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come    

Involvement of phosphatidylinositol 3-kinase and Akt in the induction of muscle protein degradation by proteolysis-inducing factor

INTRODUCTION

The ubiquitin-proteasome proteolytic pathway has been shown to play a major role in muscle wasting in starvation, sepsis, metabolic acidosis, diabetes, weightlessness, severe trauma, denervation and cancer cachexia [START_REF] Lecker | Muscle protein breakdown and the critical role of the ubiquitin-proteasome pathway in normal and disease states[END_REF]. This pathway can be activated by a number of factors, including proteolysis-inducing factor (PIF), a sulphated glycoprotein produced by cachexia-inducing tumours [START_REF] Lorite | Activation of ATP-ubiquitin-dependent proteolysis in skeletal muscle in vivo and murine myoblasts in vitro by a proteolysisinducing factor (PIF)[END_REF], cytokines such as tumour necrosis factor-(TNF-) and interferon-(IFN-) [START_REF] Llovera | TNF can directly induce the expression of ubiquitindependent proteolytic system in rat soleus muscle[END_REF], angiotensin II (Ang II) [START_REF] Sanders | Angiotensin II directly induces muscle protein catabolism through the ubiquitinproteasome proteolytic pathway and may play a role in cancer cachexia[END_REF] and glucocorticoids [START_REF] Wing | Glucocorticoids activate the ATPubiquitin-dependent proteolytic system in skeletal muscle during fasting[END_REF], while disuse atrophy results from an increase in oxidative stress [START_REF] Lawler | Hindlimb unloading increases oxidative stress and disrupts antioxidant capacity in skeletal muscle[END_REF]. Induction of protein degradation through the ubiquitin-proteasome pathway by PIF [START_REF] Wyke | NF-B mediates proteolysisinducing factor induced protein degradation and expression of the ubiquitin-proteasome system in skeletal muscle[END_REF], TNF-[8] , Ang II [START_REF] Russell | Mechanism of induction of muscle protein degradation by angiotensin II[END_REF] and reactiveoxygen species (ROS) [START_REF] Li | Skeletal muscle myocytes undergo protein loss and reactive oxygen-mediated NF-B activation in response to tumor necrosis factor[END_REF] involves activation of the nuclear transcription factor NF-B. Activation of NF-B through muscle-specific transgenic expression of activated I B kinase (IKK ) has been shown [START_REF] Cai | IKK -NF-B activation causes severe muscle wasting in mice[END_REF] to induce profound muscle wasting with an increase in mRNA levels for the C2 and C9 subunits of the proteasome, as well as for MuRF1, a muscle-specific E3 ligase, which is upregulated during atrophy, and loss of which provides partial protection (36%) of muscle loss after denervation [START_REF] Bodine | Identification of ubiquitin ligases required for skeletal muscle atrophy[END_REF]. Interestingly mRNA levels for another E3 ligase atrogin-1 / MAFbx, also implicated in muscle protein degradation [START_REF] Gomes | Atrogin-1, a muscle-specific F-box protein highly expressed during muscle atrophy[END_REF],

were normal, as were those for ubiquitin and the ubiquitin-conjugating enzyme E2 14k . Induction of atrogin-1 has been shown to be mediated by the Forkhead box O (Foxo) class of transcription factors [START_REF] Sandri | Angiotensin II regulates phosphoinositide 3 kinase / Akt cascade via a negative crosstalk between AT 1 and AT 2 receptors in skin fibroblasts of human hypertrophic scars[END_REF], suggesting that there may be two distinct mechanisms for the induction of muscle atrophy.

Recent studies [15] on cellular signalling pathways involved in the induction of muscle protein degradation by both PIF and Ang II indicate that a transitory rise in reactive oxygen species (ROS) is an important event leading to upregulation of the ubiquitin-proteasome pathway through activation of NF-B, through an increased phosphorylation and degradation of the inhibitor protein I-B . These studies showed that ROS formation required the stimulation of phosphatidylinositol-3 kinase (PI-3K), which is known to activate the small GTPbinding protein Rac1 [16]. Also the lipid product of PI-3K, phosphatidylinositol 3phosphate, forms a scaffold for membrane attachment of the NADPH oxidase components p40 phox and p47 phox [17]. Thus treatment with the highly selective PI-3K inhibitor LY294002 [18] completely attenuated both ROS production and protein degradation induced by PIF and Ang II, while the structural analogue LY303511, containing a single atom substitution in the morpholine ring, and which is devoid of PI-3K inhibitory activity, had no effect on either ROS formation or protein degradation.

Both growth factors and cytokines also activate the serine threonine protein kinase, Akt/PKB via a PI3-K pathway. Oxidative stress has also been shown to activate Akt by increasing phosphorylation [19]. In vascular smooth muscle cells [20], and in hypertrophic scar fibroblasts [21] Ang II has been shown to induce the PI-3K activation of Akt. Activation of Akt could provide an alternative pathway for increased nuclear binding of NF-B, through phosphorylation and activation of the upstream kinase IKK. This pathway is utilised by both TNF- [START_REF] Burrow | PI3-K/Akt regulation of NF-B signalling events in suppression of TNF-induced apoptosis[END_REF] and platelet derived growth factor (PDGF) [START_REF] Romashkova | NF-B is a target of Akt in anti-apoptotic PDGF signalling[END_REF] to activate NF-B. However, stimulation of the PI-3K/Akt pathway by IGF-I has been shown to induce hypertrophy [24], while constitutive activation of Akt induces rapid and significant skeletal muscle hypertrophy [START_REF] Lai | Conditional activation of Akt in skeletal muscle induces rapid hypertrophy[END_REF]. The hypertrophic effect is due to stimulation of translation, via regulation of glycogen synthetase kinase GSK and mTOR kinases [START_REF] Fujio | Akt mediates cytoprotection of endothelial cells by vascular endothelial growth factor in an anchorage-dependent manner[END_REF]. Akt overexpression inhibits the Foxo transcription factors by increasing phosphorylation, inhibiting atrogin-1 expression [START_REF] Sandri | Angiotensin II regulates phosphoinositide 3 kinase / Akt cascade via a negative crosstalk between AT 1 and AT 2 receptors in skin fibroblasts of human hypertrophic scars[END_REF].

These apparently conflicting roles for Akt led us to investigate if activation of Akt did occur during protein degradation in muscle, and if so what this role was. To do this we have transfected myotubes with plasmids expressing a dominant-negative mutant of Akt, as well as a constitutively active Akt construct, and studied the effect on both protein degradation and proteasome activity in response to PIF. Using an inhibitor of PI3-K, and the dominant -negative and constitutively active Akt constructs, the effects have been associated with the state of activation of NF-B, as well as a transient stimulation of protein synthesis through the mammalian target of rapamycin (mTOR) and the 70kDa ribosomal S6 kinase (p70 S6k ) pathways. This is possibly required for synthesis of epitope [START_REF] Fujio | Akt mediates cytoprotection of endothelial cells by vascular endothelial growth factor in an anchorage-dependent manner[END_REF] were kindly supplied by Dr. Kenneth Walsh (Tufts University, School of Medicine, Boston, USA). Catch and Release V.2.0 reversible immunoprecipitation system was purchased from Upstate (Milton Keynes, Bucks, UK). This system was used to immunoprecipitate Akt from transfected myotubes using the HA.11 monoclonal antibody according to the manufacturer's instructions.

Cell culture The C 2 C 12 myoblast cell line was grown in DMEM supplemented with 10% FCS plus 1% penicillin and streptomycin under an atmosphere of 5% CO 2 in air at 37°C. Cells were transfected with the plasmid DNA in OPTImedium using Lipofectamine (In Vitrogen, Paisley, UK) at a ratio of 1:5 and incubated at 37°C for 18-48h prior to testing for transgene expression. Cells were passaged (1:10) in fresh growth medium for 24h and selected for growth in neomycin for 48-72h. Myotubes were formed by allowing confluent cultures of myoblasts to fuse in DMEM containing 2% HS over a 5-7 day period, with changes of medium every 2 days.

Purification of PIF PIF was purified from solid MAC16 tumours from mice with weight loss between 20 and 25%. The tumour homogenate was precipitated with ammonium sulphate (40% w/v), and the supernatant subjected to chromatography using a monoclonal antibody immobilized to a protein A matrix as described [START_REF] Todorov | Induction of muscle protein degradation and weight loss by a tumor product[END_REF]. The immunogenic fractions were concentrated and used for further studies. As previously reported [START_REF] Todorov | Induction of muscle protein degradation and weight loss by a tumor product[END_REF] these contained albumin as well as PIF, but there were no other contaminants. The albumin co-purifies with PIF, because it binds PIF strongly [28], and this is difficult to remove, except by hplc, but the resulting product may be contaminated with solvents, which are toxic to the myotubes.

Measurement of protein degradation

The method for the measurement of protein degradation in murine myotubes has been described [START_REF] Lorite | Activation of ATP-ubiquitin-dependent proteolysis in skeletal muscle in vivo and murine myoblasts in vitro by a proteolysisinducing factor (PIF)[END_REF]. Briefly myotubes were prelabeled for 24h with L-[2, 6 

RESULTS

PIF induced a transient increase in Akt phosphorylation at Ser 473 in murine myotubes, while having no effect on the total Akt in the cell (Figure 1A).

Akt phosphorylation was increased 4-fold within 30 min of addition and rapidly returned to baseline values. This time corresponds with the time of maximal ROS formation, when PI3-K would be activated [15]. This was confirmed by cotreatment with the PI3-K inhibitor 2-(4-morpholinyl)-8-phenyl-4H-1-benzopyran-4one (LY294002), [18], which completely inhibited induction of Akt phosphorylation by PIF (Figure 1B). Akt phosphorylation by PIF was also completely inhibited by the tyrosine kinase inhibitor genestein, (Figure 1C), suggesting that activation of Akt occurs through a similar mechanism to that induced by growth factors and cytokines.

Activation of Akt is associated with stimulation of protein synthesis in muscle [24]. However, PIF is known to inhibit protein synthesis through activation of the dsRNA-dependent protein kinase (PKR) and the subsequent phosphorylation of eukaryotic initiation factor 2 (eIF2 ) [31]. However, protein synthesis is required during protein degradation for the synthesis of proteasome subunits, ubiquitin and ubiquitin ligases for which mRNA levels are known to be elevated [START_REF] Bodine | Identification of ubiquitin ligases required for skeletal muscle atrophy[END_REF]. Activation of Akt causes activation of mTOR, which has two primary downstream targets, p70S6K and the eukaryotic initiation factor 4E (e1F-4E) binding protein, phosphorylation of which leads to accelerated protein synthesis [32]. To determine whether this pathway was important in protein degradation myotubes were treated with the mTOR inhibitor rapamycin (25ng/ml), either before, or at various times after the addition of PIF (Figure 2A).

Addition of rapamycin either 2h before or up to 0.5h after addition of PIF completely attenuated protein degradation, whereas addition at later times had no effect (Figure 2A). Addition of rapamycin also attenuated induction of the ubiquitin-proteasome pathway, as determined by the 'chymotrypsin-like' enzyme activity (Figure 2B) with a time course the same as that for total protein degradation (Figure 2C). This time-course also correlates with the induction of phosphorylation of mTOR by PIF (Figure 2C). As with the time course for phosphorylation of Akt (Figure 1A), and the inhibition of protein degradation by rapamycin, the effect of PIF on mTOR phosphorylation was maximal at 30 min (Figure 2C), and was not significantly elevated after 1h. Activation of mTOR was followed by induction of phosphorylation of p70S6K, which was maximal between 1 and 2h after addition of PIF (Figure 2D). These results suggest that the PI3-K/Akt/mTOR pathway may also be important for a short burst of protein synthesis, involved in protein degradation through the ubiquitin-proteasome pathway.

To confirm a role of Akt in protein degradation induced by PIF, murine myoblasts were transfected with plasmids encoding a dominant negative Akt (DNAkt) in which the two activating amino acid residues, threonine 308 and serine 473, were changed to alanine [START_REF] Fujio | Akt mediates cytoprotection of endothelial cells by vascular endothelial growth factor in an anchorage-dependent manner[END_REF], or a constitutively active Akt construct (MyrAkt), containing the c-src myristolyation sequence, and allowed to differentiate into myotubes. Control myoblasts were transfected with the empty vector pcDNA3(-). Immunoprecipitation of cell lysates of myotubes formed by fusion of transfected myoblasts with anti-HA antibody, followed by Western blotting for Akt, showed expression of Akt in myotubes, confirming that this was a stable transfection (Figure 3A). The level of expression of transfected HA-Akt relative to the endogenous protein is shown in Figure 3B, which confirms the lack of expression in myotubes containing empty plasmid (pcDNA3(-)). To confirm that the plasmids were influencing cellular pathways as expected, myotubes were treated with IGF-I (13.2nM) for 1h and the levels of phosphorylation of the 70kDa ribosomal S6 kinase (p70 S6k ) (Figure 3C) and glycogen synthase kinase-3 (GSK-3 ) (Figure 3D) was determined. As expected IGF-I increased the level of phosphorylation of p70 S6k and GSK-3 in myotubes containing the empty plasmid (pcDNA3(-)), but not in those containing DNAkt. Myotubes containing Myr Akt showed an increased phosphorylation of p70 S6k and GSK-3 , even in the absence of IGF-I. These results confirm that the transfected plasmids were functional in terms of Akt activity.

In order to determine the effect of Akt expression on protein degradation myotubes were incubated with PIF and total protein degradation was measured over a 24h period. In myotubes containing the empty plasmid, pcDNA3(-), PIF induced protein degradation with a bell-shaped dose-response curve, with a maximal effect at 4.2nM, as previously reported [START_REF] Llovera | TNF can directly induce the expression of ubiquitindependent proteolytic system in rat soleus muscle[END_REF][START_REF] Wyke | NF-B mediates proteolysisinducing factor induced protein degradation and expression of the ubiquitin-proteasome system in skeletal muscle[END_REF][START_REF] Russell | Mechanism of induction of muscle protein degradation by angiotensin II[END_REF]15, 31] (Figure 4A). In The effect of Akt on total protein degradation was mirrored by the effect on the 'chymotrypsin-like' enzyme activity, the predominant proteolytic activity of the proteasome. Thus proteolytic activity in the presence of PIF (Figure 4B), was elevated in myotubes expressing Myr Akt over pcDNA3(-), while there was little or no increase in activity in myotubes expressing DNAkt. In addition expression of both 20S proteasome -and -subunits (Figure 4C and D), as well as p42, an

ATPase subunit of the 19S regulator (Figure 4E), and p70 S6k (Figure 4G) showed a greater enhancement in myotubes expressing Myr Akt over pcDNA3(-), while there was no increase in expression in myotubes expressing DNAkt. Levels of myosin were also more significantly reduced in myotubes expressing Myr Akt than in empty plasmid (Figure 4F), while there was no decrease in myosin in the presence of PIF, when the myotubes expressed DNAkt. As previously reported

[33] for myotubes exposed to TNF-and IFN-, PIF reduced myosin expression by up to 60% in those expressing both MyrAkt and empty plasmid, while there was no appreciable loss in expression of actin. These results suggest that activation of Akt appears to be essential for the induction of proteasome activity in the presence of catabolic stimuli.

Myotubes expressing Myr Akt showed a small, non-significant increase in protein synthesis over pcDNA3(-) over a 4h period (Figure 5), while myotubes expressing DNAkt showed a significant reduction in protein synthesis. Myotubes exposed to PIF showed a reduction in protein synthesis with a maximal effect at 4.2nM (Figure 5) as for the effect on protein degradation (Figure 4A), as previously reported [31]. However, there was no difference in the relative inhibition of protein synthesis in myotubes containing empty plasmid or in those expressing Myr Akt or DNAkt. This suggests that Akt is unable to reverse the depression in protein synthesis induced by PIF, which has been shown to be due to an increased phosphorylation of eIF2 [31].

The effect of PIF both on protein degradation (Figure 6A) and the chymotrypsin-like enzyme activity (Figure 6B) was attenuated by LY294002 in myotubes containing empty plasmid pcDNA3(-). However, LY294002 had no effect on either protein degradation or chymotrypsin-like enzyme activity in myotubes containing constitutively active Akt (Myr Akt) (Figure 6). These results suggest that protein degradation, through an increase in proteasome activity in the presence of PIF, requires the PI3-K induced activation of Akt.

To investigate the possibility that activated Akt was also responsible for the phosphorylation and the consequent degradation of I-B , the effect of LY294002 on this process was determined. PIF induced an increase in I-B phosphorylation (Figure 6C) and a reciprocal decrease in the cytosolic level of I-B in myotubes (Figure 6D), and this was completely attenuated by LY294002.

In addition, while myotubes containing empty plasmid (Figure 7A) showed the same response to PIF and LY294002 as untransfected myotubes, (Figure 6C) there was no phosphorylation of I-B and no degradation of I-B in response to PIF in myotubes containing DNAkt, and no effect of LY294002 (Figure 7A). In or expression of a dominant negative Akt reduces the mean size of myotubes in culture [START_REF] Rommel | Mediation of IGF-Iinduced skeletal myotube hypertrophy by PI(3)K / Akt / mTOR and PI(3)K / Akt / GSK3 pathways[END_REF]. In this study, in the absence of agonists, expression of DNAkt significantly reduced protein synthesis compared with wild-type myotubes, and expression of constitutively active Akt also increased protein synthesis, although this did not reach significance. However constitutive expression of Akt did not protect against the fall in protein synthesis in the presence of PIF, which we have recently shown [31] to be due to an increased phosphorylation of eIF2 .

The results of this study are in contrast with those of other workers, who have shown that IGF-I attenuates proteolysis in cultured L6 myotubes [START_REF] Li | Insulin-like growth factor-I inhibits dexamethasone-induced proteolysis in cultured L6 myotubes through PI3K / Akt / GSK-3 and PI3K / Akt / mTOR-dependent mechanisms[END_REF] or C 2 C 12 myotubes [START_REF] Sacheck | IGF-I stimulated muscle growth by suppressing protein breakdown and expression of atrophy-related ubiquitin ligases, atrogin-1 and MuRF1[END_REF], in the presence of dexamethasone, through a PI3-K/Akt/mTOR-dependent mechanism. This may reflect the differing mechanisms by which glucocorticoids induce muscle atrophy which involves Akt-Foxo1 [START_REF] Latres | Insulin-like growth factor I (IGF-I) inversely regulates atrophy-induced genes via the phosphatidylinositol 3-kinase / Akt / mammalian target of rapamycin (PI3K / Akt / mTOR) pathway[END_REF],

while PIF and Ang II produce the same effect through activation of the transcription factor NF-B [START_REF] Russell | Mechanism of induction of muscle protein degradation by angiotensin II[END_REF][START_REF] Wyke | NF-B mediates proteolysis-inducing factor induced protein degradation and expression of the ubiquitinproteasome system in skeletal muscle[END_REF]35]. However, the PI3-K/Akt pathway may play a dual role in muscle, since it can also activate NF-B. This has been shown to occur in skeletal muscle of both normal and dystrophin-deficient mice in response to mechanical stretch [START_REF] Dogra | Regulation of phosphatidylinositol 3-kinase (PI3-K)/AKT and nuclear factor-kappa B signaling pathways in dystrophin-deficient skeletal muscle; in response to mechanical stretch[END_REF]. In the process Akt activates NF-B signalling by direct activation of the IKK complex, which then phosphorylates I B releasing NF-B to move into the nucleus. This is not the first study to show a role for PI3-K in protein degradation. Fang et al. [START_REF] Fang | Protein breakdown in muscle from burned rats is blocked by insulin-like growth factor I and glycogen synthase kinase-3 inhibitors[END_REF] showed that the PI3-K inhibitors LY294002 and wortmannin reduced the rate of protein breakdown in muscles from burned rats, and Dardevet et al. [START_REF] Dardevet | Phosphatidylinositol 3-kinase and p70S6 kinase participate in the regulation of protein turnover in skeletal muscle by insulin and insulin-like growth factor I[END_REF] also showed that wortmannin reduced basal protein breakdown rates in incubated rat muscles. This suggests that the PI3-K/Akt pathway may play a dual role in muscle, stimulating both hypertrophy and atrophy depending on the agonist.

Activation of Akt appears to be necessary not only for the activation of the transcription factor NF-B, which might be expected to lead to increased mRNA levels for proteasome subunits and MuRF1 [START_REF] Cai | IKK -NF-B activation causes severe muscle wasting in mice[END_REF], but also for the subsequent protein synthesis, possibly through the mTOR/p70S6K pathway. We have shown [START_REF] Gomes-Marcondes | Development of an in vitro model system to investigate the mechanism of muscle protein catabolism induced by proteolysis-inducing factor[END_REF] that protein synthesis is required for protein degradation, and the increased expression of proteasome subunits in the presence of PIF, which was blocked in the presence of cycloheximide. A number of other reports [START_REF] Cai | IKK -NF-B activation causes severe muscle wasting in mice[END_REF][START_REF] Bodine | Identification of ubiquitin ligases required for skeletal muscle atrophy[END_REF][START_REF] Gomes | Atrogin-1, a muscle-specific F-box protein highly expressed during muscle atrophy[END_REF][START_REF] Sandri | Angiotensin II regulates phosphoinositide 3 kinase / Akt cascade via a negative crosstalk between AT 1 and AT 2 receptors in skin fibroblasts of human hypertrophic scars[END_REF] have shown an increased expression of mRNA for MuRF1 and atrogin-1/MAFbx in atrophying muscle, but there have been no studies as to how this is translated into protein in the environment of depressed protein synthesis. Both PIF and Licenced copy. Copying is not permitted, except with prior permission and as allowed by law. 

  MATERIALS AND METHODS Foetal calf serum (FCS), horse serum (HS) and Dulbecco's modified Eagle's medium (DMEM) were purchased from Life Technologies (Paisley, UK). Mouse monoclonal antibody to I-B was purchased from Biomol Research Laboratories Inc. (PA, USA) and to HA.11 from Cambridge Bioscience Ltd (Cambridge, UK). Mouse monoclonal antibodies to 20S proteasome -subunits and p42 were from Affiniti Research Products (Exeter, UK). Mouse monoclonal antibody to myosin heavy chain was from Novocastra (Newcastle, UK). Rabbit polyclonal antisera to phosphorylated I-B and to phosphorylated GSK-3 / (phospho Tyr 279/216), as well as Phosphosafe™ Extraction Reagent were from Merck Biosciences Ltd. (Nottingham, UK). Polyclonal antisera to Akt that detects endogenous Akt1, Akt2 and Akt3 proteins, phosphorylated mTOR, phosphorylated p70S6K, and their unphosphorylated forms, together with mouse monoclonal antibody to phospho-Akt (Ser 473) were from New England Biolabs (Herts, UK). Rabbit polyclonal antisera to mouse actin was from Sigma-Aldridge (Dorset, UK). Peroxidase-conjugated rabbit anti-mouse antibody and peroxidase-conjugated goat anti-rabbit antibody were purchased from Dako Ltd. (Cambridge, UK). Hybond A nitrocellulose membranes, L-[2, 6 -3 H] phenylalanine (sp. act. 2.07 TBq/mmole) and enhanced chemiluminescence (ECL) development kits were from Amersham Bioscience UK Ltd. (Bucks, UK). LY294002 was purchased from Calbiochem (through CN Biosciences, UK, Nottingham, UK). Lactacystin was purchased from Affiniti Research Products (Exeter, UK) and the chymotrypsin substrate succinyl-Leu-Leu-Val-7-amino-4methylcoumarin (AMC) from Sigma-Aldridge (Dorset, UK). Expression vectors (pcDNA) encoding mouse Akt proteins fused in-frame to the hemagglutinin (HA)

  contrast myotubes containing Myr Akt showed an enhanced protein degradation over pcDNA3(-) at all concentrations of PIF, while those containing DNAkt showed a reduced protein degradation at the maximum activating concentration of PIF. The non-linear dose-response curve for PIF has been shown to directly relate to ROS formation [15] through activation of protein kinase C (PKC) [32], which is down-regulated at high concentrations of activating ligand. Protein degradation was significantly enhanced in myotubes expressing constitutively active Akt, while protein degradation was completely attenuated in myotubes expressing dominant negative Akt, compared with those containing empty plasmid.

  contrast myotubes containing MyrAkt showed degradation of I B in response to PIF, but this was not attenuated by LY294002. These results confirm that activation of Akt by PIF results in the phosphorylation and subsequent degradation of I-B . Degradation of I-B should result in an increased nuclear accumulation of NF-B and the EMSA is shown in Figure 7B. To confirm the roleDISCUSSIONThe results of this study provide evidence for a role of Akt in protein degradation in skeletal muscle in response to PIF and Ang II through an increased expression and activity of proteasome subunits. The mechanism of this effect appears to be through increased phosphorylation and subsequent degradation of I-B , possibly through activation of IKK, leading to increased nuclear accumulation of NF-B, which has been shown to act as a transcription factor for the induction of proteasome expression by PIF[START_REF] Wyke | NF-B mediates proteolysisinducing factor induced protein degradation and expression of the ubiquitin-proteasome system in skeletal muscle[END_REF]. Thus transfection of myotubes with plasmids that had mutations at the serine phosphorylation site required for degradation of I-B , which prevented nuclear accumulation of NF-B, attenuated protein degradation induced by PIF, as well as induction of chymotrypsin-like enzyme activity and proteasome subunits[START_REF] Wyke | NF-B mediates proteolysis-inducing factor induced protein degradation and expression of the ubiquitinproteasome system in skeletal muscle[END_REF]. In addition inhibitors of NF-B activation, such as resveratrol, which inhibits IKK activation were shown not only to attenuate PIF-induced protein degradation in murine myotubes, but also protein degradation in skeletal muscle of mice bearing a cachexia-inducing tumour[35]. In addition activation of Akt appears to be necessary for the transitory stimulation of mTOR, leading to activation (phosphorylation) of p70 S6k , which would confer selective translation of mRNAs that contain a 5'-polypyrimidine tract. Activation of Akt appears to occur through the PI3-K pathway, which is known to be activated by receptor and non-receptor tyrosine kinase[START_REF] Vanhaesebroeck | Synthesis and function of 3-phosphorylated inositol lipids[END_REF]. This may be a potential mechanism by which PIF could activate PI3-K, since the tyrosine kinase inhibitors genistein and tryphostin 23 have been shown to attenuate PIF-induced proteasome expression[START_REF] Smith | Signal transduction pathways involved in proteolysis-inducing factor induced proteasome expression in murine myotubes[END_REF]. Also genestein has been shown in this study to attenuate the induction of Akt phosphorylation by PIF. This is the first study in which Akt has been shown to be involved in protein degradation in muscle. Akt has previously been shown to be involved in muscle hypertrophy, and inhibition of Akt, either by inhibition of PI3-K,

Ang

  II inhibit translation initiation through an increased phosphorylation of eIF2 , which would inhibit initiator methionyl tRNA binding to the 40S ribosomal subunit[31]. In the current study rapamycin, a specific inhibitor of mTOR, attenuated the increased protein degradation induced by PIF when added before or up to 30 min after the agonist, suggesting a need for the mTOR pathway in early steps of this process. Activation of mTOR has been confirmed by Western blotting, which shows maximal phosphorylation within 0.5h of PIF addition, and only significant elevation up to 1h. This follows the same time course as PIF induced phosphorylation of Akt. Activation of mTOR is followed by activation (phosphorylation) of p70S6K, which is significantly increased only between 1 and 2h, suggesting a need for protein synthesis at this point leading to increased protein expression of proteasome -subunits and E2 14k which is seen within 3h of PIF incubation[START_REF] Gomes-Marcondes | Development of an in vitro model system to investigate the mechanism of muscle protein catabolism induced by proteolysis-inducing factor[END_REF]. Acharyya et al. [46] have shown an increase in phosphorylation of p70S6K in gastrocnemius muscle of cachectic mice bearing the colon 26 tumour, although this was not accompanied by an increased phosphorylation of Akt. Thus Akt appears to play a dual role in the activation of the ubiquitin-proteasome pathway, while activation of PI3-K is an important component of a signalling mechanism leading to transient ROS formation [15]. The results of the present study confirm the importance of NF-B activation in the stimulation of protein degradation in murine myotubes and provide evidence for an alternative role for Akt in this process. Transitory activation of Akt appears to play an important role in degradation of myofibrillar proteins through the ubiquitin-proteasome pathway. S t a g e 2 ( a ) P O S T -P R I N T Biochemical Journal Immediate Publication. Published on 26 Oct 2007 as manuscript BJ20070688 THIS IS NOT THE FINAL VERSION -see doi:10.1042/BJ20070688 Licenced copy. Copying is not permitted, except with prior permission and as allowed by law. transcription factors induce the atrophy-related ubiquitin ligase atrogin-1 and cause skeletal muscle atrophy. Cell 117, 399-412 15 Russell, S.T., Eley, H.L. and Tisdale, M.J. (2007) Role of reactive oxygen species in protein degradation in murine myotubes induced by proteolysisinducing factor and angiotensin II. Cell. Sig. 19, 1797-1806 16 Bae, Y.S., Sung, J.Y., Kim, O.S., Kim, Y.J., Hur, K.C., Kazlauskas, A. and Rhee, S.G. (2000) Platelet-derived growth factor-induced H 2 O 2 production requires the activation of phosphatidylinositol 3-kinase, J. Biol. Chem. 275, 10527-10531 17 Kani, F., Liu, H., Field, S.J., Akbary, H., Matsuo, T., Brown, G.E., Cantley, L.C. and Yaffe, M.B. (2001) The PX domains of p47 phox bind to lipid products of PI(3)K. Nat. Cell. Biol. 3, 675-678 18 Vlahos, C., Matter, W., Hui, K. and Brown, R. (1994) A specific inhibitor of phosphatidylinositol 3-kinase, 2-(4-morpholinyl)8phenyl-4H-1-benzopyran-4-one (LY294002). J. Biol. Chem. 269, 5241-5248 19 Taylor, J.M., Crack, P.J., Gould, J.A., Ali, V., Hertzog, P.J. and Iannello, R.C. (2004) Akt phosphorylation and NF-B activation are counterregulated under conditions of oxidative stress. Exp. Cell Res. 300, 463-475 20 Wildroudt, M.L. and Freeman, E.J. (2006) Regulation of Akt by arachidonic acid and phosphoinositide 3-kinase in angiotensin IIstimulated vascular smooth muscle cells. Biochem. Biophys. Acta. 1761, 11-16 20 S t a g e 2 ( a ) P O S T -P R I N T Biochemical Journal Immediate Publication. Published on 26 Oct 2007 as manuscript BJ20070688 THIS IS NOT THE FINAL VERSION -see doi:10.1042/BJ20070688 S t a g e 2 ( a ) P O S T -P R I N T Biochemical Journal Immediate Publication. Published on 26 Oct 2007 as manuscript BJ20070688 THIS IS NOT THE FINAL VERSION -see doi:10.1042/BJ20070688 Todorov, P.T., Cariuk, P., McDevitt, T., Coles, B., Fearon, K. and Tisdale M.J. (1996) Characterization of a cancer cachectic factor. Nature 379, ., Tanaka, K., Tamura, T., Sone, S., Ogura, T. and Ichihara, A. (1991) ATP-dependent reversible association of proteasomes with multiple protein components to form 26S complexes that degrade ubiquitinated proteins in human HL-60 cells. FEBS Lett. 284, 206-210 30 Andrews, N.C. and Faller, D. V. (1991) A rapid mircopreparation technique for extraction of DNA-binding proteins from limiting numbers of mammalian cells. Nucelic Acids Res. 19, 2499 31 Eley, H.L. and Tisdale, M.J. (2007) Skeletal muscle atrophy, a link between depression of protein synthesis and increase in degradation. J. Biol. Chem. 282, 7087-7097 32 Smith, H.J., Wyke, S.M. and Tisdale M.J. (2004) Role of protein kinase C and NF-B in proteolysis-inducing factor-induced proteasome expression in C 2 C 12 myotubes. Br. J. Cancer 90, 1850-1857 S t a g e 2 ( a ) P O S T -P R I N T Biochemical Journal Immediate Publication. Published on 26 Oct 2007 as manuscript BJ20070688 THIS IS NOT THE FINAL VERSION -see doi:10.1042/BJ20070688 Licenced copy. Copying is not permitted, except with prior permission and as allowed by law. © 2007 The Authors Journal compilation © 2007 Biochemical Society S t a g e 2 ( a ) P O S T -P R I N T Biochemical Journal Immediate Publication. Published on 26 Oct 2007 as manuscript BJ20070688 THIS IS NOT THE FINAL VERSION -see doi:10.1042/BJ20070688

Figure 1 .

 1 Figure 1. (A) Western blot for the time-course of PIF (4.2nM) on phosphorylation of Akt at Ser 473 in murine myotubes, maintained in unsupplemented DMEM without phenol red for 18h prior to experimentation. A densitometric analysis representing the average of three separate blots is shown underneath. (B) Western blot for the effect of PIF concentration on phosphorylation of Akt, in the absence or presence of LY294002. Myotubes were treated with PIF for 30min in the absence or presence of 25 M LY294002 added 2h prior to PIF. (C) Western blot for the effect of PIF concentration on phosphorylation of Akt after 30min in the absence of presence of 30 M genestein added 2h prior to PIF. The blots shown are representative of three separate experiments and total Akt was used as a loading control. The densitometric analysis is the mean of the three separate Western blots and shows the intensity of the phospho Akt signal in the presence of PIF alone ( ) or in the presence of LY294002 (B) or genestein (C).Differences from control in the absence of PIF are shown as b, p<0.01 or c, p<0.001, while differences in the presence of LY294002 or genestein are indicated as f, p<0.001. There was no difference in the level of total Akt in the cells for any of the treatments.

Figure 2 .

 2 Figure 2. (A) Time-course for the effect of rapamycin (25ng/ml) on total protein degradation induced by PIF (4.2nM) over a 24h period. (B) Timecourse for the effect of rapamycin on proteasome 'chymotrypsin-like enzyme' activity in the presence of PIF (4.2nM) added at time zero, and measured after a further 24h period. The values for PIF alone are shown ( ) while the values in the presence of PIF together with rapamycin are shown as ( ). Differences from control are indicated as a, p<0.05, b, p<0.01 and c, p<0.001, while differences from PIF alone are shown as f, p<0.001. (C) Western blot showing the timecourse for phosphorylation of mTOR by PIF. (D) Western blot

Figure 3 .

 3 Figure 3. (A) Western blot of immunoprecipitated HA-tagged Akt in myotubes transfected with empty pcDNA plasmid (lane 1), MyrAkt (lane 2) and DNAkt (lane 3) using rabbit polyclonal antisera to Akt. The lower band is the Ig heavy chain. The myoblasts had undergone three passages in culture after transfection before being differentiated into myotubes. (B) Level of expression of transfected HA-Akt relative to endogenous protein in myotubes transfected with pcDNA, MyrAkt and DNAkt, using rabbit polyclonal antisera to Akt. Each lane represents protein from a separate cell culture. (C) Western blot for the effect of IGF-I (13.2nM) on phosphorylation of p70 S6k and on GSK-3 (D) in myotubes transfected with pcDNA3(-), Myr Akt and DNAkt after 4h treatment. An actin loading control is shown underneath. The experiment was repeated three times and the densitometric analysis is the average of the three blots. Differences from control are shown as a, p<0.05, b, p<0.01 and c, p<0.001, while differences from pcDNA3(-) are shown as d, p<0.05, e, p<0.01 or f, p<0.001.

Figure 4 .

 4 Figure 4. (A) Effect of various concentrations of PIF on total protein degradation and (B) on the 20S proteasome chymotrypsin-like enzyme activity in murine myotubes containing pcDNA3(-) ( ). Myr Akt ( ) or DNAkt ( ). Differences from control are shown as a, p<0.05, b, p<0.01 or c, p<0.001, while differences from wild-type are shown as d, p<0.05, e, p<0.01 or f, p<0.001. All experiments were repeated at least 3-times. (C) Expression of 20S proteasome -subunits, (D) 5-subunits (E) p42, (F) myosin heavy chain and (G) p70 S6k in myotubes containing pcDNA3(-) ( ), MyrAkt ( ) and DNAkt ( ) in response to PIF (4.2nM) after 4h (p70 S6k ) or 24h incubation. An actin loading control for (C), (D) and (E) is shown in (F). A densitometric analysis representing the

Figure 5 .

 5 Figure 5. Effect of PIF on protein synthesis after 4h incubation in myotubes containing pcDNA3(-) ( ), Myr Akt ( ) and DNAkt ( ). Differences from controls are indicated as a, p<0.05, or c, p<0.001, while differences from pcDNA3(-) are shown as d, p<0.05 or e, p<0.01.

Figure 6 .

 6 Figure 6. Effect of PIF on protein degradation (A) and chymotrypsin-like enzyme activity (B) in myotubes containing pcDNA3(-) ( ) and Myr Akt ( ) in the absence (closed symbols) or presence (open symbols , ) of LY294002 (25 M). Myotubes were pre-incubated with LY294002 2h prior to the addition of PIF. Protein degradation and chymotrypsin-like enzyme activity were determined 24h after addition of PIF. (C) Western blots for the effect of PIF on phospho I-B and (D), I-B and total cellular actin (E) in myotubes determined 30min after addition of PIF in the absence or presence of 25 M LY294002. The blots shown are representative of the three separate experiments. The densitometric analysis is shown below each blot for myotubes in the absence ( ) or presence ( ) of LY294002. Differences from control are shown as a, p<0.05, b, p<0.01 or c, p<0.001, while differences in the presence of LY294002 are shown as d, p<0.05, e, p<0.01 or f, p<0.001.

Figure 7 .

 7 Figure 7. Effect of PIF on phospho I-B and I-B (A), determined by Western blotting, and nuclear translocation of NF B (B), determined by EMSA, in murine myotubes containing empty pcDNA3 plasmid (wildtype). MyrAkt and DNAkt. Measurements were made 30min after treatment with PIF (4.2nM) in the absence or presence of 25 M LY294002, added 2h prior to PIF. The blots shown are representative of three separate experiments and the densitometric analysis is an average of the three blots. In (A) the densitometric analysis for wild-
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