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Abstract

:

Muscular dystrophies (MDs) are inheritable diseases caused by mutations in specific genes encoding muscle proteins and characterized by progressive muscle wasting and weakness. MDs are classified into nine main categories, encompassing approximately 30 different diseases. Duchenne muscular dystrophy and Becker muscular dystrophy (DMD and BMD) are the most commonly diagnosed neuromuscular disorders, affecting respectively ~1/3500 and 3–6/100,000 male infants worldwide. DMD is characterized by absence of dystrophin function due to complete loss of expression or to the presence of a non-functional dystrophin protein in muscle tissue, while a semi-functional dystrophin isoform is typically present in BMD. Lack of dystrophin function in MDs induces myofiber damage, causing persistent cycles of degeneration/regeneration, exhaustion of regenerative potential and fibrosis, and resulting in muscle degeneration. Cancer cachexia is a multifactorial syndrome characterized by severe body weight loss and muscle degenerative atrophy. Up to 80% of cancer patients show cachexia, and the syndrome has been estimated to cause ~2 million of deaths per year. This cancer-related muscle wasting is mediated by pro-inflammatory cytokines and tumor-released mediators able to activate specific catabolic pathways in muscle tissue. MDs and cancer-associated cachexia (CAC) share some peculiar features, including systemic and muscle-specific inflammation, alteration of myogenic potential, ultrastructural abnormalities, and dysfunction of the dystrophin glycoprotein complex (DCG). This review focuses on the pathophysiological comparison between these two chronic muscle degenerative conditions and discusses the most relevant and promising therapeutic strategies considered so far.
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1. Introduction


Muscular dystrophies (MDs) and cancer-associated cachexia (CAC) are debilitating degenerative conditions causing loss of both muscle mass and function [1]. The most common muscular dystrophies, Duchenne muscular dystrophy (DMD) and the Becker muscular dystrophy (BMD), are caused by mutations in the DMD gene encoding the 427 kD structural protein called dystrophin [2]. Globally, DMD and BMD affect respectively ~1/3500 and 3–6/100,000 male infants [3]. The main DMD symptom occurring in early childhood is progressive muscle wasting, which starts around three years of age and continues leading to respiratory deficiency, cardiac failure, and premature death, typically by 20 years of age. BMD is less common than DMD and its onset is usually in late childhood or adolescence. BMD is characterized by a slower, less predictable progression and a relatively increased overall survival compared with DMD [2].



Similarly to MDs, CAC is a clinically relevant muscle degenerative condition. CAC is a multifactorial syndrome characterized by severe loss of body weight and skeletal muscle mass (that can be observed with or without loss of fat mass) and occurs in up to 80% of all cancer cases [4]. It has been reported that CAC directly causes 2 million of deaths per year, accounting for 20% of total cancer deaths [4,5]. Similarly to MDs, cachexia syndrome induces progressive muscle degeneration, impairs muscle function, and increases patients’ susceptibility to fatigue [1], while it can also counteract the efficacy of standard anticancer therapies.



Because of the different aetiology between MDs and CAC (i.e., genetic vs. cancer-associated muscle degenerative condition, respectively), such diseases are diagnosed using different criteria to evaluate the extent of muscle degeneration. Specifically, a MD diagnosis is generally based on the results of medical examinations performed to evaluate muscle function and family medical history, together with blood tests for creatine kinase levels determination, a known marker of fiber muscle damage. The measure of dystrophin content by immunohistological analysis of muscular biopsies is a common diagnostic procedure, while sequencing analyses (e.g., RNAseq and whole exome sequencing) are able to identify specific gene mutations [3,6].



The criteria to diagnose cachexia in cancer patients are primarily based on the evaluation of their body mass index (BMI). Specifically, cancer patients are considered cachectic when they lose (i) > 5% of their body weight within six months or they show (ii) a BMI < 20 and any degree of weight loss > 2% or (iii) muscle depletion and any degree of weight loss > 2% [4].



Muscle wasting mediated by both MDs and CAC is associated with high medical costs and economic burden. A study performed in 770 DMD patients from Germany, Italy, the United Kingdom, and the United States showed an annual average of cost per-patient between $23,920 and $54,270, which is up to 16 times higher than the health expenditure per-capita in that countries. Furthermore, the total societal burden has been calculated to be between $80,120 and $120,910/patient per year, while the household burden estimates are in the range $58,440–71,900 [7]. Arthur and colleagues analysed the medical costs associated with CAC treatment for the year 2009 in a cohort of cancer patients in the US [8]. The study revealed that cachexia increased both hospitalization costs and length of inpatient stay for several cancers, including those of the lung, pancreas, esophagus and Kaposi’s sarcomas. The average of inpatients costs for all cancers were $10,633 and $917 for cachectic and not cachectic patients, respectively [8].




2. Alterations in Dystrophin Glycoprotein Complex (DGC) in MDs (Muscular Dystrophies) and CAC (Cancer-Associated Cachexia)


DMD may be caused by recessive frameshift deletions, nonsense mutations and duplications of the DMD gene, which can result in a complete absence of dystrophin or in a nonfunctional protein. However, in BMD myofibers produce a semi-functional form of dystrophin [2,3].



Dystrophin is localized at the inner surface of the sarcolemma. It interacts with the cytoskeletal filamentous actin (F-actin) and with multiple proteins assembling the dystrophyn glycoprotein complex (DGC), a multimeric protein complex connecting the cytoskeleton with the extracellular matrix (ECM). DGC contains intracellular (α1- and β1-syntrophin, α-dystrobrevin, and nNOS), transmembrane (β-dystroglycan, α-, β-, γ-, δ-sarcoglycan, and sarcospan), and extracellular proteins (α-dystroglycan and laminin-2) (Figure 1A) [2,9].



DGC acts as the structural link between the cytoskeleton and ECM [10] and also regulates cellular signaling by interacting with the growth factor receptor bound protein 2 (Grb2) and the neuronal nitric oxide synthase (nNOS) [11]. In particular, the functional interaction of nNOS with syntrophins and dystrobrevin (Figure 1) ensures vasomotility control in response to changes in the energy demand of actively contracting muscle [12]. DGC structural integrity is of pivotal importance for myofiber contraction and for preventing contraction-induced sarcolemma injuries [13]. Mutations in genes encoding specific proteins of the DGC or their posttranslational defects might alter the function of the complex, resulting in sarcolemma damage. Specific sarcoglycanopathies, a subtype of limb-girdle muscular dystrophies, are caused by mutations in the α, β, γ, and δ subunit of the sarcoglycan complex [2]. Moreover, aberrant posttranslational modifications resulting in sarcolemma destabilization include hypoglycosylation of α-dystroglycan (α-DG), which is observed in many MDs and causes a reduction of DGC binding capacity to the ECM proteins [2,14].



A regulatory link between MDs and CAC in DGC dysfunctions has been proposed in 2005 by Acharyya and colleagues [15]. The study showed structural abnormalities in both the sarcolemma and the associated basal lamina of muscles isolated from colon carcinoma C26-bearing mice and cancer patients [15,16]. The results revealed that the sarcolemma abnormalities observed in cachectic muscles were associated with a myofiber damage that was similar to the one observed in DMD patients, although less severe [17]. The muscle analysis of C26-bearing mice also identified common DGC-alterations between MDs and CAC including, (i) reduced dystrophin; (ii) a compensatory upregulation of utrophin, and (iii) hyperglycosylation of β-dystroglycan (β-DG) and β-sarcoglycan (β-SG) (Figure 1B,C). The hyperglycosylation of β-DG and β-SG was also observed in muscles from mice bearing Lewis lung carcinoma (LLC), another model of cancer cachexia, while the expression and the post-transcriptional modifications of other components of the DGC—such as α-DG, α-SG, δ-SG, dysferlin, syntrophin, and Grb2—were unchanged [15]. DGC dysfunctions appeared together with Atrogin-1/MAFbx and MuRF1 expression, which are known E3 ligases involved in muscle proteolysis during tumor progression. Furthermore, β-DG and β-SG hyperglycosylation in cancer cachexia was also confirmed in muscle biopsies from patients with gastrointestinal tumor and gastroesophageal adenocarcinoma. Overall, this study showed that besides being hallmark of MDs, DGC dysfunction is also an important pathological characteristic of cancer cachexia [15].




3. Other Pathophysiological Features of Muscle Wasting in MDs and CAC


The absence of dystrophin and the aberrant glycosylation of α-dystroglycan (α-DG) induce a chronic influx of calcium into the myofibers, causing the elevated inflammation and necrosis observed in dystrophic muscles [2,3,18]. These conditions stimulate the migration of inflammatory cells, which produce pro-inflammatory cytokines such as IL-1β and IL-6 and TNF-α that play an important role in the pathogenesis of MDs. Moreover, transforming growth factor beta (TGF-β), a fibrogenic cytokine produced by muscle resident fibroblasts, induces ECM deposition and inhibits satellite cells differentiation [19]. These events impair muscle tissue’s homeostasis and results in a chronic degeneration sustained by altered and persistent cycles of regeneration/degeneration. In this picture, satellite cells, located between the basal lamina and the sarcolemma [20], and other muscle progenitors [21] are constantly activated to regenerate new fibers that should replace the damaged ones. The muscle repair process also includes over-synthesis and accumulation of ECM, which progressively replaces necrotic fibers, while the continue activation of satellite cells impairs their myogenic potential and ultimately induce their exhaustion. Thus, impairment of muscle regeneration, together with the accumulation of ECM, contributes to the massive fibrosis observed in MDs [3].



Muscle biopsies from cancer patients as well as skeletal muscle tissue from C26-bearing mice do not reveal signs of necrotic fibers, massive infiltration of inflammatory cells or an extensive presence of regenerating fibers (e.g., centrally nucleated fibers), if compared with those from MDs patients or mdx mice, used as a murine model of DMD [15]. However, similarly to MDs, also in CAC the dysregulation of muscle precursors impairs muscle regenerative program [16]. Specifically, the upregulation of Pax7, a marker of satellite cells, and the increase of Pax7 positive cells not followed by their proper myogenic differentiation have been observed in muscles from C26 [16,22] and LLC-bearing mice [16], as well as in six-months-old mdx mice [23]. This highlights a common involvement of satellite cells dysfunction in the muscle wasting observed in both MDs and CAC.



Circulating pro-inflammatory cytokines, such as IL-1β, IL-6, tumor necrosis factor-α (TNF-α), TWEAK (an emerging cytokine and member of the TNF-α superfamily), and TGF-β are abundant in CAC (Figure 1). Interferon-γ (INF-γ) and other tumor mediators such as the proteolysis-inducing factor (PIF) have been established as pivotal activators of specific catabolic pathways, including ubiquitin-proteasome pathway (UPP), proteases-mediated degradation, and autophagocytosis. The perturbation of such catabolic processes leads to an imbalance in the rates of muscle protein synthesis and degradation [24,25,26]. Specifically, pro-inflammatory cytokines derived from either immune or tumor cells (e.g., IL-1β, IL-6, and TNF-α) have been shown to trigger muscle wasting through activation of nuclear factor-κB (NF-κB) and the JAK/STAT pathways, respectively. The involvement of NF-κB signaling pathway has been linked to the loss of skeletal muscle mass in many chronic degenerative conditions, including MDs and CAC [27]. NF-κB is activated by the binding of TNF-α with its receptor, TNFR1 which can induce apoptosis via the TRADD/FADD/Caspase 8 pathway, or protein degradation via NF-κB. TWEAK also activates NF-kB by binding the fibroblast growth factor-inducible 14 (Fn14) receptor [28]. The pathophysiological role of TWEAK/Fn14 in CAC has been demonstrated in both LLC and C26-bearing mice [29], while the expression of Fn14 correlates with the severity of muscle degeneration in myotonic dystrophy type 1 (DM1) [30]. Overall, the activation of NF-κB during muscle degeneration induces the overexpression of muscle ring finger protein 1 (MuRF-1), an ubiquitin E3 ligase, and subsequent protein degradation through the UUP [28]. The UPP is also regulated by atrophy gene 1/muscle atrophy F-box (Atrogin-1/MAFbx) that together with MuRF-1 act as the two main regulators of muscle protein breakdown [31]. Perturbation of the UPP system can also affects MDs [32]. In particular, mutations in Trim32, another E3 ubiquitin ligases, have been described in limb girdle muscular dystrophy type 2H [33], a mild form of muscular dystrophy, as well as in sarcotubular myopathy [34].




4. Therapeutic Approaches in MDs and CAC


4.1. MDs


No effective therapies against the chronic muscle degeneration observed in both MDs and CAC are available so far. Because of the high membrane susceptibility to damage in dystrophic muscles, many treatments trying to stabilize the sarcolemma integrity by attenuating the inflammation have been proposed [3]. In particular, promising results have been obtained for the treatment of MDs with non-steroidal anti-inflammatory drugs (NSAIDs), such as nabumetone, ibuprofen, and isosorbide dinitrate that counteract the systemic burden of TGF-β and the excessive ECM deposition [1,35].



Other pharmacological approaches have been proposed to treat the inflammation and the necrosis mediated by both mitochondrial dysfunction and the altered metabolism of dystrophic muscles [18]. The use of synthetic glucocorticoids, (e.g., α-methylprednisolone) which normalizes cytosolic calcium in dystrophic muscles, showed positive results in counteracting apoptosis and/or necrosis [36]. Among corticosteroids drugs, prednisone and deflazacort were proposed for their ability to ameliorate muscle function by preventing myofiber damage, weakness and loss of muscle contraction [1,3]. Another therapeutic strategy that has been adopted aims to restore the transcription of utrophin as compensatory mechanism [1,2,3]. Nabumetone is a small anti-inflammatory molecule able to inhibit cyclooxygenase and partially restore the utrophin expression [1,3,37]. However, also other small molecules, such as RTC13, RTC14, ataluren, and PTC124A as well as aminoglycosides antibiotics (e.g., gentamicin) can partially restore full-length dystrophin in patients with stop codon mutations by the ribosomal read-through process [1,3].



The gene replacement strategy with lentiviral vectors and adeno-associated viruses (AAV) delivering micro-dystrophin or mini-utrophin was historically conceived to counteract the lack of dystrophin in DMD and BDM patients, while the use of exon skipping has been used to increase the endogenous expression of dystrophin [1,3,38]. However, clinical studies revealed only limited restoration of dystrophin in small areas of muscles and only poor outcomes in terms of muscle function restoration [38,39,40,41]. A clinically relevant problem that emerged from these studies is due to the strong immune responses caused by the use of viral vectors [3,38]. TALEN (transcription activator-like effector nucleases) and CRISPR (clustered regularly interspaced short palindromic repeats) technologies represent the new frontier of gene editing. Specifically, TALENs are endonucleases containing DNA binding and DNA cleavage domains that induce a double strand break in the DNA following by a homologous recombination of the DNA target [3]. CRISPR is a gene-editing system based on an RNA-guide that is also able to induce a double strand break in any location of DNA by delivering the Cas9 protein and appropriate guide RNAs sequence complementary to the DNA target [3,38]. Such powerful technology can be used to perform gene editing in theoretically any post-natal somatic cells without the use of viral vectors [3]. CRISPR/Cas9-mediated genome editing of dystrophin in germ line of mdx mice was adopted by Long and colleagues in 2014. This approach produced animals with up to 100% dystrophin gene correction [42]. More recently, new studies performed in the mdx model confirmed the feasibility of CRISPR/Cas9 therapy in vivo [43,44,45]. However, despite the encouraging results obtained in these preclinical studies, the technology itself is still in its infant stage. Some issues need to be addressed before gene editing techniques can be effectively translated into clinical trials, including the immune response to the bacterial-derived Cas9 protein [38].



Besides pharmacological and gene therapy approaches adopted in the treatment of MDs [1,3,18,46], in the last years, preclinical studies in murine and canine models investigated the myogenic potential of muscle precursors, such as satellite cells (SC), skeletal myogenic precursors (SMPS), muscle side population (SP), fibro-adipogenic progenitors (FAPs), and mesoangiblasts (MABs) [1,3,21]. These studies revealed new potential therapeutic perspectives for the treatment of MDs based on muscle progenitor cell transplantation as revealed by numerous interventional trials [21].




4.2. CAC


Since the pathogenesis of CAC has a multifactorial origin, several therapeutic approaches have been tested. Treatments included nutritional support alone or in association with anabolic drugs, anti-inflammatory agents, and molecules targeting the molecular pathways involved in cancer-induced muscle wasting [1,3]. However, despite the efforts made in preclinical models and cancer patients, only limited successes have been obtained [47].



The eicosapentaenoic acid (EPA), fish oil-enriched nutritional supplement, known as a source of omega-3 fatty acids, and docosahexaenoic acid (DHA), have been tested in the treatment of cancer patients for their ability to down-regulate the high levels of IL-1β, IL-6, TNF-α, and PIF [47,48,49]. The administration of fish oil in patients with advanced pancreatic cancer showed reduction of body weight loss and improvement of performance status, appetite, and quality of life [48,50,51,52,53].



Ghrelin is an anabolic peptide hormone proposed for the treatment of CAC. Preclinical studies revealed the ability of Ghrelin to counteract muscle atrophy by stimulating the production of IL-10, an anti-inflammatory cytokine able to neutralize the action of several pro-inflammatory cytokines, including as IL-1β, IL-6, and TNF-α [54,55]. Grehlin also suppresses NFκB, which is involved in the ubiquitin-proteasome pathway, resulting in a downregulation of both Atrogin-1/MAFbx and MuRF-1 [55]. Studies in cancer patients showed that Ghrelin can counteract body weight loss, increase energy intake, and improve muscle function [49,56].



Anabolic drugs such as anamorelin [57,58,59,60], an orally active ghrelin receptor agonist, or enobosarm [61,62], an oral nonsteroidal selective androgen receptor modulator, have been tested in phase II and III trials showing promising results [47,61,62]. In particular, cachectic cancer patients after a 12-week-long period of anamorelin administration showed gain of body weight and lean mass [57,58,60]. Minor changes were observed in muscle strength [60,62]. However, patients recruited in the trial testing anamorelin developed several side effects, including hyperglycemia, nausea, and dizziness [60], while cases of pneumonia and febrile neutropenia were observed in patients enrolled in the enobosarm trial [61].



Since circulating pro-inflammatory cytokines mediate a pivotal role in muscle wasting, many efforts have been made to lower their levels in the bloodstream. Monoclonal antibodies against IL-1, IL-6 and TNF-α have been tested in clinical trials [47,63,64]. In particular, monoclonal antibodies anti IL-1 (i.e., MABp1), IL-6 (i.e., siltuximab), or anti IL-6 receptor (i.e., tocilizumab) showed promising results in counteracting the pathophysiological features of CAC in ovarian and prostate cancer patients [65,66]. Improvement of muscle function obtained by rescue of fatigue and muscle mass loss was also reported in patients with non-small cell lung cancer treated with a humanized anti-IL-6 antibody (ALD518) [67]. Moreover, it has been reported that treatment with antibody against Fn14 prevents tumor-mediated cachexia in murine models of CAC by counteracting body weight loss, as well as fat and muscle mass loss [29]. Overall, the use of antibodies targeting of IL-6 and TWEAK/Fn14 showed promising results. However, their therapeutic value in CAC are still limited because their molecular mechanisms of action and the transduction pathways involved are still not completely known. Furthermore, considering the multifactorial origin of CAC, combined therapies aiming to counteract the inflammatory burden and the proteolytic phenomena while increasing protein synthesis need to be further developed.





5. Conclusions


In the last decades, many molecular mechanisms and mediators of chronic muscle degeneration have been discovered. Loss of muscle integrity and contraction force, increase of protein catabolism, decrease of protein synthesis, and alteration of muscle regeneration are common pathophysiological features of muscle wasting mediated by different chronic diseases, including MDs and CAC [1]. Dysfunctions in DGC similar to those observed in MDs have been identified in cancer-related muscle wasting, suggesting that myofiber damage might proceed via common mechanisms shared by these two different muscle degenerative conditions [15]. Thanks to the knowledge acquired so far, several therapeutic approaches have been proposed [1]. Unfortunately, gene therapy produced poor results in terms of dystrophin restoration and safety [1,3,38], while non-steroidal anti-inflammatory drugs and corticosteroids currently in use for dystrophic patients can marginally delay the progression of the disease by counteracting muscle inflammation and necrosis [1,3]. On the other hand, nutritional supplements, anti-inflammatory drugs, anabolic drugs and molecules targeting the signalling pathways involved in cancer-induced muscle wasting showed promising results in counteracting body weight loss, decreasing systemic inflammation and enhancing appetite [47,49]. However, less results were obtained in terms of recovery of muscle function and quality of life improvement [47]. The side effects emerged in the clinical trials testing new agents in both dystrophic [46,68] and cancer patients [47] represent another important issue in the treatment of MDs and CAC. Taken together, these evidences highlight the need for additional studies aimed to further investigate the molecular mechanisms orchestrating muscle wasting in chronic diseases. The presence of common features in the pathophysiology of muscle degeneration between MDs and CAC suggests the possibility that other characteristics can be shared between several chronic diseases such as HIV, chronic obstructive pulmonary disease (COPD), multiple sclerosis, congestive heart failure, sepsis, diabetes, rheumatoid arthritis, and tuberculosis.
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Figure 1. Muscular dystrophies (MDs) and cancer-associated cachexia (CAC) share peculiar abnormalities of the dystrophin glycoprotein complex (DCG). (A) DGC Model; (B) DGC in MDs is characterized by specific mutations (grey color) in α, β, γ, and δ subunit of the sarcoglycan complex (in sarcoglycanopathies), hyperglycosylation of α-dystroglycan (α-DG), β-dystroglycan (β-DG) and β-sarcoglycan (β-SG), reduced expression of dystrophin, altered intracellular influx of calcium, and abundant deposition of collagen in the extracellular matrix; (C) DGC in CAC is characterized by hyperglycosylation of β-dystroglycan (β-DG) and β-sarcoglycan (β-SG) and reduced content of dystrophin. 
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