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Transgenic expression of the 7 integrin can ameliorate muscle pathology in a mouse model of Duchenne muscular dystrophy (mdx/utr -/-) and thus can compensate for the loss of dystrophin in diseased mice. In spite of the beneficial effects of the 7 integrin in protecting mice from dystrophy, identification of molecular signaling events responsible for these changes remain to be established. The purpose of this study was to determine a role for signaling in the amelioration of muscular dystrophy by 7 integrin. Activation of PI3K, ILK, AKT, mTOR, p70S6K, BAD, ERK, and p38 was measured in the muscle from wild type (WT), mdx/utr -/-and 7BX2-mdx/utr -/-mice using in vitro activity assays or phosphospecific antibodies and western blotting. Significant increases in PI3K activity (47%), ILK activity (2.0-fold), mTOR (Ser2448) (57%), p70S6K (Thr389) (11.7-fold), and ERK (Thr202/Tyr204) (66%) were demonstrated in dystrophic mdx/utr -/-muscle compared to WT. A significant decrease in p38 phosphorylation (2.9-fold) was also observed. Although most of these signaling events were similar in dystrophic mdx/utr -/-mice overexpressing the 7 integrin, the AKT (Ser473):AKT ratio (2-fold vs. WT) and p70S6K phosphorylation (18-fold vs. WT) were higher in 7BX2-mdx/utr -/-compared to mdx/utr -/-mice. In addition, increased phosphorylation of BAD Serine 112 may contribute to the significant reduction in TUNEL + cells observed in 7BX2-mdx/utr -/-mice. We conclude that the 71 integrin confers a protective effect in dystrophic muscle through the activation of the ILK, AKT, p70S6K and BAD signaling to promote muscle cell survival.
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Introduction

Duchenne muscular dystrophy (DMD) is caused by mutations in the dystrophin gene resulting in the absence of the dystrophin protein [START_REF] Monaco | Isolation of candidate cDNAs for portions of the Duchenne muscular dystrophy gene[END_REF][START_REF] Sicinski | The molecular basis of muscular dystrophy in the mdx mouse: a point mutation[END_REF]. Dystrophin is a key component of a macromolecular complex that links the cell cytoskeleton to laminin in the extracellular matrix [START_REF] Matsumura | Dystrophin-glycoprotein complex: its role in the molecular pathogenesis of muscular dystrophies[END_REF][START_REF] Campbell | Three muscular dystrophies: loss of cytoskeleton-extracellular matrix linkage[END_REF][START_REF] In Rybakova | A new model for the interaction of dystorphin with Factin[END_REF]. The lack of dystrophin in DMD patients results in severe progressive muscle wasting.

Patients are usually confined to a wheelchair in their early teens and death from cardiopulmonary failure often occurs in their early twenties. In contrast, mdx mice, a mouse model for DMD, show mild muscle pathology and live a normal life span [START_REF] Sicinski | The molecular basis of muscular dystrophy in the mdx mouse: a point mutation[END_REF][START_REF] Bulfield | X chromosome-linked muscular dystrophy (mdx) in the mouse[END_REF]. The muscles of mdx mice show increased expression of utrophin, a homologue of dystrophin normally found at neuromuscular and myotendinous junctions in the adult. In mdx mice, utrophin is localized around the sarcolemma suggesting that it may partially compensate for the absence of dystrophin [START_REF] Matsumura | Association of dystrophin-related protein with dystrophin-associated proteins in mdx mouse muscle[END_REF].

Mdx/utr -/-mice, which lack both dystrophin and utrophin, develop severe pathology that closely resembles that seen in DMD and die at 4-20 weeks of age [START_REF] Ae Deconinck | Utrophin-dystrophin deficient mice as a model for Duchenne muscular dystrophy[END_REF][START_REF] Grady | Skeletal and cardiac myopathies in mice lacking utrophin and dystrophin: a model for Duchenne muscular dystrophy[END_REF].

Both mdx mice and DMD patients have elevated levels of 71 integrin, a heterodimeric transmembrane receptor found in skeletal and cardiac muscle that also links laminin in the extracellular matrix to the cell cytoskeleton [START_REF] Hodges | Altered expression of the 71 integrin in human and murine muscular dystrophies[END_REF]. This led us to hypothesize that the dystrophin and integrin linkage systems may be complementary, such that in the absence of dystrophin, the level of 71 integrin is increased. The results led us to question whether further increasing integrin levels in the absence of the dystrophin linkage system could prevent the development of muscle disease. This hypothesis was confirmed in transgenic mdx/utr -/-mice in which expression of the 7BX2 integrin chain was further increased in skeletal muscle. An additional two-fold increase in 71 integrin protein reduced the development of muscular dystrophy and increased longevity of the 7BX2-mdx/utr -/-transgenic mice three-fold [START_REF] Dj Burkin | Enhanced expression of the 71 integrin reduces muscular dystrophy and restores viability in dystrophic mice[END_REF].
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The mechanism by which the mdx/utr -/-mice were rescued by increased 71 integrin is unclear. Additional integrin may provide increased mechanical stability to muscle fibers by means of attachment to the basal lamina. This could be accomplished by increased integrinmediated adhesion and/or stabilization of components of the dystrophin complex that are expressed but markedly reduced in the plasma membrane in the absence of dystrophin. The preservation of membrane structure and reduction in inflammation observed in 7BX2-mdx/utr -/- mice [START_REF] Dj Burkin | Enhanced expression of the 71 integrin reduces muscular dystrophy and restores viability in dystrophic mice[END_REF]) may slow the rapid onset of degeneration-regeneration cycles observed during the first few weeks of development, allowing differentiation and growth of fibers to dominate.

Alternatively, the 71 integrin may initiate an orchestrated series of signaling events inside the fiber that prevent apoptosis [START_REF] Liu | Increasing 71-integrin promotes muscle cell proliferation, adhesion, and resistance to apoptosis without changing gene expression[END_REF][START_REF] Gurpur | Valproic acid activates the PI3K/Akt/mTOR pathway in muscle and ameliorates pathology in a mouse model of Duchenne muscular dystrophy[END_REF], a more controlled method for reducing fiber number which has been demonstrated in mdx mice [START_REF] Tidball | Apoptosis precedes necrosis of dystrophin-deficient mice[END_REF]. ILK, the integrin-associated kinase, and its downstream substrate, the anti-apoptotic protein kinase B (PKB/AKT) appear to be important for the preservation of the myotendinous junction, such that the absence of ILK decreases AKT phosphorylation and leads to a milder form of muscular dystrophy in mice [START_REF] Wang | Integrin-linked kinase stabilizes myotendinous junctions and protects muscle from stress-induced damage[END_REF] and decreased cardiomyocyte defects in mice and zebrafish [START_REF] Bendig | Integrin-linked kinase, a novel component of the cardiac mechanical stretch sensor, controls contractility in the zebrafish heart[END_REF][START_REF] De White | Targeted ablation of ILK from the murine heart results in dilated cardiomyopathy and spontaneous heart failure[END_REF]. A comparative evaluation of the signaling events taking place in 7BX2-mdx/utr -/-versus mdx/utr -/-skeletal muscle provides an important step in understanding the underlying mechanism of 7 integrin-driven protection during dystrophy.

The purpose of this study was to evaluate the activation and expression of integrinassociated proteins that mediate cell signaling in mdx, mdx/utr -/-, and 7BX2-mdx/utr -/-mouse skeletal muscle. Elevations in ILK activity, ILK protein, and the AKT phosphorylation:AKT ratio were observed in7BX2-mdx/utr -/-mice compared to mdx and mdx/utr -/-mice. The activation of this signaling pathway was confirmed through the parallel enhancement of p70S6K
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phosphorylation in7BX2-mdx/utr -/-mice. p70S6K phosphorylation is associated with increased initiation of protein translation necessary for increased muscle growth. Bcl-2/Bcl-X Lassociated death promoter (BAD) phosphorylation and a concommitant decrease in apoptosis was also observed in dystrophic mice expressing higher levels of the 7 integrin. In addition, specific association of ILK with a critical tyrosine residue on the 7 integrin subunit is demonstrated. These results reveal that increasing the amount of 71 integrin results in the activation of the ILK-AKT signaling pathway which promotes cell survival and hypertrophy and plays an important role in the integrin-mediated rescue of 7BX2-mdx/utr -/-transgenic mice.
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Materials and Methods

Transgenic Mice.

The generation of transgenic mouse lines expressing the rat 7BX2 protein has been previously described [START_REF] Dj Burkin | Enhanced expression of the 71 integrin reduces muscular dystrophy and restores viability in dystrophic mice[END_REF]. Transgenic mdx/utr +/-male mice were bred with mdx/utr +/-females to produce transgenic 7BX2-mdx/utr glutamine, 100 units/mL penicillin, 100 ug/mL streptomycin and 10 ug/mL kanamycin [START_REF] Dj Burkin | A functional role for specific spliced variants of the alpha7 beta1 integrin in acetylcholine receptor clustering[END_REF].

G418 was added to ensure selection of stably transfected cells. At 80% confluence, Dulbecco's medium containing 2% horse serum (no embryo extract) was added to induce differentiation.
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Association of ILK with the 7BX2 integrin was induced by engaging the integrin with with 15 g/mL of purified anti-7 (O26) antibody [START_REF] Song | H36-7 is a novel integrin alpha chain that is developmentally regulated during skeletal myogenesis[END_REF], a concentration that also induces acetylcholine receptor clustering [START_REF] Dj Burkin | A functional role for specific spliced variants of the alpha7 beta1 integrin in acetylcholine receptor clustering[END_REF]. Following antibody stimulation, cells were washed once in ice-cold phosphate buffered saline containing 2 mM PMSF, collected and extracted in ice-cold lysis buffer as described above for the ILK activity assay, except that 2% NP-40 was used in place of and TUNEL staining between groups was perfomed by one-way ANOVA, followed by Tukey's post hoc analysis (SigmaStat). Differences were considered significant at P < 0.05.
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Results

Integrin linked kinase (ILK) associates with the 7 integrin and is increased in the skeletal

muscle of mice with elevated 7 integrin. Integrins have a dual functional capacity in cell adhesion and cell signaling [START_REF] Hynes | Integrins: versatility, modulation, and signaling in cell adhesion[END_REF]. Therefore, increasing 71 integrin in skeletal muscle may result in changes in cell signaling that could ameliorate the development of dystrophic muscle.

To investigate if altered cell signaling played a role in the rescue of mdx/utr -/-mice we examined the expression and activity of candidate downstream integrin signaling proteins in 7BX2mdx/utr -/-mice.

Integrin linked kinase (ILK) is a serine/threonine protein kinase that interacts with 1 integrin cytoplasmic domains and mediates protein-protein interactions, cell signaling, and adhesion [START_REF] Dedhar | Cell-substrate interactions and signaling through ILK[END_REF][START_REF] Wu | Integrin-linked kinase (ILK) and its interactors: a new paradigm for the coupling of extracellular matrix to actin cytoskeleton ad signaling complexes[END_REF]. ILK protein and activity were analyzed in 5 wk-old mice with enhanced levels of the 71 integrin. ILK activity was measured by in vitro assay using MBP as a substrate.

Western blot analysis revealed significant increases in ILK protein in hindlimb of mdx (2-fold), mdx/utr -/-(2.5-fold) and 7BX2-mdx/utr -/-(2.9-fold) mice compared to wild type animals (Fig. 1A). ILK activity was increased in mdx/utr -/-(2.0-fold) and 7BX2-mdx/utr -/-(2.5-fold) mice compared to wild type animals (Fig. 1A). ILK activity and expression were elevated but not statistically higher in 7BX2-mdx/utr -/-compared to mdx-utr -/-mice. Interestingly, the amount of ILK protein was increased 2.0-fold in mdx mice yet ILK activity remained unchanged. The coincident elevations in ILK and ILK activity in mice overexpressing the 7 integrin prompted us to examine whether ILK specifically associates with the 7BX2 isoform. We evaluated this interaction using C2C12 myoblasts stably transfected with 7BX2 or a mutant form of 7BX2

(tyrosine to phenylalanine mutation). In the absence of activation of the integrin with anti-7
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antibody (O26), ILK did not associate with the integrin. However, stimulation with anti- antibody resulted in the rapid (5 sec) phosphorylation of the 7BX2 integrin chain (data not shown) and its association with ILK, an interaction that remained stable for at least 1 min (Fig. 1B). Interestingly, both phosphorylation and the association with ILK was suppressed in the absence of this critical tyrosine residue.

Phosphoinositide-3-OH kinase (PI3K) appears to be important for activation of downstream signaling by ILK [START_REF] Delcommenne | Phosphoinositide-3-OH kinase-dependent regulation of glycogen synthase kinase 3 and protein kinase B-AKT by the integrin-linked kinase[END_REF]. PI3K was not activated in mdx, yet increased in both mdx/utr -/-(47%) and 7BX2-mdx/utr -/-(24%) compared to wild type, consistent with our results

for ILK activity in these mice (Figs. 1C and1D).

3.2

The AKT signaling pathway is enhanced by increased 71 integrin. The active form of AKT is phosphorylated and acts downstream from ILK in a pathway that inhibits apoptosis and promotes cell survival [START_REF] Delcommenne | Phosphoinositide-3-OH kinase-dependent regulation of glycogen synthase kinase 3 and protein kinase B-AKT by the integrin-linked kinase[END_REF][START_REF] Kj Langenbach | Inhibition of dystroglycan binding to laminin disrupts the PI3K/AKT pathway and survival signaling in muscle cells[END_REF] via the anti-apoptotic protein BAD [START_REF] Chiang | Protein phosphatase 2A dephosphorylation of phosphoserine 112 plays the gatekeeper role for BADmediated apoptosis[END_REF] . We have previously reported resistance to apoptosis in C2C12 mouse myoblasts overexpressing the 7 integrin [START_REF] Liu | Increasing 71-integrin promotes muscle cell proliferation, adhesion, and resistance to apoptosis without changing gene expression[END_REF].

To further determine if integrin-mediated anti-apoptotic signaling is enhanced in the transgenic animals, the amount of phosphorylated and total AKT levels were measured in extracts of hindlimb muscle from wild type, mdx, mdx/utr -/-and 7BX2-mdx/utr-/mice. Total AKT increased 2.4-fold, 3.9-fold, and 3.4-fold in mdx, mdx/utr -/-, and 7BX2-mdx/utr -/-mice, respectively, compared to wild type animals (Fig. 2A). A 6.3-fold increase in phospho-AKT (Ser 473) was detected in mdx/utr -/-mice compared to wild type animals and a 10-fold increase in phospho-AKT (Ser 473) was found in 7BX2-mdx/utr -/-mice (Fig. 2A). No differences were observed in the proportions of AKT that were active in wild type, mdx, or mdx/utr -/-mice. In
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contrast, 7BX2-mdx/utr -/-mice have a significant increase in the proportion of active AKT compared to all the groups (Fig. 2B).

Increased 71 integrin results in reduced apoptosis in 7BX2-mdx/utr -/-mice. Active AKT is pivotal in regulating proteins involved in cell survival, growth, and muscle integrity, including the Bcl-2/Bcl-X L -associated death promoter (BAD). Phosphorylation of pro-apoptotic BAD on Ser136 or 112 results in loss of the ability of BAD to heterodimerize with the survival proteins Bcl-X L or Bcl-2. Phosphorylated BAD then associates with the eukaryotic regulatory binding protein 14-3-3 and remains sequestered in the cytoplasm. This results in the loss of ability of BAD to initiate apoptosis and thereby promotes cell survival. Phosphorylation of BAD on Ser136, a preferred substrate for AKT, was not detected in our samples using the methods described (data not shown), despite confirmation of BAD expression which was unaltered. On the other hand, phosporylation of BAD on Ser112 was increased 2.8-fold, 3.0-fold, and 5-fold in mdx, mdx/utr -/-, and 7BX2-mdx/utr -/-mice, respectively, compared to wild type animals (Fig. 3A). Similar to results for ILK activity and expression, BAD Ser112 phosphorylation was elevated but not significantly higher in 7BX2-mdx/utr -/-compared to mdx/utr -/-mice. ERK is an upstream regulator of BAD phosphorylation on Ser112. Phosphorylation of ERK was elevated in all dystrophic mice and correlated with levels of BAD Ser112 phosphorylation (Fig. 3B). No changes in ERK protein were observed between groups.

The increase in BAD phosphorylation prompted us to examine apoptosis in these mice.

The number of TUNEL + apoptotic nuclei was not increased in mdx mice but was markedly increased in mdx/utr -/-mice compared to wild type mice (Fig. 3C). Although still elevated compared to wild type, the number of TUNEL + nuclei was attenuated in 7BX2-mdx/utr -/-mice
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compared to mdx/utr -/-. Thus, the increased amount of 71 integrin may maintain muscle integrity in 7BX2-mdx/utr -/-mice in part by preventing apoptosis.

3.3 p70S6K is enhanced by increased 71 integrin. The serine kinase activity of AKT also promotes fiber growth by activation of mTOR and p70S6K [START_REF] Sc Bodine | Akt/mTOR pathway is a crucial regulator of skeletal muscle hypertrophy and can prevent muscle atrophy in vivo[END_REF]. We previously reported a 4fold increase in hypertrophic fibers in 7BX2-mdx/utr -/-compared to mdx/utr -/-mice in both soleus and the tibialis anterior muscles [START_REF] Dj Burkin | Transgenic expression of 71 inegrin maintains muscle integrity, increases regenerative capacity, promotes hypertrophy, and reduces cardiomyopathy in dystrophic mice[END_REF]. While total expression of mTOR and p70S6K were not altered in any group, mTOR phosphorylation was increased (57%) in mdx/utr -/-mice compared to wild type (Fig. 4A). mTOR phosphorylation was not altered in 7BX2-mdx/utr -/- mice compared to any other group. Strikingly, p70S6K phosphorylation was increased 6.7-fold, 11.7-fold, and 18-fold in mdx, mdx/utr -/-, and 7BX2-mdx/utr -/-mice, respectively, compared to wild type animals. p70S6K phosphorylation was significantly higher in 7BX-mdx/utr -/- compared to mdx/utr -/-mice (Fig. 4B). Together, these data suggest that the AKT pathway is enhanced in severely dystrophic mdx/utr -/-mice and that it is further activated by increased integrin in 7BX2-mdx/utr -/-mice. This likely contributes to the formation of hypertrophic fibers previously observed in these animals.

Dystrophy decreases phosphorylation of p38.

Reductions in p38 phosphorylation have been reported in diaphragm muscle of mdx mice [START_REF] Lang | Altered activity of signaling pathways in diaphragm and tibialis anterior muscle of dystrophic mice[END_REF]. In this study, p38 levels were not altered (data not shown), but p38 phosphorylation was significantly decreased in hindlimb muscle to the same extent in all dystrophic mice examined (Fig. 5). The significance of p38 suppression in the dystrophic mice is not clear, but the level of 7 integrin in muscle does not seem to influence p38 activity.
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Discussion

Duchenne muscular dystrophy (DMD) is an X-linked human disease affecting 1/3,500 newborn boys. Mutations in the dystrophin gene result in a lack of the dystrophin protein in both patients and mdx mice. The loss of dystrophin leads to a breakdown of a transmembrane system linking laminin in the extracellular matrix to the actin cytoskeleton resulting in muscle disease.

Attempts to treat muscular dystrophy have involved both direct gene replacement and gene repair [START_REF] Incitti | Exon skipping and Duchenne muscular dystrophy therapy: selection of the most active U1 snRNA antisense able to induce dystrophin exon 51 skipping[END_REF][START_REF] Bm Koppanati | Improvement of the mdx mouse dystrophic phenotype by systemic in utero AAV8 delivery of a minidystrophin gene[END_REF][START_REF] Odom | Preclinical studies for gene therapy of Duchenne muscular dystrophy[END_REF]. Recently, several additional approaches have emerged based on the study of proteins with complementary functions to the dystrophin glycoprotein complex [START_REF] Dj Burkin | Enhanced expression of the 71 integrin reduces muscular dystrophy and restores viability in dystrophic mice[END_REF][START_REF] Odom | Microutrophin delivery through rAAV6 increases lifespan and improves muscle function in dystrophic dystrohin/utrophin deficient mice[END_REF]. The 71 integrin is a laminin receptor on the surface of muscle cells that interacts with the actin cytoskeleton and has complementary functions to the dystrophin glycoprotein complex.

Enhanced expression of the 71 integrin in mice lacking dystrophin and utrophin results in a three-fold increase in life span and partial rescue of muscle pathology in mice that would normally develop severe muscle disease and die [START_REF] Dj Burkin | Enhanced expression of the 71 integrin reduces muscular dystrophy and restores viability in dystrophic mice[END_REF]. The mechanisms by which enhanced levels of the 71 integrin rescued these mice are unclear and have been the focus of this investigation.

The 7 integrin and ILK are localized to similar structures in muscle, including costameres and myotendinous junctions [START_REF] Wang | Integrin-linked kinase stabilizes myotendinous junctions and protects muscle from stress-induced damage[END_REF][START_REF] Paul | Localization of alpha 7 integrins and dystrophin suggest potential for both lateral and longitudinal transmission of tension in large mammalian muscles[END_REF]. Previous groups reported binding of ILK with the 1 integrin subunit and this association results in the activation of AKT in vitro [START_REF] Delcommenne | Phosphoinositide-3-OH kinase-dependent regulation of glycogen synthase kinase 3 and protein kinase B-AKT by the integrin-linked kinase[END_REF][START_REF] Persad | Regulation of protein kinase B/Akt-Serine 473 phosphorylation by integrin-linked kinase[END_REF][START_REF] Aa Troussard | Conditional knock-out of integrin-linked kinase (ILK) demonstrates an essential role in PKB/Akt activation[END_REF].

Loss of either the 7 integrin or ILK independently results in mild muscular dystrophies characterized by progressive loss of integrity at myotendinous and neuromuscular junctions that worsens with age or mechanical stress [START_REF] Wang | Integrin-linked kinase stabilizes myotendinous junctions and protects muscle from stress-induced damage[END_REF][START_REF] Mayer | Absence of integrin alpha 7 causes a novel form of muscular dystrophy[END_REF]. In this paper, we show that the amount of ILK protein and activity are increased in both mdx/utr -/-and 7BX2-mdx/utr -/-compared to wild type
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and mdx mice. Although ILK activity is not significantly higher in 7BX2-mdx/utr -/-compared to mdx/utr -/-, an elevation in activation is observed. Interestingly, association of ILK with the 7BX2 integrin subunit upon stimulation with an anti-7 integrin antibody was observed in vitro. Thus, engagement of the 7 integrin in vivo may facilitate ILK binding and allow ILK to stably interact with proteins at focal adhesions within the sarcolemma. Although we did not evaluate binding between 7 and ILK in vivo, it is tempting to speculate that fibrosis associated with dystrophy prevents the 7 integrin-laminin interaction necessary for 7 integrin activation, ILK binding to the 7 integrin, and concomitant initiation of anti-apoptotic and regenerative signaling. We have previously demonstrated the ability of the 7 integrin transgene to decrease inflammation and improve the microenvironment in 7BX2-mdx/utr -/-mice [START_REF] Dj Burkin | Enhanced expression of the 71 integrin reduces muscular dystrophy and restores viability in dystrophic mice[END_REF][START_REF] Dj Burkin | Transgenic expression of 71 inegrin maintains muscle integrity, increases regenerative capacity, promotes hypertrophy, and reduces cardiomyopathy in dystrophic mice[END_REF]. These beneficial changes may facilitate greater adhesion of the 7 integrin with the laminin matrix and subsequently activate the ILK survival pathway (Fig. 6). In addition, elimination of 7 integrin in mdx mice (7/mdx -/-) results in severe muscle disease that may in part result from loss of integrin-mediated ILK activation [START_REF] Rooney | Severe muscular dystrophy in mice that lack dystrophin and alpha7 integrin[END_REF] An increase in the level of apoptosis has been reported in mdx mice, suggesting programmed cell death plays a role in the pathology underlying muscular dystrophy [START_REF] Tidball | Apoptosis precedes necrosis of dystrophin-deficient mice[END_REF]. Since the 71 integrin has been implicated in muscle cell survival [START_REF] Hodges | Altered expression of the 71 integrin in human and murine muscular dystrophies[END_REF][START_REF] Dj Burkin | Enhanced expression of the 71 integrin reduces muscular dystrophy and restores viability in dystrophic mice[END_REF][START_REF] Liu | Increasing 71-integrin promotes muscle cell proliferation, adhesion, and resistance to apoptosis without changing gene expression[END_REF][START_REF] Gurpur | Valproic acid activates the PI3K/Akt/mTOR pathway in muscle and ameliorates pathology in a mouse model of Duchenne muscular dystrophy[END_REF][START_REF] Vachon | Integrins (alpha7beta1) in muscle function and survival. Disrupted expression in merosin-deficient congenital muscular dystrophy[END_REF], increased transgenic expression of 71 integrin may inhibit apoptosis in mice that would normally develop severe muscular dystrophy. We have previously reported that overexpression of the 7 integrin transgene can prevent staurosporine-induced apoptosis in C2C12 myoblasts in culture [START_REF] Liu | Increasing 71-integrin promotes muscle cell proliferation, adhesion, and resistance to apoptosis without changing gene expression[END_REF]. In this study, expression of the 7 integrin transgene did suppress apoptosis in 7BX2mdx/utr -/-mice compared to mdx/utr -/-mice. Inhibition of the pro-apoptotic BAD by AKT-
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mediated phosphorylation on Ser136 is important for limiting cell death, presumably by allowing association of BAD with 14-3-3 which sequesters it in the cytoplasm. We did not detect BAD phosphorylation at Ser136, but phosphorylation at Ser112 was enhanced in 7BX2-mdx/utr -/- mice, perhaps due to ERK which strongly influences phosphorylation at this site [START_REF] Eu Alejandro | Inhibitin of Raf-1 alters multiple downstream pathways to induce pancreatic beta-cell apoptosis[END_REF][START_REF] Mabuchi | Inhibition of phosphorylation of BAD and Raf-1 by Akt sensitizes human ovarian cancer cells to paclitaxel[END_REF]). Since Ser112 phosphorylation is also important for inhibiting the pro-apoptotic function of BAD [START_REF] Chiang | Protein phosphatase 2A dephosphorylation of phosphoserine 112 plays the gatekeeper role for BADmediated apoptosis[END_REF],

it is likely this signaling event played a significant role in the suppression of apoptosis and protection from developing pathology in mice overexpressing the 7 integrin transgene. Further studies of 7 integrin-mediated regulation of the apoptotic signaling pathway in muscle are warranted.

In addition to promoting cell survival, AKT is a key regulator of the compensatory hypertrophy that is a hallmark of muscular dystrophy. AKT phosphorylation and expression are consistently activated in both diaphragm [START_REF] Dogra | Regulation of phosphatidylinositol 3kinase (PI3K)/Akt and nuclear factor-kappa B signaling pathways in dystrophin-deficient skeletal muscle in response to mechanical stretch[END_REF] and skeletal muscle [START_REF] Peter | Hypertrophic response of Duchenne and limb-girdle muscular dystrophies is associated with activation of Akt pathway[END_REF][START_REF] Xiong | Dystrophin glycoprotein complex-associated Gbetagamma subunits activate phosphatidylinositol-3-kinase/Akt signaling in skeletal muscle in a laminindependent manner[END_REF] in mouse models of disease and in patients with muscular dystrophy. Moreover, conditional overexpression of muscle-specific AKT can enhance muscle mass and fiber cross-sectional area in mdx mice [START_REF] Peter | Myogenic Akt signaling upregulates the utrophin-glycoprotein complex and promotes sarcolemma stability in muscular dystrophy[END_REF].

p70S6K, an initiator of protein translation, lies downstream within the AKT signaling pathway and is upregulated in mdx hindlimb [START_REF] Peter | Hypertrophic response of Duchenne and limb-girdle muscular dystrophies is associated with activation of Akt pathway[END_REF] and diaphragm muscles [START_REF] Lang | Altered activity of signaling pathways in diaphragm and tibialis anterior muscle of dystrophic mice[END_REF]. Consistent with these findings, hypertrophy is increased in hindlimbs of 7BX2-mdx/utr -/-mice compared to both wild type and mdx/utr -/-mice [START_REF] Dj Burkin | Transgenic expression of 71 inegrin maintains muscle integrity, increases regenerative capacity, promotes hypertrophy, and reduces cardiomyopathy in dystrophic mice[END_REF]. In this study, we report a marked increase in p70S6K phosphorylation in severely dystrophic 7BX2-mdx/utr -/-mice that overexpress the 7 integin transgene compared to mice that do not. Although mTOR phosphorylation was not elevated to the same extent in these mice, it is possible that AKT activates p70S6K independently of mTOR or perhaps p70S6K is directly activated by the integrin via a mechanoregulatory mechanism as a result of enhanced adhesion to the surrounding basal lamina. Amino acid uptake and protein
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synthesis can occur in cultured myotubes in the complete absence of systemic factors as a result of stretch, yet the mechanism responsible for this hypertrophic effect is still not known [START_REF] Vandenburgh | In vitro model for stretch-induced hypertrophy of skeletal muscle[END_REF]. Our data suggest that p70S6K may be activated as a result of increased 7 integrin and this event contributes to hypertrophic responses necessary to combat loss of myofibrillar proteins and disease progression.

p38 is a member of the mitogen-activated protein kinase family that is ubiquitously expressed in a variety of tissues and activated by stressors, such as proinflammatory cytokines, osmotic shock, shear stress, and stretch [START_REF] Raingeaud | Proinflammatory cytokines and environmental stress cause p38 mitogen-activated protein kinase activation by dual phophorylation on tyrosine and threonine[END_REF][START_REF] Md Boppart | Static stretch increases c-Jun NH 2 -terminal kinase activity and p38 phosphorylation in rat skeletal muscle[END_REF]. Although the precise role of p38 in skeletal muscle is not clear, p38 has been suggested to positively influence myogenic cell differentiation [START_REF] Md Boppart | Static stretch increases c-Jun NH 2 -terminal kinase activity and p38 phosphorylation in rat skeletal muscle[END_REF] and mitochondrial biosynthesis [START_REF] Zetser | p38 mitogen-activated protein kinase pathway promotes skeletal muscle differentiation. Participation of the Mef2c transcription factor[END_REF][START_REF] Akimoto | Exercise stimulates Pgc-1alpha transcription in skeletal muscle through activation of the p38 MAPK pathway[END_REF], and it plays a protective role against apoptosis [START_REF] Ar Pogozelski | p38gamma mitogen-activated protein kinase in as key regulator in skeletal muscle metabolic adaptation in mice[END_REF] and Foxo3a-induced muscle atrophy [START_REF] Kim | Opposing roles of c-Jun NH2-terminal kinase and p38 mitogen-activated protein kinase in the cellular response to ionizing radiation in human cervical cancer cells[END_REF]. In this study, we observe a consistent decline in p38 phosphorylation in all models of muscular dystrophy, including mice overexpressing the 7 integrin. These results are similar to several studies that report significant decreases in p38 phosphorylation in dystrophic diaphragm and hindlimb muscle [START_REF] Lang | Altered activity of signaling pathways in diaphragm and tibialis anterior muscle of dystrophic mice[END_REF][START_REF] Clavel | Regulation of the intracellular localization of Foxo3a by stress-activated protein kinase signaling pathways in skeletal muscle cells[END_REF][START_REF] Hnia | Modulation of p38 mitogen-activated protein kinase cascade and metalloproteinase activity in diaphragm muscle in response to free radical scavenger administration in dystrophin-deficient mdx mice[END_REF]. We were surprised that increasing the amount of 7 integrin did not restore p38 phosphorylation levels given our previous data showed elevated activation of p38 3 hr following exercise in mice overexpressing the 7 integrin in wild type mice [START_REF] Feron | PTEN contributes to profound PI3K/Akt Signaling pathway deregulation in dystrophin-deficient dog muscle[END_REF].

This study reveals for the first time that the 71 integrin plays an important role in modulating the activation of several signaling molecules important for promoting muscle cell survival and hypertrophy in mice with severe muscular dystrophy. Elevated expression and activation of the 71 integrin or molecules in its pathway may provide novel avenues for treatment of neuromuscular diseases. phosphorylation was significantly increased in all groups compared to wild type muscle, and was higher in 7BX2-mdx/utr -/-mice compared to mdx/utr -/-mice that did not express the transgene. * = vs. wild type, # = vs. mdx, and ^ = vs. mdx/utr -/-(P < 0.05).
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Fig. 5. p38 phosphorylation is reduced in dystrophic mice and increasing 7 integrin did not restore activation. p38 phosphorylation was measured in muscle from 5 wk-old wild type, mdx, mdx/utr -/-, and 7BX2-mdx/utr -/-mice (n = 4-6). p38 phosphorylation was decreased to the same extent in all mice evaluated. * = vs. wild type (P < 0.05). 
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  -/-animals. Transgenic mice used in this study were 5 wk of age and have an approximately 4-fold increase in 7BX2 protein in their hindlimb muscle compared to non-transgenic wild type mice and a 2-fold increase over that detected in mdx/utr -/-mice[START_REF] Dj Burkin | Enhanced expression of the 71 integrin reduces muscular dystrophy and restores viability in dystrophic mice[END_REF]. Procedures for animal use and care were approved by the Institutional Animal Care and Use Committee (IACUC) at the University of Illinois at Urbana-
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 Integrin linked kinase (ILK) associates with 7B integrin at a critical tyrosine residue in