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Muscle atrophy is a debilitating process associated with many chronic wasting diseases, like cancer, diabetes,
sepsis, and renal failure. Rapid loss of muscle mass occurs mainly through the activation of protein breakdown by
the ubiquitin proteasome pathway. Foxo3a transcription factor is critical for muscle atrophy, since it activates the
expression of ubiquitin ligase Atrogin-1. In several models of atrophy, inhibition of the phosphatidylinositol 3-
kinase (PI3K)/Akt signaling pathway induces nuclear import of Foxo3a through an Akt-dependent process. This
study aimed to identify signaling pathways involved in the control of Foxo3a nuclear translocation in muscle cells.
We observed that after nuclear import of Foxo3a by PI3K/Akt pathway inhibition, activation of stress-activated
protein kinase (SAPK) pathways induced nuclear export of Foxo3a through CRM1. This mechanism involved the
c-Jun NH2-terminal kinase (JNK) signaling pathway and was independent of Akt. Likewise, we showed that
inhibition of p38 induced a massive nuclear relocalization of Foxo3a. Our results thus suggest that SAPKs are
involved in the control of Foxo3a nucleocytoplasmic translocation in C2C12 cells. Moreover, activation of SAPKs
decreases the expression of Atrogin-1, and stable C2C12 myotubes, in which the p38 pathway is constitutively
activated, present partial protection against atrophy.

Muscle atrophy occurs in many pathological states, including
cancer, diabetes mellitus, AIDS, and sepsis. It results from a
concomitant increase in protein catabolism and decrease in
protein synthesis, and this combination induces a massive loss
of muscle mass and function. Major insights toward under-
standing cellular events implicated in the atrophy process have
been achieved in recent years. The ubiquitin proteasome path-
way (UPS) is considered to play a dominant role (13, 27, 40).
A component of the UPS, ubiquitin ligase Atrogin-1, is specif-
ically and dramatically induced during atrophy, and knockout
animals lacking Atrogin-1 show a reduced rate of muscle atro-
phy after denervation (3). In 2004, Sandri et al. demonstrated
that, under atrophying conditions, phosphatidylinositol 3-
kinase (PI3K)/Akt activity decreases, leading to nuclear
translocation of Foxo3a transcription factor and induction
of Atrogin-1 (44). When Foxo3a activation is blocked, Atro-
gin-1 induction during starvation and atrophy of myotubes
induced by glucocorticoids are prevented. Therefore, it is
now widely accepted that Foxo3a has a critical role in the
development of atrophy.

Mammalian Foxo transcription factors are characterized by
a DNA binding domain termed the “Forkhead box.” This

family is composed of 4 members: Foxo1 (FKHR), Foxo3a
(FKHRL1), Foxo4 (AFX), and Foxo6. Foxo factors have a
wide range of cellular functions, including regulation of the cell
cycle, apoptosis, atrophy, DNA repair, energy metabolism, and
defense against oxidative stress (43, 48). They also promote
tumor suppression and extend the life span in invertebrates (1,
5, 12). Foxos are regulated by a variety of external stimuli, such
as insulin, insulin-like growth factor (IGF-1), nutrients, cyto-
kines, and oxidative stress. Their activity is tightly controlled by
signaling pathways through posttranslational modifications,
namely, phosphorylation, acetylation, ubiquitination, and protein
interactions (48). In particular, Foxo transcription factors are
important downstream targets of the PI3K/Akt signaling pathway.
Phosphorylation by PI3K/Akt controls a shuttling system that
modulates Foxo cellular localization and, thus, its activity (5).

In skeletal muscle, Foxos contribute to several cellular pro-
cesses, such as myocyte fusion and metabolism regulation (4,
22). Foxo3a is notably involved in both atrophy and autophagy
(34, 51), and expression of a constitutively active Foxo3a in-
duces atrophy of muscle cells through activation of Atrogin-1
(44). Upon growth factor or insulin stimulation, PI3K activa-
tion induces Akt-mediated phosphorylation of Foxos to pro-
mote the association of Foxos with 14-3-3 chaperone proteins.
This sequestration of Foxo proteins in the cytoplasm prevents
Foxo-dependent gene regulation. Under catabolic conditions,
inhibition of PI3K/Akt allows dephosphorylation and nuclear
translocation of Foxo3a, which promotes the expression of
Atrogin-1 (44).

The mitogen-activated protein kinase (MAPK) family in-
cludes stress-activated protein kinases (SAPKs) p38 and c-Jun
NH2-terminal kinase (JNK), which mediate a wide variety of
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cellular processes in response to extracellular stimuli, such as
UV radiation, tumor necrosis factor alpha (TNF-�), and oxi-
dative stress (18, 24, 42, 46). Once SAPKs are activated, they
phosphorylate target molecules in the cytoplasm and nucleus,
resulting in regulation of gene expression. Recently, it has been
shown that JNK antagonizes the PI3K/Akt pathway and
promotes nuclear translocation of dFoxo-DAF16 to regulate
life span in invertebrates (49). In mammals, JNK-dependent
phosphorylation is involved in the nuclear translocation and
transcriptional activation of Foxo4 after H2O2 treatment
(20). In addition, 15 consensus phosphorylation sites for
MAPKs have been identified on the Foxo1 sequence, and it
has been shown that Foxo1 could be phosphorylated in vitro
by ERK and p38 (2).

Progressive loss of skeletal muscle mass is observed during
aging. We previously showed that this decline in muscle mass
is accompanied by an increase in Atrogin-1 mRNA and oxida-
tive stress (16). Moreover, oxidative stress has been linked to
skeletal muscle atrophy in numerous models of muscle wasting,
and it also activates Foxo3a in various cell types (7, 11, 20, 38).
Although progress in our understanding of the role of SAPK in
the regulation of Foxos has been made, the role of these
signaling pathways in muscle cells remains unclear. As Foxo3a
is a major regulator of muscle atrophy process, the aim of this
study was to determine the role of SAPK on Foxo3a regulation
in muscle cells. To this end, we first studied the effect of SAPK
on Foxo3a cellular localization. We then characterized these
signaling pathways by using both molecular and pharmaceuti-
cal inhibitors, and this was followed by an evaluation of the
effects of SAPK on Foxo3a transcriptional activity and on mus-
cle atrophy.

Our findings indicate that in muscle cells, SAPKs are in-
volved in a Foxo3a nuclear export mechanism. SAPK nuclear
export of Foxo3a induces a decrease of Atrogin-1 expression
and thereby reduces muscle atrophy.

MATERIALS AND METHODS

Vectors and constructions. Human Foxo3a was expressed either from the
peceFoxo3a-HA wild-type (WT) plasmid producing a hemagglutinin (HA)-
tagged form of Foxo3a (hFoxo3a-HA) (5) or from the Foxo3a-green fluores-
cent protein (GFP) fusion vector (14). A Flag-tagged version of hFoxo3a was
also constructed by PCR using a Flag 5� primer (5�-AGAGAAGCTTGCCG
CCACCATGGACTATAAGGACGATGATGACAAAGCAGAGGCACCG
GCTTCCCC-3�), a 3� primer (5�-GGCCACGTACAGGATCGCGG-3�), and
the peceFoxo3a-HA backbone.

Vectors expressing different dominant-negative (DN) HA-tagged Akt mu-
tants, KA and ST (8) as well as KM (9), were described previously.

The pGL3-Atrogin-1-Luciferase vector was constructed according to the de-
scription of Sandri et al. (44). The Foxo-responsive element (FHRE)-luciferase
reporter containing multiple copies of the FHREs was described previously (5).
A pCMV-�-galactosidase plasmid was used to normalize luciferase assays (10).

Retroviral vectors (pPrig) expressing a Flag-tagged constitutively active ver-
sion of human MKK3 (CA MKK3) or MKK4 (CA MKK4) (19) were constructed
based on the pPrig vector backbone (35). Expression of CA MKK3 or CA MKK4
proteins was indirectly monitored through GFP expression controlled by an
internal ribosome entry site (IRES) sequence included in the pPrig vector.

Wild-type and DN p38 forms used for p38/Foxo3a coimmunoprecipitation
experiments (not shown) were expressed from pCDNA3 vectors derived from
pCMV5-p38 WT and DN vectors (19).

pCOMBI-Myogenin-CA MKK3 was derived from pCOMBI-CMV (kindly
provided by U. Certa, Hoffman la Roche, Basel, Switzerland) (45) in which the
cytomegalovirus (CMV) promoter was replaced by the myogenin promoter and
constitutively active MKK3 (19) was cloned in the polylinker.

Cell culture, transfection, and transduction. Murine C2C12 muscle cells
(ECACC, reference number 91031101) were grown in a humid atmosphere at
37°C with 5% CO2 in proliferation media (Dulbecco’s modified Eagle’s medium
[DMEM], 4.5 g/liter glucose, 10% fetal bovine serum, 100 U/ml penicillin, 100
g/ml streptomycin). Myoblast differentiation was initiated by replacing the
growth medium with differentiation medium (DMEM, 4.5 g/liter glucose, 2%
horse serum, 100 U/ml penicillin, 100 g/ml streptomycin). Myotube starvation
was induced by Hanks balanced salt solution (HBSS; Invitrogen) incubation.
C2C12 cells were transfected with cationic polymer (Lipofectamine 2000; In-
vitrogen) according to the manufacturer’s instructions.

Stable cell lines were obtained by transfecting pCOMBI-Myogenin-CA MKK3
into C2C12 cells. Three independent clones were tested for constitutively active
MKK3 expression.

The pPrig-CA-MKK3 and -MKK4 retroviral constructs were transduced in
C2C12 cells. To generate retroviruses, 293T cells were transfected with 2.5 �g of
an empty pPrig-GFP plasmid or the pPrig-CA-MKK3 and -MKK4 constructs and
with 1.25 �g of pCMV-VSVG and 1.25 �g of pCMV-gag-pol plasmids by using
the classic calcium phosphate transfection technique. Six hours posttransfection,
cells were washed and fresh medium was added. Replication-defective retrovi-
ruses were recovered in the culture medium between 24 h and 72 h posttrans-
fection, filtered through sterile 0.45-�m filters, and added directly to C2C12 cells
in the presence of 4 �g/ml Polybrene to enhance retroviral transduction effi-
ciency. Mixed populations of control (empty vector) or pPrig-CA-MKK3/MKK4-
expressing C2C12 cells were obtained via independent integrations of the retro-
viruses into the host C2C12 cell genome. GFP-positive transduced cells were
observed as early as 24 h posttransduction. Over 95% of the cells were efficiently
transduced.

Treatments. Anisomycin (Tocris, United Kingdom) was used at 10 �g/ml
except for when used in luciferase assays and Atrogin-1 mRNA measurements,
for which it was used at 50 and 25 ng/ml, respectively, to avoid protein synthesis
inhibition. Hydrogen peroxide (H2O2) (Sigma-Aldrich Corporation, MO) was
used at 250 �M. Inhibitors were added to culture media 30 min before the start
of treatment except for the nuclear export inhibitor, leptomycin B (LC Lab-
oratories, MA), for which pretreatment time was increased (2 h). SC-514
(Calbiochem), an inhibitor of I�B kinase-2 (IKK-2) kinase, was used at 100
�M. SP600125 (Tocris, United Kingdom) was used at 20 �M and 60 �M and
LY294002 at 20 �M (Tocris, United Kingdom). MG132 proteasome inhibitor
(10 �M) came from Sigma-Aldrich Corporation, MO.

Western blotting. C2C12 cells were rinsed with phosphate-buffered saline (PBS)
and harvested in ice-cold lysis buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 2 mM
EDTA, pH 7.5, 25 mM �-glycerophosphate, 1 mM sodium orthovanadate, 2 mM
Na-PPi, 10% glycerol, 1 mM phenylmethylsulfonyl fluoride [PMSF]) containing 10
�g/ml of protease inhibitor cocktail (Sigma-Aldrich Corporation, MO). Homoge-
nates were centrifuged at 13,000 � g for 1 h at 4°C, supernatants were saved, and
protein concentrations were determined by Lowry’s method, with bovine serum
albumin (BSA) as a reference (DC protein assay; Bio-Rad, CA).

Equal amounts of protein (20 �g) were run on a 12% SDS-PAGE gel and
transferred to a polyvinylidene difluoride (PVDF) membrane (Immobilon-P;
Millipore, MA). Membranes were blocked in Tris-buffered saline (TBS)–0.1%
Tween 20 containing 5% dry milk and incubated with primary antibody, with the
exception of the Cell Signaling antibodies, for which the manufacturer’s protocol
was strictly followed. The following primary antibodies (obtained from the
indicated sources) were used: anti-phospho-Akt (Ser473), anti-total Akt,
anti-phospho-JNK, and anti-total JNK (Cell Signaling, United Kingdom);
anti-phospho-p38 MAPK and anti-total p38 MAPK (Sigma-Aldrich Corpo-
ration, MO); anti-phospho-Foxo3a (Thr32) and anti-total Foxo3a (Millipore,
MA); antimyogenin and antitubulin (Developmental Studies Hybridoma Bank-
NICHD, University of Iowa, IA); and anti-Flag (Euromedex). Blots were incu-
bated with the appropriate horseradish peroxidase (HRP)-conjugated secondary
antibody for 1 h at room temperature. Immunocomplexes were visualized using
the Western Lightning Plus chemiluminescence reagent (Millipore, MA) and
exposed to a digital camera (LAS-3000 charge-coupled-device [CCD] camera
system; Fuji).

Luciferase assays. Two days after transfection, cells were lysed in 200 �l
lysis buffer (100 mM potassium phosphate, pH 7.8, 0.2% Triton X-100, 0.5
mM dithiothreitol [DTT]). Cell lysates were collected and centrifuged at 4°C
for 5 min at 12,000 � g. Luciferase activities were measured from superna-
tants in a luminometer (Centro LB 960; Berthold) by using 25 �l cell extract
added extemporaneously to 90 �l of luciferase buffer (25 mM glycylglycine,
pH 7.8, 15 mM potassium phosphate, 15 mM MgSO4, 4 mM EGTA, 1 mM
DTT, 2 mM ATP) and 50 �l of a 200 �M solution of luciferin. Meanwhile,
�-galactosidase activity was determined using Galacto-Light reagent (Ap-
plied Biosystems). Measurements were done in triplicate for each sample.
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Indirect immunofluorescence. C2C12 myoblasts were seeded on 6-well plates
containing glass coverslips and transfected. The plates were rinsed with cold PBS
48 h posttransfection. The cells were then fixed with a PBS solution containing
3.7% paraformaldehyde (10 min at room temperature [RT]) and permeabilized
with a cold PBS–0.2% Triton X-100 solution for 5 min. Saturation was achieved
after 30 min at RT in PBS containing 2% of bovine serum albumin. The cover-
slips were then incubated for 1 h in a saturation solution containing the primary
antibody (1/500) directed against the HA epitope (HA11 clone 16B12; Covance,
NJ). After 3 washes, the coverslips were incubated for 1 h in the dark with a
1/100-diluted mouse fluorescein isothiocyanate (FITC) antibody (FO261; Dako)
in the saturation solution and then mounted on a glass slide with Mowiol solution
containing Hoechst stain (0.5 �g/ml). Glass slides were observed with a fluores-
cence microscope coupled to a CCD camera (Zeiss Axioplan 2).

Myotube diameter analysis. Myotubes were photographed using a digital
camera coupled to a microscope (Axio Scope; Zeiss). The diameters of the 10
biggest myotubes were measured for 10 independent fields (ImageJ software,
NIH). Myotube diameters were reported as averages from three independent
measurements per myotube.

Quantitative real-time reverse transcription-PCR. RNA from C2C12 cells was
extracted and subjected to DNase digestion by using a Nucleo-Spin RNA II kit
(Macherey-Nagel). First-strand cDNA synthesis was performed with random
primers by use of Superscript II reverse transcriptase (Invitrogen). Real-time
PCR was carried out on a LightCycler (Roche Applied Science) for 45 cycles
with an annealing temperature of 65°C. The following primers were used: 5�-G
CAGAGAGTCGGCAAGTC-3� and 5�-CAGGTCGGTGATCGTGAG-3� (142
bp) for Atrogin-1 and 5�-TGCTGGTGCTGAGTATGTCG-3� and 5�-CAAGCA
GTTGGTGGTACAGG-3� (177 bp) for 18S rRNA. Relative mRNA abundance
was calculated using a standard curve method, and Atrogin-1 mRNA levels were
normalized against 18S rRNA gene expression (Relquant 1.01; Roche Diagnos-
tics).

Statistical analysis. All experiments were performed 3 times, and results are
presented as means � standard errors of the means (SEM). Data were analyzed
by Student’s t test (Statview). Differences between treatments were considered
significant when P was �0.05.

RESULTS

Oxidative stress promotes a delayed nuclear translocation
of Foxo3a independent of Akt in C2C12 cells. To determine the
effects of oxidative stress on Foxo3a localization, we trans-
fected C2C12 cells with a plasmid expressing a human wild-
type Foxo3a protein (hFoxo3a) (Fig. 1a, upper panel) (5). Two
days after transfection, cells were treated with 250 �M hydro-
gen peroxide (H2O2) (Fig. 1a, lower panel). After 3 h of treat-
ment, unlike other cell types (7), Foxo3a remained mainly in
the cytoplasm of C2C12 cells, and only a negligible percentage
of cells displayed Foxo3a in the nucleus (less than 5%). How-
ever, after 6 h of H2O2 treatment, Foxo3a was detected in the
nucleus in more than 60% of cells. Since the Akt signaling
pathway can induce nuclear translocation of Foxo3a, we de-
termined the activity of Akt and phosphorylation of Foxo3a by
Akt (Thr32) (Fig. 1b). Western blot analysis showed a peak in

FIG. 1. Oxidative stress promotes delayed nuclear translocation of
Foxo3a independent of Akt in C2C12 cells. (a) C2C12 cells were
transiently transfected with a peceFoxo3a-WT plasmid expressing the

human HA-tagged form of Foxo3a (hFoxo3a-HA). The subcellular
localization of hFoxo3a-HA was monitored by immunofluorescence
microscopy using an anti-HA antibody. Nuclei were stained with
Hoechst stain (upper panel). Forty-eight hours after transfection, an
H2O2 (250 �M) time course experiment was performed and localiza-
tion of hFoxo3a was determined for each time point. On the graph
(lower panel), the percentage of cells corresponds to the number of
cells distributed among the three types of hFoxo3a-HA cellular local-
ization (150 to 500 counted cells). (b) Akt (Ser473), Foxo3a (Thr32),
JNK (Thr183-Tyr185), and p38 phosphorylations in response to H2O2
(250 �M) were assessed by Western blotting using 20 �g of protein
loaded on an SDS-PAGE gel. For all panels, results shown are repre-
sentative of 3 independent experiments.
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Akt phosphorylation after 15 min of treatment. This effect was
transitory, and phosphorylation returned to the basal level
after 1 h. At 6 h of treatment, the level of Akt phosphorylation
was slightly higher than that in the control. The level of Foxo3a
phosphorylation by H2O2 peaked at 15 min, decreased after
1 h, and was enhanced at 3 h and 6 h, twice as high as that of
untreated cells (Fig. 1b). In the canonical Akt-Foxo regulation
pathway, basal Akt activity maintains Foxo3a in a phosphory-
lated state that favors cytoplasmic retention. A decrease in Akt
activity reduces Foxo3a phosphorylation (Thr32) and promotes
translocation of Foxo3a to the nucleus and subsequent transcrip-
tional activation of its target genes. In our experiments, despite
relatively weak levels of Akt and Foxo3a phosphorylation after
1 h of H2O2 treatment, Foxo3a remained in the cytoplasm. How-
ever, after 6 h of treatment, although phosphorylation of Foxo3a
was elevated, Foxo3a was localized mostly in the nucleus, sug-
gesting that nuclear relocalization of Foxo3a by H2O2 is inde-
pendent of the classical PI3K/Akt signaling pathway.

Previously, it had been shown that oxidative stress can trig-
ger Foxo4 or dFoxo relocalization within the nucleus by a
JNK-dependent pathway (20) and that p38 phosphorylates
Foxo1 both in vivo and in vitro (2). Therefore, we monitored
JNK and p38 activities in C2C12 cells incubated in the pres-
ence of H2O2 (Fig. 1b). Whereas H2O2 induced a linear time-
dependent increase in p38 phosphorylation, it induced a fast
and biphasic (at least 15-min and 1-h) increase in JNK phos-
phorylation. However, after 6 h of treatment, the level of JNK
phosphorylation was lower than the phosphorylation level in
the untreated cells. This dropoff in JNK phosphorylation co-
incided with Foxo3a nuclear translocation, which led us to
hypothesize that JNK could be involved in the regulation of
nucleocytoplasmic Foxo3a localization.

JNK activation induces nuclear export of Foxo3a in C2C12
cells. To evaluate the role of JNK signaling on the Foxo3a
nucleocytoplasmic transport, C2C12 cells transfected with
hFoxo3a were incubated with or without anisomycin, a potent
activator of the JNK pathway (25). Anisomycin treatment (10
�g/ml) did not significantly modify the cytoplasmic localization
of Foxo3a (Fig. 2a). However, when Foxo3a translocated to the
nucleus by inhibition of the Akt pathway with LY294002 (20
�M) or starvation (HBSS), anisomycin abrogated this effect
and Foxo3a relocalized to the cytoplasm. Indeed, in response
to LY294002 treatment for 1 h, Foxo3a was found in the
nucleus of the vast majority of cells (80%), whereas in the
presence of anisomycin, less than 10% of the cells displayed a
nuclear localization of Foxo3a (Fig. 2a). This effect was not
due to phosphorylation of Foxo3a by Akt, since the level of
phosphorylation (Thr32) remained constant with and without
anisomycin (Fig. 2b). Similarly, by using an SGK inhibitor
(H89), we showed that Foxo3a cytoplasmic relocalization in-
duced by anisomycin was independent of SGK (6, 17, 31).

To estimate the involvement of the JNK signaling path-
way, we treated C2C12 cells with LY294002, anisomycin,
and SP600125 (60 �M), an inhibitor of JNK (Fig. 2a). The
JNK inhibitor suppressed the effect of the anisomycin and
Foxo3a was mainly detected within the nucleus (55%). This
finding raises the question as to whether activation of the JNK
pathway induces nuclear exclusion or cytoplasmic sequestra-
tion of Foxo3a. In order to address this issue, we used lepto-
mycin B, a specific inhibitor of nuclear export factor CRM1

FIG. 2. JNK activation induces CRM1-dependent nuclear export of
Foxo3a in C2C12 cells. (a) Foxo3a localization was monitored by immu-
nofluorescence experiments on C2C12 cells transiently expressing
hFoxo3a-HA. On the graph, the percentage of cells corresponds to the
number of cells distributed among the three types of hFoxo3a-HA cellular
localization (150 to 500 counted cells). Inhibitors SP600125 (60 �M), H89
(10 �M), and SC-514 (100 �M) were added to cells 30 min before the
start of treatment (1 h) with LY294002 (20 �M) and LY294002 plus
anisomycin (10 �g/ml). SP600125, H89, and SC-514 are inhibitors of JNK,
SGK, and IKK, respectively. Inhibition of CRM1-dependent nuclear ex-
port was achieved by 1 h of leptomycin B treatment (5 ng/ml). Anisomycin
(10 �g/ml) and HBSS treatments were carried out for 1 h. (b) Twenty
micrograms of total proteins was separated by SDS-PAGE. The proteins
were detected by Western blotting with anti-phospho-Akt (Ser473), anti-
phospho-JNK (Thr183-Tyr185), anti-phospho-Foxo3a (Thr32), and anti-
bodies against total proteins. For all panels, results shown are represen-
tative of 3 independent experiments.
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(30). Upon incubation of C2C12 cells with LY294002 and
leptomycin B (5 ng/ml), Foxo3a was observed in the nucleus of
100% of the cells, and anisomycin treatment was no longer
able to counteract the effect of the Akt inhibitor (Fig. 2a). This
observation clearly indicates that anisomycin induces nuclear
export of Foxo3a through CRM1 rather than cytoplasmic re-
tention.

Previous studies showed that IKK phosphorylates Foxo3a
and induces its nuclear exclusion independently of Akt (26).
Since anisomycin could under some conditions activate the
NF-�B pathway, we treated cells with SC-514 (100 �M), an
inhibitor of IKK (29). As shown in Fig. 2a, the effect of SC-514
was limited, excluding a potential role of IKK on the nuclear
export of Foxo3a induced by anisomycin. Therefore, it appears
that in C2C12 cells, activation of the JNK pathway by aniso-
mycin promotes nuclear export of Foxo3a via CRM1.

Nucleocytoplasmic translocation of Foxo3a by the JNK
pathway is independent of Akt in C2C12 cells. In order to
definitely exclude a role for Akt in the nuclear export mecha-
nism of Foxo3a, we cotransfected C2C12 cells with a human
Foxo3a protein fused to GFP (Foxo3a-GFP) and three differ-
ent dominant-negative forms of Akt (Fig. 3) (37). These mu-
tants decreased the activation of the Akt pathway and thereby
promoted translocation of Foxo3a to the nucleus. We observed
that anisomycin treatment slightly increased the percentage of
cells that displayed Foxo3a localization within the cytoplasm
compared to the control and, as expected, SP600125 reversed
the effect of anisomycin and promoted nuclear relocalization
of Foxo3a (Fig. 3). Furthermore, the addition of SP600125
alone, without anisomycin treatment, was sufficient to induce
considerable nuclear relocalization of Foxo3a (Fig. 3). Hence,
when the basal Akt pathway was diminished by dominant-
negative Akt mutants, pharmaceutical blockade of the JNK
signaling pathway by SP600125 triggered a massive transfer of
Foxo3a to the nucleus.

The p38 signaling pathway prevents nuclear translocation
of Foxo3a and limits atrophy. We then wondered whether the
export of Foxo3a via activation of the JNK pathway was spe-
cific to this kinase or if the other SAPK, p38, was able to induce
a similar process. After transient transfection with hFoxo3a,
C2C12 cells were treated with SB203580 (25 �M), a p38 in-
hibitor (Fig. 4a). Surprisingly, we observed that inhibition of
p38 in myoblasts induced a rapid and massive nuclear import
of Foxo3a (Fig. 4a and b). Hence, after 1 h of treatment,
Foxo3a was localized in the nucleus in more than 95% of the
cells. We previously showed that inhibition of p38 kinase ac-
tivity by SB203580 affects the Akt phosphorylation level; how-
ever, this effect did not significantly modify Foxo3a Thr32
phosphorylation (Fig. 4c) (9). These results argue in favor of
two distinct mechanisms of Foxo3a translocation, one that acts
via Akt and another that acts via p38. Therefore, under basal
growth (unstressed) conditions, both p38 and Akt signaling
pathways regulate Foxo3a and prevent its nuclear import and
subsequent activation of target genes. Blockade of the p38
pathway is sufficient to allow activation of Foxo3a.

We also performed coimmunoprecipitation experiments to
verify whether p38 acts directly or indirectly on Foxo3a (data
not shown). For this, we transfected C2C12 cells with con-
structs expressing human wild-type p38 or a human dominant-
negative (DN) p38 mutant in order to optimize any interaction

with a partner protein. In neither case did we detect any in-
teraction between p38 and Foxo3a proteins. Even if we could
not exclude a direct role for p38, this result prompted us to
propose that p38 acts indirectly on Foxo3a.

In addition, we used a stable C2C12 cell line overexpress-
ing a constitutively active (CA) form of MKK3 to evaluate
the resistance of C2C12 myotubes against starvation-in-
duced atrophy (Fig. 5a). We previously showed, as confirmed by
others, that the p38 pathway, in association with PI3K/Akt, is
essential for expression of skeletal muscle-specific genes and
for fusion of myoblasts into myotubes (9, 28, 33). The expres-
sion of myogenin showed that the CA MKK3 mutant cells

FIG. 3. Nucleocytoplasmic translocation of Foxo3a by the JNK
pathway is independent of Akt in C2C12 cells. hFoxo3a localization
was monitored by fluorescence microscopy on C2C12 cells cotrans-
fected with vectors expressing different Akt dominant-negative (DN)
HA-tagged mutants (KA, ST, and KM) and a human Foxo3a-GFP
fusion expression vector (upper panel). Forty-eight hours after trans-
fection, the cells were serum deprived for 12 h and then treated with
SP600125 (20 �M) and/or anisomycin (10 �g/ml) for 1 h. Subcellular
localization of Foxo3a-GFP (150 to 500 counted cells) in cells express-
ing Akt DN mutants is schematically represented on the graph (lower
panel).
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displayed an accelerated differentiation process (Fig. 5b). In
these cells, expression of myogenin was detected at an early
differentiation stage and reached a plateau at day 2, whereas a
comparable myogenin level was detected only after 4 days of

FIG. 4. The p38 signaling pathway prevents nuclear translocation
of Foxo3a. Cells transfected with hFoxo3a-HA were treated 48 h later
(for 1 h) with SB203580 (25 �M) with or without LY294002 (20 �M).
(a) hFoxo3a localization was monitored by fluorescence microscopy.
(b) The percentage of cells on the graph corresponds to the number of
cells distributed among the three types of Foxo3a cellular localization
(150 to 500 counted cells) detected by immunofluorescence. (c)
Twenty micrograms of total proteins was separated by SDS-PAGE.
The proteins were detected by Western blotting with anti-phospho-Akt
(Ser473), anti-phospho-p38, anti-phospho-Foxo3a (Thr32), and anti-
bodies against total proteins.

FIG. 5. Constitutive activation of the p38 pathway confers partial pro-
tection of myotubes against atrophy. Lysates were prepared from wild-
type C2C12 cells and constitutively active MKK3 (CA MKK3)-expressing
myoblasts that were grown for 4 days in differentiation media. (a) Total
proteins were separated by SDS-PAGE and then analyzed by Western-
blotting using an anti-phospho-p38 antibody. (b) Myoblasts from these 2
cell lines were allowed to grow in differentiation media for 4 days and
harvested at the different time points. Lysates were probed with antimyo-
genin, anti-phospho-Akt, and total Akt antibodies. (c) Wild-type C2C12
(WT) cells and constitutively active MKK3 (CA MKK3)-expressing myo-
blasts were grown for 4 days in differentiation media and then starved in
HBSS for 12 h. Cells were observed by transmitted-light microscopy
(upper panel). Myotube diameters were determined as described in Ma-
terials and Methods. Results are expressed as the mean � SEM and
summarized on a histogram (lower panel). * indicates a significant differ-
ence (P � 0.001).
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differentiation in wild-type C2C12 cells. Similarly, the Akt ac-
tivation profile of the mutant was accelerated during differen-
tiation (Fig. 5b). Hence, at day 4, MKK3 CA myotubes dis-
played an advanced differentiation phenotype relative to the
wild type (Fig. 5c). To test atrophy resistance, CA MKK3
myotubes induced to differentiate for 4 days were incubated in
HBSS. After 12 h of treatment, the diameter of wild-type
C2C12 cells dramatically decreased (�40%), whereas the size
reduction for CA MKK3 myotubes was much less pronounced
(�15%) (Fig. 5c). Therefore, constitutive activation of p38 by
the CA MKK3 mutant confers partial protection against atro-
phy.

The MKK3 and MKK4 kinases are involved in nucleocyto-
plasmic translocation of Foxo3a by SAPK in C2C12 cells. To
characterize more precisely the SAPK pathways involved in the
regulation of Foxo3a nucleocytoplasmic localization, mutated
forms of p38 and JNK upstream activators were used. Stable
C2C12 cell lines expressing CA forms of MKK3 and MKK4,
kinases that activate p38 and JNK, respectively, were estab-
lished by retroviral infections. CA MKK3/MKK4 mutants
mimic a constitutive activation of p38 and JNK. These stable
cell lines were transiently transfected with the human wild-type
form of Foxo3a and analyzed by immunofluorescence to de-
termine the localization of Foxo3a (Fig. 6a). In cells expressing
the constitutively active form of MKK3 or MKK4, we observed
that after treatment with LY294002, the number of cells show-
ing Foxo3a in the cytoplasm was 4 times higher than that in
controls (Fig. 6a). Similar observations could be made when
HBSS treatment was used instead of LY294002. As shown in
Fig. 6b, this process is independent of phosphorylation of
Foxo3a by Akt, since the level of Foxo3a phosphorylation
(Thr32) was not altered in the stable cell line overexpressing
CA MKK3/MKK4. Therefore, it appears that overexpression
of the constitutively active MKK3/MKK4 kinases induced nu-
clear export of Foxo3a. Control of the export mechanism of
Foxo3a involved at least partly MKK3 and MKK4.

Nuclear export of Foxo3a by SAPK is not associated with its
cytoplasmic degradation by the proteasome pathway. In pre-
vious work, it was demonstrated that Foxo3a is exported by
I�B kinase (IKK) from the nucleus toward the cytoplasm,
where it is degraded by the ubiquitin proteasome system (26).
In our study, we demonstrated that the SAPK pathways are
implicated in a Foxo3a nuclear export mechanism. Conse-
quently, we felt it was important to check if Foxo3a was de-
graded after being exported to the cytoplasm. In order to
estimate the degradation of Foxo3a, we treated C2C12 cells
with LY294002 and anisomycin with or without MG132 (10
�M), a proteasome inhibitor (data not shown). Anisomycin at
a concentration of 10 �g/ml blocks protein synthesis, thereby
inducing a decrease in the quantity of Foxo3a. After 1 h, half
of the protein was degraded. However, the reductions with and
without MG132 were similar. Therefore, this experiment sug-
gests that Foxo3a is not degraded by the proteasome after
nuclear export by SAPK.

Activation of SAPK decreases the transcriptional activity of
Foxo3a and confers partial protection against atrophy. The
Atrogin-1 gene has been identified as a crucial gene controlling
the atrophy process by the ubiquitin proteasome system in
skeletal muscle (3). It has been previously demonstrated that
the expression of this gene is regulated by Foxo3a through the

FIG. 6. MKK3 and MKK4 are involved in the regulation of Foxo3a
nucleocytoplasmic localization by SAPK in C2C12 cells. (a) C2C12
cells transduced with retrovirus vectors (pPrig) expressing a Flag-
tagged constitutively active version of human MKK3 (CA MKK3) or
MKK4 (CA MKK4) were transiently transfected with the peceFoxo3a
WT vector. The presence of either CA MKK3 or CA MKK4 proteins
was indirectly observed through GFP expression controlled by an in-
ternal ribosome entry site (IRES) sequence included in the pPrig
vector. The hFoxo3a localization was observed 48 h posttransfection by
immunofluorescence using an anti-HA antibody (upper panel). The
percentage of cells in the graph (lower panel) corresponds to the
number of CA MKK3- or CA MKK4-expressing cells distributed
among the three types of hFoxo3a cellular localization (150 to 500
counted cells). Treatments with LY294002 (20 �M) or HBSS were
carried out for 1 h. (b) Proteins extracted from C2C12 cells stably
expressing Flag-tagged CA MKK3 and CA MKK4 and treated for 1 h
with LY294002 (20 �M) were separated by SDS-PAGE and detected
by Western blotting. Results shown are representative of 3 indepen-
dent experiments. Control, pPrig empty vector.
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PI3K/Akt pathway. Under atrophy conditions, such as starva-
tion, PI3K/Akt activity diminishes, the level of Foxo3a phos-
phorylation decreases, and Foxo3a translocates to the nucleus
and promotes the expression of Atrogin-1. We therefore tested
whether JNK activation by anisomycin could decrease the ex-
pression of Atrogin-1 after inhibition of the Akt pathway by
LY294002. Using a reporter gene strategy, we monitored the
activity of both the Atrogin-1 promoter (Atrogin-1-Luc) and a
promoter containing multiple copies of the Foxo-responsive
element (FHRE-Luc) (Fig. 7). We observed that after treat-
ment with LY294002, the addition of anisomycin at a dose that
does not block protein synthesis (50 ng/ml) significantly re-
duced the activity of FHRE-Luc. Similarly, anisomycin de-
creased progressively the activity of the Atrogin-1 promoter in
a time-dependent manner (Fig. 7). Hence, after 6 h, the activ-
ity of the Atrogin-1 promoter was approximately three times
lower than that in the control without anisomycin. These re-
sults indicate that nuclear export of Foxo3a by stress kinases
logically induces a decrease in its transcriptional activity.

In order to validate these observations at a physiological
level, we starved muscle cells by using HBSS for 4 h with or
without anisomycin. Starvation induced a major and rapid

Atrogin-1 mRNA increase, which was strongly diminished (2-
fold) in the presence of a low concentration of anisomycin (25
ng/ml) (Fig. 8a). Furthermore, we observed that anisomycin
notably limits myotube atrophy (Fig. 8b).

DISCUSSION

In this study, we provide evidence that stress kinases are
involved in the regulation of Foxo3a nucleocytoplasmic local-
ization in muscle cells. It appears that these signaling pathways
trigger Foxo3a nuclear export through the CRM1 nuclear ex-
port protein. Following cytoplasmic return of Foxo3a by stress
kinases, the transcription factor is not degraded by the protea-
some. Moreover, we show that activation of these signaling
pathways decreases the expression of Atrogin-1 and confers
partial protection against muscle atrophy.

In numerous studies, stress has been linked to skeletal mus-
cle wasting (32, 36, 38). It has also been demonstrated that
oxidative stress induces nuclear translocation of Foxo tran-
scription factors and activation of their target genes (7, 20).
Since Foxo3a is the only well-described transcription factor
controlling the expression of Atrogin-1, an ubiquitin ligase that
mediates muscle atrophy (3), we first investigated the effect of
oxidative stress on C2C12 muscle cells. In contrast to the case
for other cell types (7), nuclear translocation of Foxo3a in
C2C12 cells is not progressive throughout time (Fig. 1a). Our
experiments suggested that, even at a relatively elevated dose
of H2O2, almost all Foxo3a proteins remained in the cytoplasm
during at least the first 3 h of treatment. After 6 h, the majority
of Foxo3a had translocated to the nucleus, and this event
coincided with a drop in JNK activation, whereas Akt activa-
tion by H2O2 was maintained (Fig. 1a and b). This observation
led us to test the effect of a potent JNK activator (anisomycin)
on Foxo3a localization. After nuclear import of Foxo3a con-
sequent to PI3K/Akt blockade, we observed that JNK stimu-
lation induced Foxo3a nuclear export through CRM1 (Fig. 2a).
This mechanism appeared to be independent of the Akt/SGK
pathway (Fig. 2). In a previous study by M. C. Hu et al. (26), it
was demonstrated that direct phosphorylation by I�B induces
an Akt-independent nuclear exclusion of Foxo3a. In order to
rule out the possibility that anisomycin may possibly activate
I�B, an I�B inhibitor was used (Fig. 2a). In addition, contrary
to I�B-dependent nuclear export, JNK-induced cytoplasmic
relocalization of Foxo3a did not appear to be followed by its
proteasome degradation (data not shown).

Furthermore, when the Akt pathway was slightly inhibited
by use of inactive forms of this kinase, inhibition of JNK
induced a major nuclear translocation of Foxo3a (Fig. 3). To
avoid the pleiotropic effects of pharmaceutical activators/
inhibitors, involvement of the JNK pathway in Foxo3a nuclear
export was confirmed by experiments performed with a con-
stitutively active form of MKK4. Hence, stimulation of JNK by
the CA MKK4 mutant drastically reduced the effect of Akt
inhibition on Foxo3a nuclear import (Fig. 6a).

It was previously demonstrated that, in invertebrate organ-
isms, JNK modulates nuclear translocation of the Foxo or-
thologs Daf-16 and dFoxo (41, 50). In mammals, low levels of
oxidative stress induce activation of Foxo4 by JNK-dependent
phosphorylation on Thr447 and Thr451 (20). These phosphor-
ylation sites are involved in the nuclear translocation and tran-

FIG. 7. Activation of SAPK decreases the transcriptional activity of
Foxo3a. Wild-type C2C12 cells were cotransfected with either pGL3-
Atrogin-1-Luciferase (Atrogin-1-Luc) or FHRE-luciferase (FHRE-Luc)
and pCMV-�-galactosidase (�gal) plasmids. Two days later, C2C12 cells
were treated with anisomycin (50 ng/ml) for the indicated times in the
presence of LY294002 (20 �M). Emitted luminescence was measured on
cell extracts, and Atrogin-1 or FHRE promoter activity corresponds to the
ratio of Atrogin-1-Luc or FHRE-Luc activity to �gal activity (Luc/�gal).
Results are represented as means � standard deviations. *, significantly
different from the control (LY294002; P � 0.001 [Student’s t test]).

VOL. 30, 2010 Foxo3a NUCLEAR EXPORT BY SAPK IN MUSCLE CELL 477



scriptional activation of Foxo4. However, even if some poten-
tial JNK phosphorylation sites located in the C-terminal parts
of the proteins have been identified, Thr447 and Thr451 are
not conserved in Foxo1 or Foxo3a (2, 20). In a recent study, it
was shown by two-dimensional phosphopeptide mapping that
Foxo1 contains 9 serine residues specifically phosphorylated in
vivo by Erk and p38 (2). To our knowledge, no JNK phosphor-
ylation site on Foxo3a has been identified yet. Thus, a direct
role for JNK on Foxo3a seems unlikely. It appears that, in
eukaryotic cells, JNK could exert a role on Foxo3a through
phosphorylation of 14-3-3 protein and subsequent release of
Foxo3a (47) or by phosphorylation of p66Shc, which in turn
stimulates Foxo phosphorylation by Akt (23, 39). Thus, our
results suggest that in C2C12 cells, the JNK pathway induces
nuclear export of Foxo3a independently of Akt/SGK, probably
by an indirect mechanism (Fig. 9).

We and others have demonstrated that the p38 stress kinase
plays a fundamental role in muscle development and mainte-
nance (10, 33). It has also been reported by Y. P. Li et al. that
H2O2 stimulates Atrogin-1 gene expression in C2C12 myotubes
and that this effect could be blunted by p38 inhibitors (32). In
addition, some p38 phosphorylation sites on the Foxo1 protein

FIG. 8. Activation of SAPK by anisomycin reduces Atrogin-1 ex-
pression and limits myotube atrophy. (a) Wild-type C2C12 myotubes
were starved (HBSS medium) for 1 to 4 h with or without anisomycin
(25 ng/ml). Relative levels of Atrogin-1 mRNA were evaluated by
quantitative real-time PCR as described in Materials and Methods.
Results are the means � SEM of 3 independent experiments and are
expressed as fold increases relative to the values for the control (non-
starved). *, significant difference (P � 0.05) between HBSS medium
and HBSS medium plus anisomycin (25 ng/ml); NS, not significant. (b)
Nine-day-differentiated wild-type C2C12 myotubes (left) were incu-
bated for 18 h in HBSS medium (atrophying condition) without (mid-
dle) or with (right) anisomycin (50 ng/ml). Cells were photographed,
and representative microscope fields are shown (upper panel). Myo-
tube diameters were determined as described in Materials and Meth-
ods. Results are expressed as means � SEM and summarized on a
histogram (lower panel). *, significant difference (P � 0.001) from
control condition (differentiation medium); †, significant difference
(P � 0.001) between HBSS medium and HBSS medium plus aniso-
mycin (50 ng/ml).

FIG. 9. Schematic model of SAPK-induced Foxo3a nuclear export
in muscle cells. Foxo3a transcription factor is a direct substrate of the
Akt protein kinase. In the absence of growth factors or nutrients,
PI3K/Akt pathway activation decreases and Foxo3a localizes within
the nucleus, where it stimulates Atrogin-1 expression, thereby inducing
muscle atrophy. When cells are exposed to growth factors/nutrients,
the PI3K/Akt cascade is activated and triggers the export of Foxo3a to
the cytoplasm. When the PI3K/Akt pathway is inhibited, stimulation of
SAPKs induces Foxo3a nuclear export via the CRM1 nuclear export
protein and partly prevents muscle atrophy by decreasing Atrogin-1
promoter (Atrogin-1 prom) activity. Alternatively, activated IKK can
directly phosphorylate Foxo3a and promote Akt-independent Foxo3a
nuclear export. Data for dominant-negative forms of Akt (DN mu-
tants), the constitutively active forms of MKK3 and MKK4 (CA MKK3
and CA MKK4), LY294002 (inhibitor of PI3K), SC-514 (inhibitor of
IKK), SB203580 (inhibitor of p38), SP600125 (inhibitor of JNK), lep-
tomycin B (inhibitor of CRM1 nuclear export protein), and Hanks
balanced salt solution (HBSS) (nutrient deprivation condition) are
shown.
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have been recently identified (2). We therefore wanted to
elucidate the role of this stress kinase on the regulation of
Foxo3a in muscle cells. As widely reported, we noted that p38
is activated by H2O2 (Fig. 1). However, in accordance with
recently published data obtained in colorectal cancer cells
(15), we observed that, under conditions without stimula-
tion, p38 blockade triggers potent nuclear import of Foxo3a
in C2C12 cells (Fig. 4). In order to confirm this role for p38,
we established a stable C2C12 cell line expressing a consti-
tutively active form of MKK3 (CA MKK3) to selectively
stimulate the p38 pathway. This constitutive activation of
p38 significantly reduced Akt-dependent nuclear import of
Foxo3a (Fig. 6) and conferred a partial protection against
myotube atrophy (Fig. 5c).

We also tried to identify a physical interaction between
Foxo3a and p38 by coimmunoprecipitation experiments (data
not shown). We could not detect any direct interaction of p38
with Foxo3a in vivo. Nevertheless, direct phosphorylation of
Foxo3a by p38 in C2C12 cells cannot be ruled out, and further
experiments should be performed to clarify this point. It has
otherwise been proposed that AMPK may phosphorylate
serine residues on Foxo3a, thereby promoting its transcrip-
tional activity (21). In response to prolonged pharmaceutical
inhibition of p38 by SB202190 (up to several days), AMPK was
activated by a decrease in ATP level and induced nuclear
import of Foxo3a (15). Considering the treatment duration (1
h) in our experiments, such an effect seems unlikely. Collec-
tively, our data suggest that in C2C12 cells, the p38 signaling
pathway contributes, along with Akt, to cytoplasmic sequestra-
tion of Foxo3a to prevent activation of target genes.

In order to confirm that stress kinases contribute to Foxo3a
regulation, we investigated the expression of the Atrogin-1
gene, a major Foxo3a target gene whose expression dramati-
cally increases during muscle atrophy (3, 44). When an atro-
phying condition was simulated by PI3K/Akt inhibition, acti-
vation of stress kinases reduced the expression of a Foxo
reporter gene (FHRE-Luc gene) by half and the activity of
Atrogin-1 promoter by almost 75% (Fig. 7). Furthermore, dur-
ing atrophy, stress kinase activation seriously impaired the
increase of endogenous Atrogin-1 expression and partially ab-
rogated myotube size reduction (Fig. 8). These results clearly
demonstrate that activation of stress kinases could counteract
inhibition of the PI3K/Akt pathway and decrease transcrip-
tional activity of Foxo3a, in particular, on Atrogin-1 (Fig. 9).

Taken together, our findings demonstrate that, in C2C12
cells, stress kinase signaling pathways are involved in an Akt-
independent nuclear export mechanism of Foxo3a and thereby
can reduce muscle atrophy.
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