given; NS, non significant; **P<0.01 and ***P<0.001. (C) The
effects of IGF-1 on the expression of IL-13, IL-4 and IL-15 was
investigated in total cultures, by RT-PCR analysis, and normalized
with GAPDH.
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Treatment with a neutralizing antibody against IL-13 prevented
the increase in fusion index induced by IGF-1, whereas
treatment with antibodies against IL-4, IL-15 or non specific
mouse immunoglobulins had no significant effect (Fig. 3B). In
addition, in the presence of the neutralizing antibody directed
against IL-13, we also observed an inhibition of the increase
in the mean number of nuclei by myotubes in response to IGF-
1 treatment (see Fig. S1 in supplementary material). These
results strongly suggest that IL-13 is the secreted factor
responsible for the recruitment of reserve cells for fusion.

To confirm the involvement of IL-13 in the increase in fusion
index, the expression of IL-4, IL-13 and IL-15 was examined
by RT-PCR performed on total cultures. As shown in Fig. 3C,
RT-PCR analysis reveals that IL-4, IL-13 and IL-15 were
expressed following IGF-1 treatment. No significant increase
in the expression of IL-4 and IL-15 was detected whereas a
significant increase of 200±69% in IL-13 expression was
detected 3 hours after IGF-1 treatment. The levels of IL-4, IL-
13 and IL-15 proteins in the conditioned media were also
measured by ELISA, and according to the results obtained by
RT-PCR analysis, we detected an increase of 162% in IL-13
protein in the conditioned medium from IGF-1-treated cultures
as compared to non treated cultures, whereas IL-4 could not be
detected and no change in IL-15 expression was observed
following IGF-1 treatment (data not shown).

To confirm that IL-13 was responsible for the increase in
fusion index, we tested the effects of exogenous treatment by
recombinant IL-13 or IL-4. Addition of as little as 5 ng/ml of
exogenous IL-13 to cultures at day 3 of differentiation
mimicked the increase in fusion index observed in IGF-1-
treated cultures (Fig. 4A,C) whereas IL-4 treatment had no
effect on the fusion index even at 50 ng/ml. The same results
were observed when these cytokines were added at the same
time as differentiation was induced (data not shown). To
estimate myotube size, the mean number of nuclei per myotube
in IL-13-treated cultures was also determined. As shown in Fig.
4B, treatment with 5 ng/ml IL-13 induced the same significant
increase in the mean number of nuclei per myotube as in IGF-
1-treated cultures. In addition, treatment by 5 ng/ml of IL-13
also mimics the increase in myosin content induced with IGF-
1 (see Fig. S2 in supplementary material). Finally we
confirmed by RT-PCR analysis that the two subunits of the IL-
13 receptor, IL-13R�1 and IL-4R�, are expressed in both
reserve cells and myotubes at 3 days of differentiation (data
not shown). Taken together, our results clearly demonstrate a
new mechanism of IGF-1-induced hypertrophy: IGF-1 signals
to myotubes leading to the secretion of IL-13, which is
responsible, in a second step, for the increased recruitment of
reserve cells for fusion.

IGF-1 induces an increase in the DNA binding activity of
the NFATs and a nuclear translocation of NFATc2
NFAT (nuclear factor of activated T-cells) transcription factors
have been shown to control the expression of many secreted
cytokines including IL-13 (Dolganov et al., 1996). Therefore,
we investigated whether NFATs were activated in response to
IGF-1 treatment during human myotube hypertrophy. The
effect of IGF-1 on the DNA binding activity of NFAT
transcription factors was analyzed by electrophoretic mobility
shift assay (EMSA) using a sequence from the human IL-13
promoter (Dolganov et al., 1996). As shown in Fig. 5A, in the
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presence of IGF-1, a significant increase of 87.5±38.9% in the
DNA binding activity of NFATs was observed after 1 hour of
treatment. The specificity of NFAT binding was confirmed by
competition with the unlabelled competitor oligo, using a

Fig. 4. Treatment with exogenous IL-13 mimics the increase in
fusion index and myotube size observed during IGF-1 induced
human myotube hypertrophy. (A) The effects of exogenous treatment
with IGF-1, IL-4 or IL-13 on the fusion index were determined.
(B) The effects of exogenous treatment with IGF-1 and IL-13 at 5
ng/ml on the mean number of nuclei per myotube was measured. NS,
non significant; *P<0.05; **P<0.01. (C) Immunostaining using
desmin antibody was performed on cultures treated with IGF-1, IL-
13 at 10 ng/ml or neutralizing antibody against IL-13. Nuclei were
counterstained with Hoechst. Bar, 100 �m.

Jo
ur

na
l o

f C
el

l S
ci

en
ce



675IL-13-mediated reserve cell recruitment

mutated probe and by supershift using a panNFAT antibody.
At least four NFAT isoforms have been described in the
literature including NFATc1, NFATc2, NFATc3 and NFATc4.
All these isoforms were detected by RT-PCR and western blot
analysis (data not shown) in cultures after 3 days of
differentiation. To determine which NFAT isoform was
responsible for this increase in NFAT DNA binding activity in
the presence of IGF-1, we tested the ability of specific
antibodies for the four NFAT isoforms to induce a supershift.
As shown in Fig. 5A, antibody against NFATc1 failed to induce
a supershift, excluding a role of NFATc1 in the increase in
NFAT DNA binding activity in the presence of IGF-1. On the
other hand, in the presence of antibodies directed against
NFATc2 and NFATc4, and NFATc3 to a less extent, the
mobility of NFAT was shifted, suggesting that these three
isoforms may be activated in the presence of IGF-1.

The localization of the different NFAT isoforms was next
examined by immunocytochemistry in the presence and
absence of IGF-1. As shown in Fig. 5B, no changes in NFATc1,
3 and 4 localization were observed following IGF-1 treatment,
whereas a nuclear translocation of NFATc2 was observed. It
can be noted that NFATc1 and NFATc3 remained localized in
the cytoplasm in the presence and in the absence of IGF-1,
whereas NFATc4 is nuclear in both conditions. These data, in
accordance with the results of the EMSA, show that in
response to IGF-1, NFATc2 previously localized in myotube
cytoplasm will translocate to the nucleus, leading to an increase
in the NFAT DNA binding activity that may be responsible for
the increase in IL-13 expression.

IGF-1 induces an Akt dependant stimulation of protein
translation and inhibition of the Foxo–atrogin-1 protein
degradation pathway
In addition to activating the NFATc2–IL-13 pathway leading
to an increase in cell fusion, IGF-1 also induced a twofold
increase in the myosin content of myotubes (Fig. 6A) measured

by the ratio of myosin to emerin as described previously
(Jacquemin et al., 2004). To investigate the pathways involved
in this increase in protein content, we tested the ability of
specific inhibitors for the MAPKs, Akt and calcineurin
pathways to prevent the increase in the myosin:emerin ratio
observed in the presence of IGF-1. In the same way as for the
fusion index, inhibition of either p42 MAPK by PD098059 or
calcineurin by FK506 induced a decrease in the myosin:emerin
ratio that reached the level observed in the control cultures,
whereas p38 MAPK inhibition by SB203580 had no effect
(Fig. 6A), suggesting a role for p42 MAPK and calcineurin in
the regulation of protein content during human myotube
hypertrophy induced by IGF-1.

Akt has been shown to control protein metabolism during
muscle hypertrophy in rodents by acting on mTOR/p70S6K
and GSK-3�, both involved in protein translation. As shown in
Fig. 6B, IGF-1 treatment induces an increase in the
phosphorylation of the residues Thr389 of p70S6K and Ser9
of GSK-3�, providing evidence of p70S6K activation and
GSK-3� inhibition (Harwood, 2001). These increased
phosphorylations were PI3K dependent since they were
inhibited in the presence of LY294002 (data not shown). We
also showed that GSK-3� inhibition by LiCl mimicked the
increase in myosin content observed in the presence of IGF-1
(Fig. 6A), confirming that GSK-3� negatively regulates
hypertrophy.

In addition to controlling protein translation, Akt has been
shown to be involved in the control of protein degradation by
regulating the transcription factor Foxo (Zhang et al., 2002).
To investigate whether IGF-1 treatment acts on this protein
degradation pathway during human myotube hypertrophy, we
tested the effects of IGF-1 on the activity of the transcription
factor Foxo. IGF-1 treatment induces an increase in the
phosphorylation of the residue Ser256 of Foxo1 (Fig. 6B),
which has been shown to inhibit its activity (Brunet et al.,
1999). The DNA binding activity of Foxo was next investigated

Fig. 5. IGF-1 induces an increase in
the DNA binding activity of the
NFAT transcription factors and a
nuclear translocation of NFATc2.
(A) The NFAT DNA binding activity
of the cultures treated by IGF-1 was
investigated by EMSA using the
consensus NFAT sequence from the
IL-13 promoter. A competition with
the unlabelled competitor oligo, a
mutated probe and supershift using
panNFAT antibody or antibodies
directed against NFATc1, NFATc2,
NFATc3 or NFATc4 were
performed. (B) Immunostaining
using sera directed against NFATc1,
NFATc2, NFATc3 or NFATc4
isoforms was performed after IGF-1
treatment. Nuclei were
counterstained with Hoechst.
*P<0.05.
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using EMSA. As shown in Fig. 6C, a significant decrease of
51.5±2.5% in the DNA binding activity of Foxo was observed
1 hour after IGF-1 treatment, consistent with the increased
phosphorylation of Foxo1 observed on western blots (Fig. 6B).
Treatment by LY294002 prior to IGF-1 treatment prevented
this decrease in Foxo DNA binding activity, confirming that
Foxo was downregulated following the activation of the PI3K-
Akt pathway (Fig. 6C).

In rodents, Foxo1 has been shown to regulate the expression
of the ubiquitin-ligase atrogin-1 (MAFbx). We analyzed, by
northern blot, the effect of IGF-1 treatment on the expression
of the atrogin-1. Two forms of atrogin-1 mRNA were detected
at 2.4 kb and 6.5 kb, as described previously (Li et al., 2005).
A significant decrease of 44±11.85% in atrogin-1 mRNA
expression was observed after a 3-hour treatment with IGF-1
on both forms (Fig. 6D). Taken together, these data show that
during human myotube hypertrophy IGF-1 acts on myotubes
via Akt to stimulate protein metabolism by (1) activating the
mTOR-p70S6K pathway and inhibiting GSK-3�, both being
involved in protein synthesis, and (2) inhibiting the
Foxo1–atrogin-1 pathway involved in protein degradation (Fig.
7).

Discussion
Given the ability of IGF-1 to counterbalance the signalling
pathways involved in atrophy, to induce muscle hypertrophy
even in aged muscle, and to improve the muscular phenotype
of several dystrophic models, IGF-1 has been proposed as a
potential therapeutic tool for the treatment of muscle atrophy
and neuromuscular diseases. This potential therapeutic
application requires a better understanding of the mechanisms
by which IGF-1 induces hypertrophy, particularly in humans.
To investigate the effects of IGF-1 on differentiated human
muscle cells, we developed a model of human myotube
hypertrophy in which cultures were treated with IGF-1 after 3
days of differentiation. Hypertrophy was characterized not
only by an increase in myotube size but also by an increase in
the fusion index resulting from the increased recruitment of
reserve cells for differentiation and fusion (Jacquemin et al.,
2004). This latter finding is consistent with in vivo studies of
hypertrophy where it has been shown that the destruction of
satellite cells by gamma radiation prevented, at least in part,
the hypertrophy induced by IGF-1 (Barton-Davis et al., 1999)
or by overload (Rosenblatt and Parry, 1992). This requirement

Fig. 6. IGF-1 stimulates protein metabolism via Akt (A) The ability
of specific inhibitors of the p38 MAPK (SB=SB203580), p42 MAPK
(PD=PD098059), the calcineurin (FK=FK506) and GSK-3� (LiCl)
to prevent the increase in myosin content induced by IGF-1 was
tested. Above each column the significance of the sample versus the
control (upper) and versus the IGF-treated sample (lower) is given;
NS, non significant; *P<0.05; **P<0.01. (B) The phosphorylation of
Foxo1, p70S6K, GSK-3� and Akt was investigated by western blot
analysis after treatment by IGF-1. (C) The effect of IGF-1 on the
Foxo DNA binding activity of the cultures was investigated by
EMSA. A competition with the unlabelled competitor oligo and a
mutated probe were used to assess signal specificity. (D). The effect
of IGF-1 on the expression of atrogin-1 was tested by northern blot
analysis after a 3-hour treatment. Two mRNA forms of 2.4 kb and
6.5 kb were detected for atrogin-1, as described previously (Li et al.,
2005).
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of satellite cells for fusion during hypertrophy reflects the
necessity of keeping the ratio between the nuclear content and
cytoplasmic volume, also called the ‘myonuclear domain’,
constant during hypertrophy in vivo (Allen et al., 1995).

However, the mechanism by which reserve cells are
recruited by IGF-1 to fuse to myotubes is not yet understood.
In the present study, we demonstrate a new mechanism of IGF-
1-induced human myotube hypertrophy. We show that IGF-1
induces the secretion of IL-13 by myotubes that will mediate,
in a second step, the recruitment of reserve cells for fusion.
This finding resulted from the fact that conditioned medium
from IGF-1-stimulated total cultures (myotubes + reserve
cells), but not from IGF-1-stimulated reserve cell cultures, was
able to induce the same increase in fusion index as IGF-1 does,
proving the existence of a soluble factor secreted by myotubes.
This was consistent with the fact that activation of either the
p42 MAPK or Akt following IGF-1 treatment was not detected
in reserve cells, suggesting that IGF-1 signals exclusively to
myotubes that secondly signal to reserve cells. Given the recent
data that the different IGF-1 isoforms can induce distinct
signals through the IGF-1 receptor (Barton, 2006), we cannot
exclude that the reserve cells will be responsive to other IGF-
1 isoforms. Since the ability of the conditioned medium to
recruit reserve cells for fusion was inhibited in the presence of
neutralizing antibodies against IL-13 but not against IL-4, IL-
15 or in the presence of non-specific mouse immunoglobulins,
we identified the soluble factor to be IL-13. In addition, we
show that IGF-1 induces an increase in IL-13 but not in IL-4
and IL-15 expression, as evidenced at both at the RNA and
protein levels. Moreover, exogenous treatment with as little as
5 ng/ml of recombinant IL-13 mimicked the increase in fusion
index and in the mean number of nuclei per myotube induced
by IGF-1, whereas IL-4 did not induce any change in the fusion
index even at 50 ng/ml.

Preliminary studies have demonstrated a role for IL-13 in
the control of fusion in human monocyte/macrophage (DeFife
et al., 1997) and mouse myoblasts (Horsley et al., 2003). In
contrast to mice where IL-4 has been demonstrated to be more
potent than IL-13 in inducing myoblast fusion (Horsley et al.,
2003), we show that IL-13 and not IL-4 is responsible for the

recruitment of reserve cells during human
myotube hypertrophy induced by IGF-1. It should
be noted that homologies have been described
between these two cytokines: they share 30%
sequence homology, their genes are closely linked
in both the human and mouse genomes suggesting
a coregulation of these two genes (Smirnov et al.,
1995), and they have redundant functions in
immune cells (Minty et al., 1993) due to the
common subunit shared by their receptors

(Callard et al., 1996). It was recently shown in human and
mouse muscle cell cultures that IL-4 is involved in the control
of myotube size during myotube formation following
differentiation (Horsley et al., 2003; Lafreniere et al., 2006).
Since no induction of IL-4 expression was detected following
IGF-1 treatment in human myotube cultures, we propose that
IL-4 and IL-13 could share the redundant ability to recruit
mononucleated cells for fusion but not toward the same cell
populations: IL-4 being responsible for the ‘normal’ myoblast
fusion into nascent myotubes during myogenic differentiation,
and IL-13 for additional recruitment of reserve cells during
IGF-1-induced hypertrophy. This hypothesis was reinforced by
the fact that exogenous treatment by IL-13 at the time of
differentiation induction induces the same increase in fusion
index as when it was added after 3 days of differentiation (data
not shown); on the contrary, we observed that IL-4 did not
induce any change in the final fusion index when added either
at the time of differentiation induction (data not shown) or after
3 days of differentiation, in accordance with previous studies
on human and mice myoblasts (Horsley et al., 2003; Lafreniere
et al., 2006).

We also tested the involvement of IL-15 as a candidate for
the activation of reserve cells, since it has been shown to be
involved in myotube hypertrophy in mouse, bovine and human
myoblasts (Quinn et al., 2002). Although we were able to
confirm the expression of IL-15 in human myotubes, we did
not observe any increase in IL-15 expression following IGF-1
treatment. This is consistent with the fact that IL-15 has been
shown to induce hypertrophy by an increase in protein
metabolism, and particularly myosin content, but not in cell
fusion (Quinn et al., 2002) and that IL-15 and IGF-1 can act
additively on protein accumulation (Quinn et al., 1995)
suggesting that differential mechanisms are used by these
factors to induce hypertrophy.

The NFATs have been shown to be involved in the regulation
of IL-13 expression in human T cells (Dolganov et al., 1996).
Since IGF-1 induces an increase in the DNA binding activity
of the NFATs, measured by EMSA using the described
sequence from the IL-13 human promoter (Dolganov et al.,
1996), as well as a nuclear translocation of the NFATc2

Fig. 7. Mechanisms of IGF-1-induced human myotube
hypertrophy. (1) IGF-1 induces an increase in the
protein content of myotubes via Akt. Within Akt
targets, IGF-1 acts on the mTOR/p70S6K and GSK-3�
pathways, both of which are involved in the control of
protein translocation. IGF-1 also downregulates the
Foxo/atrogin-1 protein degradation pathway. (2) IGF-1
induces an increase in the recruitment of reserve cells
for fusion via the secretion of IL-13 by myotubes
under the control of NFATc2.
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isoform, we proposed that IL-13 expression is induced
following IGF-1 treatment under the control of NFATc2. Our
finding that IGF-1 induces myotube hypertrophy by activating
NFATs are consistent with a previous study in rodents (Musaro
et al., 1999). However, in the present study, we show that only
NFATc2, but not NFATc1, translocates to the nucleus in
response to IGF-1, suggesting that in human myotubes,
NFATc2 mediates IGF-1-induced hypertrophy. The NFATc2
isoform has already been shown to be involved in myoblast
fusion to nascent myotubes in mice (Horsley et al., 2001;
Horsley et al., 2003). Previous studies showed that several
signalling pathways, including calcineurin, GSK-3� (Beals et
al., 1997; Neal and Clipstone, 2001) and p42 MAPK (Sanna
et al., 2005), could control the activity of the NFAT
transcription factors. Given the prevention of reserve cell
recruitment observed in the presence of FK506 and PD098059
and the ability of LiCl to mimic IGF-1-induced increase in the
fusion index, we propose that these pathways may cooperate
to activate NFATc2 during IGF-1-induced hypertrophy of
human myotubes.

We show here that p38 MAPK is not required for IGF-1-
induced hypertrophy of human myotubes, neither is it activated
by IGF-1 in these conditions; our data obtained by western blot
analyses (Fig. 1C) even suggest that IGF-1 induces a decrease
in p38 MAPK activity. This is consistent with the studies of
Booth and colleagues which showed that p38 phosphorylation
increased during atrophy induced by immobilization in young
and old rats, suggesting a role for p38 MAPK in protein loss
during muscle atrophy (Childs et al., 2003; Morris et al., 2004).
Such a role of p38 MAPK in muscle atrophy would seem to
be in contradiction with in vivo studies showing an increase in
p38 MAPK phosphorylation after exercise or during muscle
overload (Carlson et al., 2001; Nader and Esser, 2001) although
it can be postulated that in these conditions, p38 MAPK is
activated in response to stress (Kyriakis and Avruch, 2001) and
does not participate to the hypertrophic signals. Moreover, it
has been shown recently that TNF�, which induces a loss of
protein content in myotubes, stimulates the expression of the
muscle atrophy related ubiquitin ligase atrogin-1 in murine
models via the activation of p38 MAPK (Li et al., 2005). One
should keep in mind that p38 MAPK has also been involved in
the induction of myogenic differentiation in in vitro studies
(Lluis et al., 2006). Even if the role of p38 MAPK in the control
of muscle mass remains unclear, and varies depending on the
nature of the stimuli and of the model, here we clearly show
that p38 MAPK is not required for IGF-1-induced hypertrophy
in human muscle cells.

By contrast, we show an inhibition of hypertrophy in the
presence of the p42 MAPK inhibitors PD098059 and UO126.
These results are in agreement with a previous study showing
that serum-induced hypertrophy of C2C12 myotubes was
mediated by p42 MAPK and prevented by PD098059 (Wu et
al., 2000) and with an in vivo study which showed that
concomitant treatment with PD098059 and IGF-1 in rats
prevented IGF-1-induced hypertrophy (Haddad and Adams,
2003). In the present study, we show that p42 MAPK is
phosphorylated in myotubes that are postmitotic, suggesting
that, in this model, p42 MAPK has a role distinct from the one
usually described in the control of proliferation, such as a role
in the control of protein synthesis as suggested previously
(Wang et al., 2001), or in the control of the NFAT transcription
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factors as shown in cardiac muscle (Sanna et al., 2005).
Connections between the PI3K-Akt and the MAPK pathways,
positive (Wang et al., 2001) and negative (Rommel et al., 1999;
Tiffin et al., 2004), have been described. In human myotubes,
we show that IGF-1 induces an activation of p42 MAPK and
Akt pathways in an independent manner, consistent with
previous studies (Foulstone et al., 2004; Halevy and Cantley,
2004). We do not have evidence of connections between these
two pathways, because (1) the p42 MAPK inhibitor UO126 has
no effect on the phosphorylation of Akt, GSK-3� or S6, and
(2) the PI3K inhibitor LY294002 has no effect on p42 MAPK
phosphorylation (data not shown). These apparent
contradictions can be resolved as being dependent on the
cellular context, suggesting that the same signalling
mechanisms can be interpreted differently according to
differentiation stage, cell types and species.

The PI3K-Akt pathway has been widely studied in rodent
models of IGF-1-induced muscle hypertrophy. Among the
targets of Akt, mTOR/p70S6K and GSK-3� have been
described as the two main mediators of this hypertrophy (Park
et al., 2005; Rochat et al., 2004; Vyas et al., 2002). In human
myotubes, we confirm that IGF-1 induces, via Akt, the
activation of mTOR/p70S6K and the inhibition of GSK-3�,
that have been previously shown to be involved in the control
of protein synthesis via the eukaryotic initiation factor eIF2B
(Rommel et al., 2001; Welsh et al., 1998). In addition, we show
that the p70S6K-S6 pathway that has been widely implicated
in the control of cell size in animals ranging from Drosophila
(Montagne et al., 1999) to mice (Ohanna et al., 2005) also plays
a key role in the control of cell size in human. Another target
of Akt is the transcription factor Foxo, recently shown to be
involved in protein degradation during muscle atrophy. In
atrophic conditions, the activity of the PI3K-Akt pathway
decreases, leading to an increase in Foxo1 and Foxo3 activity
and a subsequent increase in the expression of the ubiquitin
ligase atrogin-1 (Bodine et al., 2001a; Sandri et al., 2004). As
shown in C2C12 where IGF-1 has been shown to prevent this
Foxo-dependent expression of atrogin-1 via the activation of
the PI3K-Akt pathway (Latres et al., 2005; Stitt et al., 2004),
we demonstrate that IGF-1 phosphorylates Foxo1 and
decreases its DNA binding activity during IGF-1-induced
human skeletal muscle hypertrophy. We also observed a
decrease by half in the expression of atrogin-1, confirming the
inhibition of this protein degradation pathway by IGF-1 during
human myotube hypertrophy. Taken together these data clearly
show that IGF-1 acts via Akt on protein metabolism during
human myotube hypertrophy (1) by increasing protein
translation via the activation of the mTOR-p70S6K pathway
and the inhibition of GSK-3� and (2) by inhibiting protein
degradation via a down regulation of Foxo and atrogin-1.

In conclusion, this study demonstrates a new mechanism of
IGF-1-induced hypertrophy of human myotubes. In the
proposed model (Fig. 7), IGF-1 acts exclusively on myotubes
and induces hypertrophy by two separate mechanisms: (1)
IGF-1 induces the secretion of IL-13 by myotubes under the
control of NFATc2 which will then recruit reserve cells for
fusion, and (2) IGF-1 induces, via Akt, an increase in protein
content by stimulating protein synthesis via mTOR/p70S6K
and GSK-3�, and by inhibiting protein degradation via the
downregulation of Foxo/atrogin-1. These in vitro mechanisms
can be related to in vivo studies which show that even if the
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major part of IGF-1-induced hypertrophy requires the
activation and the addition of new satellite cells to the fibre,
IGF-1 can still induce an increase in muscle size independently
of satellite cells by acting on protein metabolism (Barton-Davis
et al., 1999). In the present study, IGF-1 induces an increase
in cell fusion in the absence of proliferation, which will result
in a decrease in the number of reserve cells. Therefore, an
increased recruitment of cells for fusion could deplete the pool
of quiescent cells in vivo leading to a decrease in the long term
in the regenerative capacity of muscle. One could hypothesize
that, given the different environments of reserve cells in vitro
and satellite cells in vivo, satellite cells would most probably
proliferate before fusing to the muscle fibres in vivo allowing
the pool of satellite cells to remain intact. However, if
conditions of growth factors or matrix were to change during
aging or disease, this process could then be disturbed and IGF-
1 treatment could deplete the pool. Potential therapeutic
strategies directed to specific targets of IGF-1, which may act
on protein metabolism rather than on satellite cell recruitment,
based upon the results of the present study, could avoid a
decrease in the long term regenerative capacity of the muscle.

Materials and Methods
Human skeletal muscle culture
Satellite cells were isolated as described previously (Edom et al., 1994) from the
quadriceps muscle of a 5-day-old infant in accordance with the French legislation
on ethical rules. Cells were grown in Ham’s F10 supplemented with 20% foetal
bovine serum and 5 �g/ml of gentamycin in 5% CO2. For differentiation,
subconfluent cultures were switched to a serum-free Dulbecco’s modified Eagle’s
(DME) medium. Culture reagents were purchased from Invitrogen. Myogenic
purity, calculated as described previously (Jacquemin et al., 2004), was always more
than 75%. The fusion index was determined at day 7 of differentiation by the number
of nuclei in differentiated myotubes (>2 myonuclei) as a percentage of the total
number of nuclei. For the isolation of reserve cells, plates were rinsed twice and
incubated in 1� trypsin-EDTA for 1 minute at 37°C. Myotubes that detached first
(Kitzmann et al., 1998) were rapidly collected. Plates were then rinsed and
incubated again intrypsin-EDTA to allow reserve cells to detach. These cells were
then filtered through a 100 �m cell strainer (BD Falcon, Erembodegem, Belgium)
before being pelleted.

Treatments by IGF-1 and inhibitors
Exogenous treatment by human recombinant IGF-1 (Sigma) was carried out at the
optimal concentration of 50 ng/ml as previously described (Jacquemin et al., 2004).
Cultures were treated with each inhibitor 1 hour prior to IGF-1 treatment at the
following concentrations: 15 �M SB 203580 (Sigma), 30 �M PD098059 (Sigma),
10 mM LiCl (Sigma), 100 ng/ml FK506 (Fujisawa Pharmaceutical, Osaka, Japan).

Western blot analysis
Cell pellets were extracted in RIPA buffer (150 mM NaCl, 50 mM Hepes pH 7.4,
1% NP40, 0.5% sodium deoxycholate, 0.1% SDS, 5 mM EDTA, 20 �g/ml PMSF)
in the presence of a protease inhibitor cocktail (Roche) and sonicated. Equal
amounts of proteins were loaded in Laemmli buffer and resolved by 10% SDS-
polyacrylamide gel electrophoresis, then transferred to nitrocellulose membranes.
After blocking, the membranes were incubated with the following antibodies:
phospho-Akt (Ser473) and (Thr308), Akt, phospho-p42 (Tyr204), phospho-p38
(Thr180), phospho-Foxo1 (Ser256), phospho-p70S6K (Thr389) and phospho-GSK-
3� (Ser9) from Cell Signaling Technology; desmin (D33) and MyoD (clone 5.8A)
from Dako; Emerin from Novocastra (Newcastle Upon Tyne, UK); p57 and R-IGF�
from Santa Cruz; myogenin (clone F5D), MF20 and Pax7 from the Developmental
Studies Hybridoma Bank. The ratio of myosin to emerin was determined as
previously described (Jacquemin et al., 2004). The secondary antibody coupled to
HRP was revealed using the ECL kit (Pierce) and band intensities were quantified
using NIH Image software.

Conditioned media experiments, antibody neutralization,
ELISA and cytokine treatment
For conditioned media experiments, total cultures (myotubes + reserve cells) or
reserve cell culture were treated with IGF-1 at day 3 of differentiation for 90 minutes
and then rinsed twice with DMEM before being incubated with fresh DMEM for
24 hours. After 24 hours, conditioned medium was collected and added to non-
treated cultures at day 4 of differentiation. For neutralization experiments,

antibodies were added at day 3 of differentiation at three times the concentration of
ND50, defined as the concentration of antibody required to yield one-half maximal
inhibition of the activity of 10 ng/ml of each cytokine: 7.5 �g/ml for IL-4 antibody
(R&D, 6 �g/ml for IL-13 antibody (Sigma) and 16.5 �g/ml for IL-15 (R&D) and
6 �g/ml mouse immunoglobulins (Dako) as a control. ELISA for IL-4 and IL-15
were performed by SearchLight Multiplex Sample Testing by Endogen (Perbio,
Aalst, Belgium). ELISA for IL-13 was performed with IL-13 ELISA kit from
Biosource. All ELISA measurements were performed after concentration of the
conditioned media using Amicon Ultra columns (Millipore). Recombinant IL-13
and IL-4 were purchased from Sigma.

Reverse transcriptase-polymerase chain reaction
RNA was extracted using Trizol Reagent (Invitrogen). Reverse transcription and
PCR were performed according to the manufacturer’s protocol (Invitrogen and
ABGene, respectively) using the following primers: GAPDH-F 5�-GAT GAC AAG
CTT CCC GTT CTC AGC C-3�, GADPH-R 5�-TGA AGG TCG GAG TCA ACG
GAT TTG GT-3�, IL-4-F 5�-TGT TCT TGG AGG CAG CAA AGA-5� IL-4-R 5�-
TGT CCA CGG ACA CAA GTG CGA-3�, IL-13-F 5�-GCG CTT TTG TTG ACC
ACG GTC ATT-3�, IL-13-R 5�-TTG AAC TGT CCC TCG CGA-5�, IL-15-F 5�-
TAA AAC AGA AGC CAA CTG-3�, IL-15-R 5�-CAA GAA GTG TTG ATG AAC
AT-3�. Thirty-five cycles (IL-4, IL-13 and IL-15) or 20 cycles (GAPDH) of
amplification were performed, each consisting of 1 minute at 94°C, 1 minute at
55°C, and 1 minute at 72°C, followed by a final 10-minute extension at 72°C.

Whole cell extracts (WCE) and electrophoretic mobility shift
assay (EMSA)
Whole cells were extracted as described previously (Neal and Clipstone, 2001). For
EMSA, 20 �g of WCE were incubated with 0.2 �g/�l of poly(dI-dC), 100 mM
EDTA, 8% glycerol, 25 mM Hepes, 5 mM MgCl2, 34 mM KCl, 1 mM DTT and 2
ng of 32P-labeled oligonucleotide probe at 4°C for 30 minutes. The resulting protein-
DNA complexes were resolved by electrophoresis on a 5% native polyacrylamide
gel, dried, and exposed to Phosphor Screen (Kodak). For supershift, 1 �l of sera
directed against either panNFAT, NFATc1, NFATc2, NFATc3, NFATc4 (Lyakh et
al., 1997) (from Nancy Rice, NCL-Frederick Cancer Research and Development
Center, Frederick, MD) or myogenin (as a control) was added for 30 minutes at 4°C
before incubation with the probe. Quantification was performed using the Bio-Rad
MolecularImagerFX and the QuantityOne software. The double-stranded
oligonucleotide probes used in EMSA were for NFAT, 5�-TGT GGA AAA TCC
AGT G-3� from the human IL-13 promoter (Dolganov et al., 1996) and the mutated
probe TGT GGT CAA TCC AGT G, and for Foxo, 5�-CTA GAT GGT AAA CAA
CTG TGA CTA GTA GAA CAC GG-3� and the mutated probe 5�-CTA GAT GGT
CGG TGA CTG TGA CTA GTA GAA CAC GG-3� (Zhang et al., 2002).

Immunocytochemistry
Cells were fixed in 4% paraformaldehyde 0.1% Triton X-100. After blocking in 5%
bovine serum, cells were incubated with Desmin antibody (Dako) or sera specific
for NFAT isoforms (see EMSA) for 1 hour at room temperature at a dilution of 1:50.
Secondary antibodies used were Alexa 488 (Molecular Probes) or Cy3 (Jackson
ImmunoResearch). Nuclei were counterstained with Hoechst 33258 (Sigma).

Calcineurin phosphatase activity
Phosphatase activity was measured by using the calcineurin assay kit (Biomol,
Plymouth Meeting, PA, USA) according to the manufacturer’s instructions, as the
dephosphorylation rate of a synthetic phosphopeptide substrate (RII peptide) in the
presence or absence of EGTA. The amount of phosphate released was determined
photometrically using the Biomol Green reagent.

Northern blot analysis
20 �g of RNA were separated by electrophoresis through a 1% agarose-MOPS gel
containing 0.66 M formaldehyde and transferred onto a Biodyne B membrane (Pall
Corp., East Hills, NY). Atrogin-1 cDNA (from A. Goldberg, Harvard Medical
School, Boston, MA) was labelled with [32P]dCTP by random priming and used as
probe. The membranes were hybridized overnight at 68°C in 1� SSPE, 2�
Denhart’s, 10% dextran sulphate, 2% SDS and 100 �g/ml ssDNA and washed in
0.1� SSC, 0.5% SDS. Membranes were exposed to a PhosphorScreen (Kodak; for
quantification, see EMSA). Expression of atrogin-1 was normalized to 18S rRNA
signal as described previously (Furling et al., 2001).

Statistics
Results are expressed as the mean ± s.e.m. of at least three separate experiments.
Significance was tested by Student’s unpaired t-test or ANOVA-1, and a P value
<0.05 was considered as significant (NS non significant, *P<0.05, **P<0.01 and
***P<0.001).
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