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2Université de Montpellier 1, Faculté des Sciences du Sport, 700 av du Pic Saint-Loup, F-34090 Montpellier, France

ABSTRACT
In skeletal muscle, protein levels are determined by relative rates of protein synthesis and breakdown. The balance between synthesis and

degradation of intracellular components determines the overall muscle fiber size. AMP-activated protein kinase (AMPK), a sensor of cellular

energy status, was recently shown to increase myofibrillar protein degradation through the expression of MAFbx and MuRF1. In the present

study, the effect of AMPK activation by AICAR on autophagy was investigated in muscle cells. Our results show that FoxO3a transcription

factor activation by AMPK induces the expression of the autophagy-related proteins LC3B-II, Gabarapl1, and Beclin1 in primary mouse

skeletal muscle myotubes and in the Tibialis anterior (TA) muscle. Time course studies reveal that AMPK activation by AICAR leads to a

transient nuclear relocalization of FoxO3a followed by an increase of its cytosolic level. Moreover, AMPK activation leads to the inhibition of

mTORC1 and its subsequent dissociation of Ulk1, Atg13, and FIP200 complex. Interestingly, we identify Ulk1 as a new interacting partner of

AMPK inmuscle cells and we show that Ulk1 is associated with AMPK under normal conditions and dissociates from AMPK during autophagy

process. Moreover, we find that AMPK phosphorylates FoxO3a and Ulk1. In conclusion, our data show that AMPK activation stimulates

autophagy in skeletal muscle cells through its effects on the transcriptional function of FoxO3a and takes part in the initiation of

autophagosome formation by interacting with Ulk1. Here, we present new evidences that AMPK plays a crucial role in the fine tuning of

protein expression programs that control skeletal muscle mass. J. Cell. Biochem. 113: 695–710, 2012. � 2011 Wiley Periodicals, Inc.
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T hemaintenance of muscle mass is controlled by a fine balance

between catabolic and anabolic processes, which determines

the level of muscle proteins and the diameter of muscle fibers.

Skeletal muscle atrophy can be defined as a decrease in muscle fiber

diameter, protein content, force production, and fatigue resistance

[Jackman and Kandarian, 2004]. This process can result from a

plethora of causes including immobilization, denervation, aging,

and neuromuscular diseases. Moreover, muscle atrophy can be

secondary to some devastating injuries or health problems such as

spinal cord injury [Castro et al., 1999], cancer cachexia, sepsis,

diabetes, or AIDS, and exacerbated by glucocorticoid treatment,

micro-gravity, and starvation [Mitch and Goldberg, 1996; Fitts et al.,

2001; Lecker et al., 2004].

AMP-activated protein kinase (AMPK) is a serine–threonine

kinase that is activated upon electrically stimulated muscle

contraction [Vavvas et al., 1997; Derave et al., 2000], exercise

[Wojtaszewski et al., 2000], and by AICAR treatment [Salt et al.,

2000]. In response to energy depletion, AMPK activation promotes
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metabolic changes to maintain cell proliferation and survival

[Hardie, 2007]. AMPK is thought to act as a negative regulator of

protein synthesis and to modulate muscle mass [Nader et al., 2002].

Activation of AMPK inhibits the mammalian target of rapamycin

complex 1 (mTORC1), a multiprotein complex composed of mTOR,

raptor, mLST8, and PRAS40 [Wullschleger et al., 2006; Ma and

Blenis, 2009] which controls skeletal muscle mass [Bodine et al.,

2001b; Rommel et al., 2001]. Moreover, a recent work associated the

activation of AMPK with increased myofibrillar proteolysis in

muscle cells [Nakashima et al., 2008]. Nevertheless, while it is well

known that the molecular mechanisms through AMPK contribute to

decreased protein synthesis rates, the direct implication of AMPK in

mediating signaling pathways involved in skeletal muscle atrophy

remains unclear.

Protein degradation is essentially mediated by two conserved

pathways: The ATP-dependent ubiquitin-proteasome system and

the autophagy-lysosomal pathway. The first one involves a cascade

of enzymatic reactions that label substrate proteins with ubiquitin

chains for degradation by the 26S proteasome. This system involves

the activity of E3 ubiquitin ligases, which confer substrate

specificity for ubiquitination. Two major E3 ligases have been

described to be essential for muscle atrophy, atrogin-1/MAFbx

(Muscle Atrophy F-box) andMuRF1 (Muscle RING Finger 1) [Bodine

et al., 2001a; Gomes et al., 2001]. The second pathway, autophagy-

lysosomal-dependent degradation of cytoplasmic constituents, is an

important mechanism for maintaining cell metabolism and protein

turnover. It involves the initial sequestration of substrates into the

vacuolar system and their hydrolysis by lysosomal hydrolases

[Codogno and Meijer, 2005]. Autophagy-specific gene proteins

(Atgs) are essential mediators of autophagy, by controlling the

formation of the autophagosome. These proteins are very abundant

in skeletal muscle [Mizushima et al., 1998]. Autophagy sequestra-

tion under starvation conditions requires the conjugation of one of

these Atgs, the microtubule-associated protein light chain 3 (LC3)

with the phospholipids of the vacuolar membrane [Kabeya et al.,

2000]. Evidence for the activation of autophagy during muscle

wasting was demonstrated by the accumulation of autophagosomes

in muscles of fasted transgenic GFP-LC3 mice [Mizushima et al.,

2004]. Recently, collaborative studies from two groups showed that,

during starvation-induced atrophy, the forkhead FoxO3a regulates

the transcription of several Atgs, including LC3B, Gabarapl1, and

Beclin1 [Mammucari et al., 2007; Zhao et al., 2007]. Besides its

role in regulating the Atg genes, FoxO3a controls the transcription

of the E3 ligases MAFbx and MuRF1 [Kamei et al., 2004;

Sandri et al., 2004]. Akt phosphorylates FoxO3a on residues

Thr32 and Ser253 leading to its inhibition by cytosolic retention

via 14-3-3 binding [Brunet et al., 1999]. In contrast, phosphoryla-

tion of FoxO3a on residues Ser413/588 by AMPK induces its

activation [Greer et al., 2007], and the AMPK-mediated phosphory-

lation of FoxO3a has been associated with myofibrillar proteolysis

in vitro by a mechanism that seems to implicate the activity of

E3 ligases [Nakashima and Yakabe, 2007]. However, whether

the activation of FoxO3a by AMPK in skeletal muscle leads to

activation of autophagy remains to be determined. This work

addresses the potential role of AMPK in the control of skeletal

muscle atrophy through FoxO3a and attempts to identify newAMPK

targets involved in post-translational regulation of the autophagy

pathway.

MATERIALS AND METHODS

REAGENTS

The AMP adenosine analog AICAR, insulin, and the lysosomal

inhibitor Bafilomycin A1 were purchased from Sigma. Rapamycin

was a kind gift from A. Sotiropoulos (Institut Cochin, Inserm U567,

Paris, France). Torin1 inhibitor of mTOR was obtained from

Whitehead Institute for Biomedical Research, Cambridge, MA.

Preliminary experiments using 200 nM Bafilomycin A1 indicated

that it has no significant effect on C2C12 and satellite cells

morphology or viability.

CELL CULTURES AND TRANSFECTIONS

The mouse skeletal muscle cell line C2C12 was cultured in 36-mm

dishes and grown in DMEM supplemented with 20% of fetal bovine

serum and antibiotics. Myoblast fusion and differentiation was

induced in subconfluent cells by replacing the medium with DMEM

supplemented with 2% horse serum. Primary cultures were prepared

from male mice from our own breeding stocks. All animals were

treated in accordance with institutional and national guidelines.

Briefly, mice satellite cells were isolated from the whole muscles of

the paw. Cells were plated at a density of 2� 104 cell/cm2 on

Matrigel-coated Petri dishes (BD Biosciences) in 80% Ham’s-F10

medium containing glutamine, penicillin, and amphotericin B

(Invitrogen), supplemented with 20% horse serum. After 2 days, cells

were washed with Ham’s-F10 and placed in complete medium

supplemented with 5 ng/ml basic fibroblast growth factor. Differ-

entiation was induced in subconfluent cells by removing the basic

fibroblast growth factor. C2C12 myoblasts and primary cultures of

satellite cells were transfected with 2mg of total plasmid using

Turbofect (Fermentas). Bright-field images of myotubes were

randomly taken and analyzed by the Axiovision 4.4 software

(Zeiss). Perfect Image version 5.5 software (Claravision, France) was

used to measure diameters of at least 280 myotubes in a region

where myonuclei were absent and the diameter was constant.

STARVATION

In cellulo, cells were washed three times with PBS and incubated

with 1ml modified PBS (100mM NaCl, 5mM KCl, 1.5mM MgSO4,

50mMNaHCO3, 1mMNaH2PO4, 2mMCaCl2) without serum at 378C
during the indicated times. In vivo, animals had no access to food,

but did have free access to water.

PLASMID CONSTRUCTS AND SITE-SPECIFIC MUTAGENESIS OF

FoxO3a AND AMPK

Reporter plasmid pRL-HCV-FL and the pcX-cMyc Ulk1 plasmid

were provided by J. Blenis (Harvard Medical School, Boston, USA),

the FoxO3a human cDNA was described by Anderson et al. [1998].

The LC3 promoter (pGFP-LC3) was obtained from Yoshimori

(National Institute for Basic Biology, Okazaki, Japan [Kabeya

et al., 2000]. The cDNAs encoding AMPK subunits were provided by

D. Carling (Imperial College, London, England) [Woods et al., 2000].
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MUSCLE ELECTROTRANSFER

In vivo transfection experiments were carried out on 8-week-old

C57BL/6 mice. Mice were first anaesthetized with isoflurane (0.75–

1% in oxygen) and received a single injection of 0.4 U of bovine

hyaluronidase (Sigma) in 25ml 0.9% NaCl into the Tibialis anterior

(TA) muscle. After 2 h, a total of 15mg of plasmid DNA in 0.9% NaCl

was injected into each TA under conditions of ketamine (100mg per

gram body weight) and xylazine (10mg/g) anaesthesia. pEGFP was

used as a control. An electrical field was then applied to muscle with

caliper rule electrodes coated with ultrasound transmission gel

(Aquasonic 100, Parker) and placed on each side of the leg. Six

square-wave 130V/cm pulses, lasting 60ms each with a 100ms

interval, were then applied with a BTX electrocell manipulator.

Fourteen days after electrotransfer, mice were killed by cervical

dislocation and muscles were collected. Hind limb muscles from

each animal were immediately removed and frozen in liquid

nitrogen before storage at �808C.

FLUORESCENCE MICROSCOPY AND QUANTITATIVE IMAGING

Cells were cultured on coverslips and fixed for 30min at room

temperature with 2% paraformaldehyde in PBS and then permea-

bilized with 0.25% Triton X-100 in PBS for 15min at room

temperature. Cells were rinsed in PBS containing Hoechst, mounted

in Vectashield, viewed, and photographed as described below.

Finally, the cells were observed using an inverted IX71 microscope

system (Olympus, Tokyo, Japan). For EGFP-LC3 analysis, cells

presenting a mostly diffuse distribution of EGFP-LC3 in the

cytoplasm and nucleus were considered non-autophagic, whereas

cells with more than five obvious intense punctate EGFP-LC3

aggregates with little or no nuclear localization were defined as

autophagic.

IMMUNOPRECIPITATION

Muscle cells were rinsed two times in cold PBS and lysed in IP buffer

[50mM Tris pH 7.4, 150mM NaCl, 1mM EGTA, 0.5% NP40, 0.5mM

Na-orthovanadate, 50mM NaF, 80mM b-glycerophosphate, 10mM

Na-pyrophosphate, 5% glycerol, and protease inhibitor mixture

(Sigma)]. Cellular debris was removed by centrifugation at 10,000g

for 10min at 48C. 400mg of lysates were precleaned for 20min with

protein G-agarose (Bio Basics) and incubated with specific

antibodies overnight at 48C. After incubation, protein G beads

were used for precipitation for 1 h at 48C. The beads were then

washed with IP buffer four times before being loaded onto SDS-

polyacrylamide gel.

IMMUNOBLOTS AND ANTIBODIES

Proteins were loaded onto 7 and 15% SDS-polyacrylamide gels

before electrophoretic transfer onto a nitrocellulose membrane

(Biorad). Analyses of the mobilities of differently phosphorylated

forms of 4-EBP1, and phosphorylated ribosomal S6 kinase 1 (S6K1)

were made as described by Beugnet et al. [2003] After electropho-

retic transfer, membranes were blocked with 50mM Tris- HCl, pH

7.4, 150mM NaCl, and 0.1% Tween 20 containing 5% skimmed milk

and incubated overnight at 48C with primary antibodies: Anti-myc

(9E10), anti-a-tubulin (DM1A), anti-myosin heavy chain (My32),

anti-Atg5 and anti-Atg13 (Sigma), ERK1/2 (Tyr204), anti-Ulk1,

anti-raptor, anti-S6K1 (C-18), anti-Hdac2 and anti-Cdk4 (Santa

Cruz Biotechnology), anti-Phospho-AMPK (Thr172), anti-AMPK,

anti-FoxO3a, anti-Phospho-Ulk1 (Ser-467), anti-Phospho-Akt (Ser-

473), anti-Akt, anti-Phospho-mTOR (Ser-2448), anti-mTOR, anti-4-

EPB1, and anti-Phospho-S6 (Ser-265/236) (Cell Signaling), anti-

Beclin1 (nanoTools), anti-Gabarapl1 (Proteintech Group), anti-

FIP200 and anti-LC3 (Jackson), anti-GFP (Roche), and MAFbx and

MuRF1 (ECM Biosciences). Nitrocellulose membranes were washed

three times for 15min with PBS-T (0.1% Tween 20) and incubated

for 1 h with a peroxidase conjugated secondary antibody (Sigma).

Immunoblots were revealed by using an ECL kit (Amersham

Biosciences) according to the manufacturer’s instructions.

NUCLEAR/CYTOSOLIC ISOLATION

The cells were washed twice with ice-cold phosphate-buffered saline

and then scraped from plates in 100ml of ice-cold lysis buffer

[20mM HEPES, pH 7.4, 10mM NaCl, 1.5mM MgCl2, 20% glycerol,

0.1% Triton X-100, 1mM dithiothreitol, and protease inhibitor

mixture (Sigma)] according to methods adapted from Williamson

et al. [2009]. The cell lysate was centrifuged at 1,000 rpm for 1min at

48C. The supernatant contained the cytosolic fraction. The nuclear

pellet was resuspended in 50ml of lysis buffer and 8.3ml of 5M NaCl

was added to lyse the nuclei. This mixture was rotated at 48C for 1 h

and then centrifuged at 15,000 rpm for 15min at 48C. The

supernatant contained the soluble nuclear fraction and the pellet

was resuspended in 30ml of lysis buffer. An equal volume of 5�
SDS-PAGE loading buffer was added to each fraction. The purity of

isolated fractions was verified by western analysis for Hdac2 as a

nuclear indicator and a-tubulin as a cytosolic indicator.

BICISTRONIC LUCIFERASE ASSAY

Primary culture cells were transfected with pRL-HCV-FL reporter

plasmid [Csibi et al., 2010]. Forty-eight hours post differentiation,

cells were harvested, and the luciferase activity was measured using

a Dual-Luciferase Reporter Assay System STOP and GLO kit

(Promega) according to the manufacturer’s instructions. Differences

in the ratio of Renilla to Firefly luciferase signals were analyzed for

statistical significance by one-way ANOVA with Tukey’s honestly

post-hoc test.

STATISTICS

Densitometry analysis of immunoblots from minimum three

independent experiments was performed using Image J software.

The statistical analyses were performed using GraphPad prism

software (release 4, La Jolla, USA). All data are expressed as the

mean� SEM. Data were evaluated by one-way analysis of variance

followed by Tukey’s honestly post-hoc test. Significance was

declared when P< 0.05.

RESULTS

AICAR TREATMENT INDUCES AUTOPHAGY IN C2C12 CELLS AND

PRIMARY MOUSE SKELETAL MUSCLE MYOTUBES

Upon autophagy induction, the cytosolic autophagosome-associated

protein LC3 is recruited to the membrane of nascent autophagosomes

and controls their expansion [Xie et al., 2008]. Mouse C2C12 cell line
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myoblasts were transfected with a plasmid coding for LC3 fused with

enhanced green fluorescent protein at its N-terminus (EGFP–LC3). To

test whether AICAR treatment leads to autophagosome formation,

EGFP-LC3 fluorescence was localized. In complete cell culture

medium containing glucose, amino acids, and serum, EGFP-LC3

fluorescence was largely diffused throughout the cytoplasm with few

dots denoting basal autophagosome formation. The number of EGFP-

LC3 dots rapidly increased within exposure to the mTOR inhibitor

Torin1, or amino acids and serum removal (Fig. 1A), conditions that

are known to stimulate autophagy in mouse embryonic fibroblasts

[Meijer and Codogno, 2004; Thoreen et al., 2009]. In C2C12

myoblasts, AMPK activation by incubating myoblasts with AICAR

induced the appearance of a large number of EGFP-LC3-labeled

cytoplasmic vesicles consistent with the stimulation of autophago-

some formation (Fig. 1A).

To ensure that punctate fluorescence detected in drug-treated

myoblasts was due to modulation of autophagy, we next monitored

LC3 processing and degradation. Recruitment of LC3 to nascent

autophagosomes involves its proteolytic cleavage and lipidation

[Yang et al., 2005]. When autophagosomes fuse with lysosomes,

LC3II is cleaved by lysosomal hydrolases and the produced LC3II

moiety is degraded faster than the more stable EGFP (Free-GFP)

moiety, leading to transient accumulation of EGFP. The EGFP-LC3II

and Free-GFP proteins can therefore be considered as characteristic

proteolytic intermediates in autophagy. We showed that AICAR

induces phosphorylation of AMPK and we recorded an accumula-

tion of Free-GFP (Fig. 1B). It is noticeable that Torin1 and starvation

induce a similar effect. Interestingly, we found that Rapamycin

induces an increase in the number of punctuate GFP cell number but

we did not report an accumulation of Free-GFP.

Autophagy is a dynamic process and the criteria we used to

demonstrate autophagy, including LC3 dot formation, LC3 form

conversion, and accumulation of free-GFP, reflected only the

steady-state feature of autophagy. To address the question of

whether our treatments on C2C12 myoblasts increased autophago-

some formation or decreased autophagy degradation, we used

autophagy flux assay with Bafilomycin A1. This compound

inhibits the vacuolar Hþ ATPase and prevents fusion between

autophagosome and lysosome, leading to inhibition of LC3B-II

degradation. Using this assay, we tested the effects of AICAR,

Torin1, Rapamycin, and starvation and the results are shown in

Figure 1C. All the treatments, including Rapamycin, increased

endogenous LC3B-II levels significantly. It is noteworthy that

in the presence of Bafilomycin A1, LC3B-II levels are further

increased, indicating that endogenous LC3B-II is degraded by

lysosomal hydrolases after formation of autolysosomes. The levels

of LC3B-II accumulation in the presence of Bafilomycin A1

following autophagy activation are in the range of results previously

described in C2C12 cells [Tanida et al., 2006]. Taken together these

results demonstrate enhanced autophagosome formation by AICAR

treatment.

To extend the results concerning the effects of AICAR treatment

on the activation of autophagy pathway in proliferating C2C12

myoblasts, we analyzed this process in differentiated satellite cells.

Transfection of the EGF-LC3 vector followed by AICAR treatment in

primary myotubes also showed a strong increase in the number of

cells displaying punctate fluorescent staining per total GFP-LC3-

positive cells (Fig. 1D), an accumulation of Free-GFP, compared to

control cells (Fig. 1E) and an increase in endogenous LC3B-II levels

in the presence of Bafilomycin A1 (Fig. 1F). These data indicate that

autophagosome formation was increased by AICAR treatment in

differentiated satellite cells. Similar results were found in C2C12

myotubes (data not shown).

AICAR TREATMENT DECREASES PROTEIN TRANSLATION AND

INCREASES MAFbx AND MuRF1 PROTEIN LEVELS IN PRIMARY

MOUSE SKELETAL MUSCLE MYOTUBES

Since the autophagy process is associated with a decrease in protein

synthesis in various cells, we examined the effects of AMPK

activation on mouse primary muscle cells during terminal muscle

differentiation and on C2C12 myotubes. On satellite cells, AMPK

activation by AICAR leads to a decrease in myotube diameter and,

interestingly, myotubes showed an enhanced atrophic pattern,

characterized by a dramatic decrease in their mean diameter size

Fig. 1. AMPK activation by AICAR induces autophagy in C2C12 myoblasts and primary myotubes. A: C2C12 myoblasts were transfected with a GFP-tagged LC3 plasmid and

treated in proliferative state with 1mM AICAR for 6 h, 250 nM Torin1 for 3 h, or 50 nM Rapamycin for 3 h. Cells were starved by removal of growth medium, amino acids, and

glucose and incubated in modified PBS for 3 h. Myoblasts were stained with Hoechst 33258 to visualize the nuclei. Images of representative fields were obtained by fluorescence

microscopy (scale bar: 100mm). Quantification of the percentage of cells with punctate GFP-LC3 fluorescence per total GFP-LC3-positive cells. Data represent mean� SEM

calculated from triplicates of 100 transfected cells. �P< 0.01 compared to control. B: Total lysates from cells treated with 1mM AICAR for 6 h, 250 nM Torin1 for 3 h, or 50 nM

Rapamycin for 3 h or from 3 h-starved cells were analyzed by immunoblotting using the indicated antibodies. Cdk4 was used as a loading control. Quantification of the free GFP

levels for each sample of experiments. Data displayed represent the mean and SEM of four independent experiments. �P< 0.01 compared to control. C: C2C12 myoblasts were

cultured in proliferation medium for 3 days and treated with 1mM AICAR for 3 h, 250 nM Torin1 for 3 h, or 50 nM Rapamycin for 3 h or starved for 3 h, in the presence or

absence of lysosomal inhibitor Bafilomycin A1 (100 nM). Negative control cells (EtOH) were treated with the solvent ethanol. Immunoblotting was performed to detect

endogenous LC3B-II accumulation. Phospho-rps6 was used as a control of Torin1, Rapamycin, and starvation efficiency and Cdk4 was used as a loading control. Ratio of the

transient accumulation of the faster running lipidated version (LC3B-II) to the native LC3B (LC3B-I) protein. Data displayed represent the mean and SEM of four independent

experiments. �P< 0.01 compared to control. $P< 0.01 compared controlþ Bafilomycin A1. D: Mouse primary cultured satellite cells were transfected with expression vector

encoding GFP-tagged LC3. Twenty four hours post transfection cells were induced to differentiate. Cells were cultured in differentiation medium for 3 days and treated with

1mMAICAR for an additional 12 h. Images of representative fields were obtained by fluorescence microscopy (scale bar: 100mm). Quantification of the percentage of cells with

punctate GFP-LC3 fluorescence per total GFP-LC3-positive cells. Data represent mean� SEM calculated from triplicates of 100 transfected cells each. �P< 0.01. E: Total lysates

from cells treated with 1mM AICAR for 12 h were analyzed by immunoblotting using the indicated antibodies and phospho-specific antibodies. Cdk4 was used as a loading

control. Quantification of the free GFP levels for each sample of experiments. Data displayed represent the mean and SEM of four independent experiments. �P< 0.01 compared

to control. F: Primary cultures of the mouse satellite cells were differentiated for 3 days and treated with 1mM AICAR for an additional 12 h in the presence or absence of

200 nM Bafilomycin A1. Immunoblotting was performed to detect endogenous LC3B-II accumulation and others FoxO3a-dependent Atgs levels. Cdk4 was used as a loading

control. Ratio of the transient accumulation of the faster running lipidated protein (LC3B-II) to the native LC3B (LC3B-I) protein compared with control untreated cells. Data

displayed represent the mean and SEM of four independent experiments. �P< 0.01 compared to control. $P< 0.01 compared controlþ Bafilomycin A1.
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Fig. 1.
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(Fig. 2A,B). Among the myofibrillar proteins, the myosin heavy

chain (MyHC) is a preferred target of multiple pro-cachectic factors

inducing muscle wasting in cellulo and in vivo models [Yang et al.,

2005]. This prompted us to determine whether the decrease in

myotube diameter was associated with a loss of this protein. As

described in Figure 2C, we observed a decrease in MyHC protein

level after AICAR treatment.

Then, we examined the components of the Akt/mTORC1 pathway

known to play a prominent role in muscle hypertrophy. In

agreement with the results of Inoki et al. [2003] and Romanello

et al. [2010], we found that AICAR treatment induces a decrease in

the activity of the mTORC1 signaling including hypophosphoryla-

tion of mTOR, S6K1, and 4E-BP1, without any change in Akt

phosphorylation on Ser473 and in ERK1/2 phosphorylation on

Tyr204 (Fig. 2C). In addition, we assessed the phosphorylation

of the direct target of S6K1, the ribosomal protein S6 (rpS6).

As expected, AMPK activation by AICAR showed a decreased

phosphorylation of rpS6 on Ser235/236, compared to control cells

(Fig. 2C). Similar results were obtained for C2C12 myotubes (data

not shown).

These results suggest that the translational machinery was less

functional after AICAR treatment. To test this hypothesis, cells were

transfected with a bicistronic reporter plasmid in which expression

of Renilla is cap-dependent and expression of Firefly is dependent

on internal ribosome entry (Fig. 2D). Differentiated transfected

myotubes were treated with AICAR or stimulated with insulin as

positive control, or pre-incubated with AICAR or Rapamycin and

treated with insulin. Luciferase activities were measured by a dual-

luciferase assay, and the renilla/firefly luciferase light-unit ratio was

calculated. As expected, we found that AMPK activation by

incubating myotubes with AICAR decreased the cap-dependent

translation and completely inhibited the insulin-induced activation

of translation as observed with Rapamycin (Fig. 2D).

The E3 ligases, MAFbx and MuRF1 are highly upregulated in

many types of muscle atrophy models for protein ubiquitination and

degradation [Bodine et al., 2001a; Jagoe and Goldberg, 2001]. In

C2C12 myotubes, Nakashima and Yakabe [2007] reported that

AMPK signaling leads to an increase in mRNA expression of MAFbx

and MuRF1. Here, we analyzed the expression levels of these

proteins during AMPK-induced atrophy in mouse primary muscle

myotubes. Differentiated cells were treated with AICAR and lysates

were analyzed by immunoblotting with the adequate antibodies.

Fig. 2E shows a strong increase in MAFbx and MuRF1 protein levels

after AICAR treatment. Moreover, the accumulation of ubiquitin

proteins reflects an increase of the ubiquitination activity in the

AICAR treated myotubes (Fig. 2E).

FoxO3a-MEDIATED AUTOPHAGY-RELATED PROTEINS ARE INDUCED

BY AMPK ACTIVATION IN PRIMARY MOUSE SKELETAL MUSCLE

MYOTUBES AND IN VIVO

We found here that AMPK activation by AICAR induces autophagy

process in primary mouse skeletal muscle myotubes and increases

MAFbx and MuRF1 protein levels. These E3 ligases being

transcriptionally regulated by FoxO3a, we analyzed the expression

of this factor. Figure 3A shows a strong increase of FoxO3a protein

level in presence of AICAR. To investigate the implication of FoxO3a

in AMPK-induced autophagy, we evaluated by immunoblotting in

the presence and absence of Bafilomycin A1, the protein levels of

Atgs known to be regulated by FoxO3a, in satellite cells after AICAR

treatment. Figure 3B indicates that the levels of LC3B-II and

Gabarapl1 are increased by Bafilomycin A1 treatment in AICAR-

treated cells. In contrast, Bafilomycin A1 treatment did not

significantly increase Beclin1 level, suggesting that this protein is

probably not degraded by the lysosomal pathway. In accordance

with our results, Zhao et al. [2007] have also reported a weak and

inconsistent increase (þ25%) of this protein expression following

FoxO3a overexpression in myotubes.

To further address the major role of FoxO3a in mediating

autophagy signaling induced by AMPK and to confirm the

specificity of AICAR on AMPK, we used short hairpin RNA directed

against FoxO3a (shRNA FoxO3a) and a dominant negative form of

AMPK (AMPK d.n.). FoxO3a silenced cells and AMPK d.n. cells

treated with AICAR exhibited an important decrease of Beclin1

accumulation, compared to the control treated cells (Fig. 3C).

Autophagy flux assay performed with Gabarapl1 in presence of

Bafilomycin A1, showed that, compared to control cells treated with

AICAR, Gabarapl1 protein levels are significantly decreased in

FoxO3a silenced satellite cells and AMPK d.n. transfected satellite

cells (Fig. 3D). It is noteworthy that expression of AMPK d.n. or

depletion of FoxO3a did not completely block the stimulation of LC3

lipidation upon addition of AICAR (Fig. 3C). We estimated the

residual AMPK activity by immunoblot with an antibody directed

against the phosphorylated AMPK (AMPK a Phospho T172). Results

illustrated in Figure 3C show a residual activity of AMPK. In the

same way, we measured by quantitative RT-PCR the expression of

FoxO3a RNA in FoxO3a silenced cells and we found an 80%

inhibition of expression (data not shown), indicating a residual

expression of FoxO3a in silenced cells. Residual activity of AMPK in

AMPK d.n. cells and residual expression of FoxO3a in FoxO3a-

silenced cells can explain the persistence of LC3B-II expression.

Nevertheless, these results confirm the major role of FoxO3a in

mediating autophagy signaling induced by AMPK.

Interestingly, we found a dramatic decrease of FoxO3a protein

level after transfection of the dominant negative form of AMPK

suggesting the implication of AMPK in FoxO3a protein translation

or stability (Fig. 3C).

To extend to a more physiological model, we electroporated

expression vectors encoding constitutive active forms of AMPK

(AMPK c.a.) and FoxO3a (FoxO3a c.a.) under the control of the

CMV promoter into the TA muscle. Figure 3E shows that AMPK

and FoxO3a overexpression like starvation, lead to an increase

of the autophagy proteins LC3B-II, Gabarapl1, and Beclin1

expression.

AMPK DIRECTLY REGULATES FoxO3a

SUBCELLULAR LOCALIZATION

The following experiments were conducted in C2C12 myotubes

since we were not able to collect enough material for nuclear protein

extraction from satellite cells. To further clarify the mode of

regulation of FoxO3a by AMPK, we first determine the effects of

AICAR treatment on FoxO3a localization by immunoblot. A time

course experiment was performed and localization of FoxO3a was
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Fig. 2. AMPK activation by AICAR inhibits protein translation and increases atrophy related E3 ligases expression in primary myotubes. A: Effects of AICAR treatment on

myotube size. Primary cultures of the mouse satellite cells were differentiated for 3 days and treated with 1mM AICAR for an additional 24 h. Bright-field images of

differentiated myotubes are shown. Scale bar: 20mm. B: Mean myotube diameter and myotube diameter distribution from differentiated mouse primary cultured satellite cells

treated with 1mM AICAR. Data represent the average� SEM for three experiments. A minimum of 280 myotubes for each condition was analyzed. �P< 0.01 compared to

control. C: Total lysates of experiments described in (A) were analyzed by immunoblotting using the indicated antibodies and phospho-specific antibodies. Cdk4 was used as a

loading control. D: Activation of AMPK by AICAR modulates cap-dependent translation. Mouse primary cultured satellite cells were transfected with the bicistronic reporter

vector. Twenty-four hour post transfection cells were grown for an additional 24 h in 20% serum (control), treated with 1mM AICAR, stimulated with 100 nM insulin or

pretreated for 1 h with 20 nM Rapamycin or 1mM AICAR, and stimulated with 100 nM insulin for an additional 1 h. Luciferase activities were measured by a dual-luciferase

assay. The ratio of Renilla (Cap-dependent) to Firefly (IRES-dependent) luciferase activity was calculated. Data are presented as the mean� SEM from three independent

experiments carried out in duplicate, �P< 0.05 compared to control; $P< 0.05 compared to insulin. E: Primary cultures of the mouse satellite cells were differentiated for

3 days and treated with 1mM AICAR for an additional 12 h in the same medium. Total lysates were analyzed by immunoblotting using the indicated antibodies and phospho-

specific antibodies. Tubulin was used as a loading control. Quantification of Atrogin1/MAFbx and MuRF1 expression levels in control and AICAR-treated myotubes. Data

displayed represent the mean and SEM of three independent experiments. �P< 0.01 compared to control.
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determined for each time point. Interestingly, analysis showed that

FoxO3a accumulated in the nucleus from 30min to 6 h during

AICAR treatment and that FoxO3a increased in the cytosolic

compartment from 6 to 24 h of treatment (Fig. 4A). We confirmed

the absence of endogenous FoxO3a translocation from the

cytoplasm to the nucleus at 24 h post-treatment (Fig. 4A).

Molecular interaction between FoxO3a and AMPK was analyzed

in C2C12 myoblasts by co-immunoprecipitation of GFP-tagged

Fig. 3. AMPK activation leads to a FoxO3a-dependent Atg proteins increase in primary myotubes. A: Primary cultures of the mouse satellite cells were differentiated for 3 days

and treated with 1mM AICAR for additional 12 h in the same medium. Total lysates were analyzed by immunoblotting using anti-FoxO3a antibody. Cdk4 was used as a loading

control. Quantification of FoxO3a expression in AICAR treated cells and control cells. Data displayed represent the mean and SEM of four independent experiments. �P< 0.01

compared to control. B: Primary cultures of the mouse satellite cells were differentiated for 3 days and treated with 1mM AICAR for additional 12 h in the same medium, in the

presence or absence of Bafilomycin A1 (200 nM). Negative control cells (EtOH) were treated with the solvent ethanol. Total lysates were analyzed by immunoblotting using the

indicated antibodies and phospho-specific antibodies. Cdk4 was used as a loading control. Quantification of LC3B-II, Beclin1, and Gabarapl1 protein expression in AICAR treated

and control cells. Data displayed represent the mean and SEM of four independent experiments. �P< 0.01 compared to control. $P< 0.01 compared controlþ Bafilomycin A1.

C: Mouse primary cultured satellite cells were transfected with FoxO3a shRNA plasmid or a plasmid encoding a dominant negative form of AMPK. Control cells were transfected

with the corresponding core empty vector. Three days after differentiation, cells were incubated in differentiation medium containing 1mMAICAR for 12 h and immunoblotting

was performed on the total lysate. D: Mouse primary cultured satellite cells were transfected with FoxO3a shRNA plasmid or a plasmid encoding a dominant negative form of

AMPK. Control cells were transfected with the corresponding core empty vector. Three days after differentiation, cells were incubated in differentiation medium containing

1mM AICAR for additional 12 h in the presence or absence of Bafilomycin A1 (200 nM). Negative control cells (EtOH) were treated with the solvent ethanol. E: Adult Tibialis

Anterior muscles were electroporated with either AMPK or FoxO3a mutated vectors. Negative muscle controls were transfected with the core vector of the constructs. Positive

control corresponds to 2 days starved mice. Mice were sacrificed 14 days later. Muscle extracts were resolved onto SDS-PAGE. Specific antibodies were used as indicated for

immunoblotting. Cdk4 was used as a loading control.
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FoxO3a with endogenous AMPK and by co-immunoprecipitation of

myc-tagged AMPK with endogenous FoxO3a. Results clearly

indicated an association between the two proteins (Fig. 4B).

Furthermore, AICAR treatment slightly increased the interaction

between the two proteins (Fig. 4B).

AMPK INTERACTS WITH ULK1 AND WITH THE COMPONENTS

OF mTORC1

Proteomics screens of the autophagy system have shown that AMPK

may interact with components of the autophagy pathway [Behrends

et al., 2010]. To test this interaction, a myc-tagged AMPK (WT)

plasmid was transfected into C2C12 cells and proteins associated

with autophagy including Ulk1, Beclin1, Gabarapl1, LC3, or Atg5

were then tested for co-immunoprecipitation. We observed that only

endogenous Ulk1 interacted with AMPK; none of the other Atg

proteins interacted with AMPK in our conditions (Fig. 5A). Myc-

tagged Ulk1 plasmid was then transfected into C2C12 cells, which

were then tested for co-immunoprecipitation with AMPK.

Figure 5B clearly shows an association between the two proteins.

Ulk1 is a serine–threonine-protein kinase also called Unc-51-like

kinase 1 and plays a key role at the most upstream step like the initial

stages of autophagy induction, the nucleation, and the formation of

the pre-autophagosome structures [Mizushima et al., 1998]. The

molecular association between AMPK and Ulk1 reported here

confirms, and extends to muscle cells, the recent results obtained by

Lee et al. [2010] suggesting that the regulation of Ulk1 by AMPK is

crucial for the autophagy process.

Previous studies in HEK293T, HeLa, and MEFs cells have shown

that mTORC1 inhibits autophagy by interacting with Ulk1 and its

cofactors Atg13 or FIP200 [Jung et al., 2009]. Thus, we tested the

existence of an interaction between mTORC1 components, AMPK

and Ulk1/Atg13/FIP200 by co-immunoprecipitation. Our results

Fig. 4. AMPK induces a transient nuclear relocalization of FoxO3a in differentiated myotubes. A: Extraction of nuclear and cytosolic proteins from C2C12 myotube cultures

treated with 1mM AICAR for 0.5–1–1.5–3–6–24 h or insulin (1 h) were extracted. Samples were analyzed for nuclear and cytosolic FoxO3a, tubulin (cytosolic indicator), and

Hdac2 (nuclear indicator) by immunoblotting. Data displayed represent the mean and SEM of five independent experiments. �P< 0.01 compared to control. B: C2C12 cells were

transfected with a plasmid encoding GFP-tagged FoxO3a WT or myc-tagged AMPK WT or the corresponding empty control plasmids. At 48 h after transfection, cells were

treated with 1mM AICAR for 3 h; cytosolic proteins were extracted for co-immunoprecipitation with anti-GFP and probed with anti-AMPK or with anti-myc and probed with

anti-FoxO3a.
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Fig. 5. AMPK interacts with the serine–threonine-protein kinase Ulk1. A: C2C12 cells were transfected with a plasmid encoding myc-tagged AMPK or an empty control

plasmid. Forty eight hours after transfection, cytosolic proteins were extracted for co-immunoprecipitation with anti-myc and probed with anti -Beclin1, -Gabarapl1, -LC3, -

Atg5, or -Ulk1. B: C2C12 cells were transfected with a plasmid encoding myc-tagged Ulk1 or an empty control plasmid. Forty eight hours after transfection, the cytosolic lysate

was extracted for co-immunoprecipitation with anti-myc, followed by probing with anti-AMPK. C: C2C12 cells were transfected with a plasmid encoding myc-tagged Ulk1. At

48 h after transfection, the cytosolic lysate was extracted for co-immunoprecipitation with anti-myc, followed by probing with anti -AMPK, -mTOR, -raptor, -Atg13, or -

FIP200. D: Endogenous Ulk1 was immunoprecipitated and assayed for association with mTOR/AMPK/raptor/Atg13/FIP200 by immunoblotting. Rabbit polyclonal antibody

against HA tag was immunoprecipitated as control. E: C2C12 cells were transfected with a plasmid encoding myc-tagged Ulk1 or an empty control plasmid. At 48 h after

transfection, cells were treated with 1mM AICAR for 3 h, 250 nM Torin1 for 2 h or were starved by removal of growth medium, amino acids, and glucose and incubated in

modified PBS for 3 h. Cytosolic proteins were extracted for co-immunoprecipitation with anti-myc and probed with anti -AMPK, -mTOR, -raptor, -Atg13, or -FIP200 antibodies.

F: C2C12 cells were transfected with a plasmid encoding myc-tagged Ulk1. At 48 h after transfection, cells were treated at various times with 1mMAICAR. Lysate was extracted

for co-immunoprecipitation with anti-myc, followed by probing with anti–AMPK. G: C2C12 myoblasts were cultured in proliferation medium (PM) for 3 days and treated with

1mMAICAR for additional 12 h. Immunoblotting was performed on total lysate to detect Ulk1 and Atg13. Cdk4 was used as a loading control. Error bars represent the mean and

SEM of four independent experiments. �P< 0.01 compared to control. These data are representative of at least three independent experiments.
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reveal that mTOR/raptor proteins interact with the Ulk1/Atg13/

FIP200 complex after immunoprecipitation with exogenous myc-

tagged Ulk1 (Fig. 5C) or with endogenous Ulk1 (Fig. 5D).

Next, we investigated the binding efficiency of Ulk1, FIP200,

Atg13, mTOR, Raptor in C2C12 myoblasts during autophagy

induction. We found that Ulk1 associates with mTOR, Raptor,

FIP200, and Atg13 prior to autophagy induction and that the

stability of this complex is altered by activation of AMPK by AICAR

(3 h), by starvation (3 h) or by administration of the mTOR inhibitor,

Torin1 (2 h). Indeed, we reported that mTOR and Raptor proteins

dissociate from the Ulk1-FIP200-Atg13 complex, whereas this

complex is not altered by autophagy conditions (Fig. 5E).

Moreover, Ulk1-AMPK association was analyzed by co-immu-

noprecipitation with the same treatments as above. We reported that

AMPK interacts with Ulk1 to form a complex in control cells and

that autophagy-related treatments decrease Ulk1-AMPK interaction

(Fig. 5E). In order to study the stability of this interaction during

AICAR-induced autophagy, we carried out time course myc-Ulk1/

AMPK co-immunoprecipitation experiments. We showed clearly

that this complex starts to dissociate 3 h after activation of AMPK

by AICAR and the dissociation is complete 6 h after autophagy

induction (Fig. 5F).

In addition, although we observed that the Ulk1-FIP200-Atg13

complex is stable during AICAR treatment, the expression levels of

Ulk1 and Atg13 were increased (Fig. 5G).

AMPK INDUCES THE PHOSPHORYLATION OF FoxO3a AND ULK1 IN

MUSCLE CELLS

Our results showed clearly that AMPK interacts with FoxO3a and

Ulk1. However, the type of interaction is not well documented in

muscle cells. Greer et al. [2007] showed that AMPK directly regulates

the mammalian FoxO3a transcription factor in 293 cells. Tong et al.

[2009] reported, in C2C12 myoblasts, that AICAR treatment

mediates skeletal muscle protein degradation through decrease of

FoxO3a phosphorylation at Thr 318/321, two major sites known to

be phosphorylated by Akt. Concerning the interaction AMPK/Ulk1,

Lee et al. [2010] showed recently that AMPK is a new binding partner

for Ulk1 in 293T cells. However, in muscle cells, the phosphorylation

of these targets is not yet characterized. Amino-acid sequence

analysis of Ulk1 reveals that Ser467 is a potential phosphorylation

site (amphipathic helix; øXßXX(S/T)XXXø, where ø represents a

hydrophobic residue and ß represents a basic residue) [Dale et al.,

1995; Weekes et al., 1993]. We analyzed in C2C12 cells whether the

activation of AMPK by AICAR leads to the phosphorylation of this

putative site. By immunoblotting, we found that AICAR treatment

induced the phosphorylation of Ulk1 (2.3-fold increase) and FoxO3a

(2.1-fold increase) at Ser467 and Ser588, respectively (Fig. 6B,C).

Taken together, our results showed that AMPK interacts with

FoxO3a and Ulk1 and induces their phosphorylation in C2C12 cells.

DISCUSSION

In the present work, we provided several important new insights

concerning the implication of the energy sensor AMPK in muscle

size control and, precisely, in the regulation of the autophagy

program. We first clarified the molecular basis of the mode of

regulation of FoxO3a-mediated autophagy by AMPK and, thereaf-

ter, we identified an interacting partner of AMPK directly implicated

in autophagy initiation.

The FoxO subfamily of transcription factors integrates cellular

signals emanating from growth factors, insulin, cytokines, and

oxidative stress via a combination of post-translational modifica-

tions, including phosphorylation, acetylation, and ubiquitination

[Brunet et al., 1999, Calnan and Brunet, 2008]. AMPK has been

recently found to phosphorylate FoxO3a, but not FoxO1 or FoxO4

[Greer et al., 2007]. Although Akt phosphorylates FoxO3a on

residues leading to its inhibition [Brunet et al., 1999], the

phosphorylation of FoxO3a by AMPK on Ser588, triggered by

stimuli that decrease cellular energy levels, leads to its activation

[Greer et al., 2007]. In the first part of this article, we have

demonstrated that AMPK regulates autophagy in a FoxO3a-

dependent manner in C2C12 myoblasts and satellite cells. These

data are in agreement and complete, recent findings of Romanello

et al. [2010] showing that AMPK modulates FoxO3a RNA targets.

Indeed, after AICAR treatments, authors showed that MAFbx,

MuRF1, LC3, and Bnip3 mRNAs were upregulated without any

change in Akt phosphorylation in C2C12 cells. Here, in mouse

primary cultured satellite myotubes, we found an increase of

MAFbx and MuRF1 protein level, whose expression is thought to

be transcriptionally regulated by FoxO3a as shown by previous

studies [Nakashima et al., 2008]. Interestingly, the strong

accumulation of ubiquitined proteins reported in our study is

consistent with an activation of the proteasomal-dependent

proteolysis. Moreover, we confirmed an increase of the expression

of Atgs proteins known to be regulated by FoxO3a after AMPK

activation and extended this result to Atgs Ulk1 and Atg13.

However, due to the fact that we were not able to completely block

AMPK activity by the use of dominant negative AMPK, we cannot

totally exclude some AMPK-independent FoxO3a activating effect

of AICAR. Utilization of AMPK knockout mice will be necessary to

address this point. Under basal conditions, a low level of autophagy

is necessary to degrade and recycle long lived or toxic proteins

and damaged organelles to maintain cell viability and cellular

homeostasis [Nishida et al., 2008]. Our data present the molecular

basis of a model in which, under conditions of energy stress

leading to AMPK activation such as starvation or exercise,

FoxO3a activity is regulated by AMPK to mobilize protein

degradation as a source of alternative nutrient production and

energy substrates. Overall, autophagy is required for normal

cellular function and for response to multiple types of stress to

maintain skeletal muscle function since skeletal muscle is

constantly subjected to constraints requiring an important protein

turnover. At any rate, it is unclear whether induction of autophagy

is a compensatory mechanism to prevent a disease progression or

a cause of pathophysiology. It is increasingly apparent that

autophagy can have both beneficial and detrimental effects on

muscle cells depending on the origin of its activation. Notably, we

found that AMPK activation by AICAR treatment during 24 h leads

to the poly (ADP-ribose) Polymerase (PARP) cleavage, an event

known to lead to cell apoptosis (data not shown).

Moreover, we investigated the mechanisms of regulation of

FoxO3a by AMPK. Although phosphorylation sites of FoxO3a by
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AMPK had been identified [Greer et al., 2007], the type of regulation

was not yet completely elucidated in muscle cells. Here we showed

that the phosphorylation induced by AMPK on the residue Ser588 is

conserved in muscle cells. A recent report showed that AICAR

treatment on C2C12 myotubes leads to a decrease in nuclear FoxO3a

level [Williamson et al., 2009]. In the present study, we failed to

detect any variation in nuclear content of FoxO3a after AMPK

activation for long treatments (i.e., 24 h) but we found an increase in

the total protein level from 30min. Interestingly, with short time

course (30min–6 h) the activation of AMPK by AICAR leads to a

relocalization of FoxO3a in the nucleus, consistent with the results

of Tong et al. [2009] who reported that AICAR treatment caused

FoxO3a nuclear relocation due to a decrease in FoxO3a phosphory-

lation at Thr-318/321. However, Greer et al. [2007] have reported an

increase of FoxO3a transcriptional activity without any change in

the nuclear content of the factor after AMPK activation by 2-deoxy-

glucose in HEK293T cells. Taken together, these divergent data

strongly suggest that FoxO3a relocalization into the nucleus is not

necessarily required to increase its transcriptional function and

phosphorylation by AMPK may also control the FoxO3a protein

stability. In agreement with this hypothesis, we reported here that

negative dominant of AMPK leads to a critical decrease of FoxO3a

protein level whereas AICAR treatment and constitutive active

AMPK elicit an accumulation of the protein.

On the other hand, a study with FoxO1 showed that in addition to

its transcriptional function, this factor interacts, after acetylation,

Fig. 6. AICAR induces phosphorylation of FoxO3a at Ser588 and Ulk1 at Ser467. A: Alignments of the AMPK consensus phosphorylation motif with putative phosphorylation

sites in human FoxO3a and in human Ulk1. 0, hydrophobic; B, basic. B: C2C12 myoblasts were cultured in proliferation medium for 3 days and treated with 1mM AICAR for 3 h.

Immunoblotting was performed on total lysate to detect Phospho-Ulk1 at Ser467. Cdk4 was used as a loading control. Error bars represent the mean and SEM of four

independent experiments. �P< 0.01 compared to control. C: C2C12 myoblasts were cultured in proliferation medium for 3 days and treated with 1mM AICAR for 3 h.

Immunoblotting was performed on total lysate to detect Phospho-FoxO3a at Ser588. Cdk4 was used as a loading control. Error bars represent the mean and SEM of four

independent experiments. �P< 0.01 compared to control.
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with Atgs and is required for the induction of autophagy [Zhao et al.,

2010]. To test the existence of a similar relation with FoxO3a, we

investigated the interaction of this factor with Beclin1, Ulk1, Atg13,

Atg5, LC3, or Gabarapl1 after AICAR treatment. We did not detect

any interaction between FoxO3a and these Atgs, suggesting in our

model that the role of FoxO3a only resides in the transcription of

these Atgs (data not shown).

In a second part of this study, we determined the connections

between AMPK, the mTORC1 pathway, and autophagy. Firstly, we

tested in mouse primary culture myotubes that activation of AMPK

inhibits mTORC1. As reported in other cellular models [Wullschleger

et al., 2006; Ma and Blenis, 2009], we found a decrease in mTORC1

pathway activity. In addition, we reported for the first time that the

cap-dependent translation was inhibited by AMPK activation in

primary myotubes. Interestingly, we also found that the insulin-

induced activation of protein translation was totally inhibited

when AMPK is phosphorylated, completing previous findings by

Deshmukh et al. [2008] who have reported a total inhibition of the

insulin-induced activation of mTORC1 in skeletal muscle with

similar treatments. In addition, the inhibitory effect of AMPK

activation on mTORC1 signaling was reported on a model of high

frequency electrical stimulation of rat EDL muscle [Thomson et al.,

2008].

We especially identified a multiprotein complex composed of

AMPK, mTORC1, Ulk1, FIP200, and Atg13 in muscle cells. These

data fit with the model found in other cell types showing that, under

basal conditions, mTORC1 interacts with Ulk1 and prevents

autophagy, in opposition to energy stress conditions [Hosokawa

et al., 2009a]. Under nutrient-rich conditions, repressive phosphor-

ylation of Ulk1 by mTORC1 modulates Ulk1 kinase activity and/or

its ability to interact with the cofactors Atg13 or FIP200, thereby it

coordinates the autophagy response [Ganley et al., 2009; Hara and

Mizushima, 2009]. For the first time we report in muscle cells that

activation of AMPK by AICAR or inhibition of mTORC1 with either

Torin1 or amino acid starvation removes AMPK and mTOR/raptor

from the Ulk1 complex, a process that may initiate the Ulk1-

dependent phosphorylation of Atg13 and FIP200 leading to the

activation of autophagy [Jung et al., 2009]. More precisely, the

association of FIP200 with Ulk1 is Atg13-dependent and this

interaction controls Ulk1 turnover [Ganley et al., 2009; Hara and

Mizushima, 2009].

Results obtained by several groups on HEK293T and MEF cells

have shown that induction of autophagy by amino acid starvation or

Rapamycin treatment failed to significantly alter the affinity of the

interaction between Ulk1, FIP200, and Atg13 [Hara et al., 2008;

Ganley et al., 2009; Jung et al., 2009; Hosokawa et al., 2009b]. Our

results extend to muscle cells the fact that Ulk1, FIP200, and Atg13

proteins interact prior to autophagy induction to form a complex

which remains stable after activation of AMPK by AICAR or

inhibition of mTORC1 with either Torin1 or amino acid privation.

Noteworthy, increase of the starvation time to 6 h, AICAR treatment

to 12 h, and 250 nM Torin1 treatment to 3 h leads to an instability of

the Ulk1-FIP200-Atg13 complex (data not shown). This effect could

be explained in part by an apoptotic response linked to Ulk1

overexpression, prolonged AMPK activation, or prolonged starva-

tion [Martinet et al., 2005; Scott et al., 2007; Hara et al., 2008;

Williamson et al., 2009]. However, we cannot exclude that in C2C12

myoblasts, unlike HEK293T and MEF cells, Ulk1-FIP200-Atg13

complex dissociates during autophagy process. This mechanism

could be implicated in the regulation of autophagy termination.

Additional experiments will be necessary to address this issue.

Proteomics screens of the autophagy system [Behrends et al.,

2010] and a co-immunoprecipitation study performed in HEK293T

cells [Lee et al., 2010] have shown that AMPKmay interact with Ulk1

and Ulk2. Here, we clearly demonstrated that AMPK is required for

muscle autophagy and interacts with Ulk1. Given our data, we

suggest a model in which the multiprotein Ulk1 complex possesses

binding sites for AMPK, mTOR/raptor, Atg13, and FIP200. During

the submission of this manuscript, in two additional studies it was

demonstrated that Ulk1 is phosphorylated by AMPK in HEK293 cells

[Egan et al., 2011; Kim et al., 2011]. We reported in muscle cells that

the Ser467 site identified by Egan et al. is phosphorylated by AMPK.

This event could participate to a conformational change and thus

disrupts the interaction between Ulk1 and mTORC1, in agreement

with the suppression of mTORC1 anti-autophagy activity in the Ulk1

complex [Hosokawa et al., 2009a]. In addition, Ulk1 phosphoryla-

tion by AMPK may directly activate Ulk1 kinase activity. Indeed, it

was shown in vitro that Ulk1 is highly phosphorylated and that

purified Ulk1 can phosphorylate itself and requires autopho-

sphorylation for stability [Dorsey et al., 2009].

Interestingly, we found that following autophagy induction,

AMPK started to dissociate from Ulk1 3 h after AICAR treatment and

dissociation is complete after 6 h. In agreement with our results,

Wang’s group reported, in Hela cells, that AMPK is associated with

Ulk1 only under nutrient-rich condition and dissociated from Ulk1

after starvation [Shang et al., 2011]. However, this process is faster

than in muscle cells since AMPK started to dissociate from Ulk1

5min after starvation. Thus, in the light of these results, we can

suggest that in normal condition Ulk1 is associated to AMPK, upon

AICAR-induced autophagy the complex remains stable for 3 h and

afterwards start to dissociate. As suggested by Shang et al., we can

propose that Ulk1 dissociates from AMPK and thus becomes more

active, or conversely, that AMPK-Ulk1 dissociation is responsible

for a negative regulatory feedback loop. Recently, Loffler et al.

[2011] showed that Ulk1-mediated phosphorylation of AMPK

constitutes an inhibitory feedback control. Further work will be

needed to define the molecular mechanisms for these autophagy-

induced events.

According to our finding, it is now evident that AMPK activates

protein degradation in muscle cells by regulating autophagy

through two major signaling pathways (Fig. 7). The first one

involves FoxO3a activation by AMPK leading to an increase in Atgs

expression, which acts as a promoter of the autophagosome

formation. The second one involves a post-translational regulation

of the mTORC1/Ulk1/Atg13/FIP200 complex by AMPK playing a

critical role in the initiation of the autophagy pathway. The

identification of Ulk1 as a direct target of AMPK represents a

significant step towards the understanding how cellular energy

stress regulates autophagy machinery in muscle cells. Further

studies directed at identifying the molecular basis of these

phenomena will be essential to understand how Ulk1 activation

results in initiation of the autophagy pathway. Based on these data it
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is clearly conceivable that the AMPK/autophagy system must be

considered not only in muscle homeostasis but also in muscle

pathologies such as sarcopenia and myopathies.
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