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Abstract

Background: Sarcoglycanopathies comprise four subtypes of autosomal recessive limb-girdle muscular dystrophies (LGMDR3, LGMDR4, LGMDR5 and LGMDR6) that are caused, respectively, by mutation in the SGCA, SGCB, SGCG and SGCD genes. In 2016, several clinicians involved in the diagnosis, management and care of patients with LGMDR 3-6 created a European sarcoglycanopathy consortium. The aim of the present study reported by this consortium was to determine the clinical and genetic spectra of a large cohort of European patients with sarcoglycanopathies.

Methods: A total of 33 neuromuscular centers agreed to establish a retrospective observational study for sarcoglycanopathies in Europe. All sarcoglycanopathy patients followed in participating centers underwent an extensive clinical evaluation or review of medical records.

Demographic, genetic and clinical data were collected for this study.

Results: Data from a total of 439 patients from 13 different countries were collected. An additional forty-three patients were not enrolled in the study because insufficient genetic and clinical information. A total of 159 patients had a confirmed diagnosis of LGMDR3, 73 of LGMDR4, 157 of LGMDR5 and 7 of LGMDR6. Patients with LGMDR3 had a later onset and slower progression of the disease. Cardiac involvement was most frequent in LGMDR4. Sixty per cent of LGMDR3 patients carried one of the following mutations, either in a homozygous or heterozygous state: c.229C>T (p.R77C), c.739G>A or c.850C>T. Similarly, the most common mutations in LMGDR5 patients were c.525delT or c.848G>A. In LGMDR4 patients, the most frequent mutation was c341C>T. In all sarcoglycanopathy groups, patients with disease onset after 10 years of age and residual protein expression of 30% or more had a better prognosis.

Conclusions: This study reports clinical, genetic and protein data of a large European cohort of sarcoglycanopathy patients. Improving our knowledge about these extremely rare autosomal recessive forms of LGMD was helped by a collaborative effort of neuromuscular centers across Europe. Our study provided important data on the genotype-phenotype correlation that is relevant for the design of natural history studies and upcoming interventional trials in sarcoglycanopathies.

INTRODUCTION

Limb girdle muscular dystrophies (LGMD) are a group of genetic disorders characterized by progressive muscle weakness and wasting of the shoulder and pelvic girdle muscles leading to increasing disability [START_REF] Bushby | Diagnosis and management of the limb girdle muscular dystrophies[END_REF] . Mutations in thirty-two genes have been reported to cause different types of LGMD, with the sarcoglycanopathies being one of the most frequent forms [START_REF] Winckler | Clinicogenetic lessons from 370 patients with autosomal recessive limb-girdle muscular dystrophy[END_REF][START_REF] Vainzof | Sarcoglycanopathies are responsible for 68% of severe autosomal recessive limb-girdle muscular dystrophy in the Brazilian population[END_REF][START_REF] Straub | 229th ENMC international workshop: Limb girdle muscular dystrophies -Nomenclature and reformed classification Naarden, the Netherlands, 17-19 March 2017[END_REF] .

There are four different sarcoglycan genes associated with autosomal recessive LGMD (LGMDR): SGCA, SGCB, SGCD and SGCG encoding for the alpha-, beta-, delta-and gamma-sarcoglycan proteins, respectively. Two other sarcoglycan genes, SGCE and SGCZ are not expressed in muscle and have not been associated to any muscular condition so far. Sarcoglycans are transmembrane glycoproteins that form a tetrameric complex across the cell membrane of skeletal and cardiac muscle fibers [START_REF] Ervasti | Deficiency of a glycoprotein component of the dystrophin complex in dystrophic muscle[END_REF][START_REF] Chan | Molecular organization of sarcoglycan complex in mouse myotubes in culture[END_REF][START_REF] Tarakci | The sarcoglycan complex in skeletal muscle[END_REF] . They play an important role in maintaining muscle membrane integrity during cycles of contraction and relaxation through association with the dystroglycan complex, which links the subsarcolemmal protein dystrophin to the basement membrane [START_REF] Tarakci | The sarcoglycan complex in skeletal muscle[END_REF][START_REF] Ozawa | Molecular and cell biology of the sarcoglycan complex[END_REF] . Mutations in any of the 4 sarcoglycan genes disrupts the whole complex, leading to a loss of muscle membrane integrity [START_REF] Lim | The sarcoglycan complex in limb-girdle muscular dystrophy[END_REF][START_REF] Duclos | Progressive muscular dystrophy in α-sarcoglycandeficient mice[END_REF] .

The sarcoglycan genes were identified in the 90s, and, since then, several studies have reported the clinical features of small cohorts of patients [START_REF] Winckler | Clinicogenetic lessons from 370 patients with autosomal recessive limb-girdle muscular dystrophy[END_REF][START_REF] Eymard | Primary adhalinopathy (alphasarcoglycanopathy): clinical, pathologic, and genetic correlation in 20 patients with autosomal recessive muscular dystrophy[END_REF][START_REF] Xie | Clinical and genetic spectrum of sarcoglycanopathies in a large cohort of Chinese patients[END_REF][START_REF] Ferreira | Phenotypic and immunohistochemical characterization of sarcoglycanopathies[END_REF][START_REF] Semplicini | Clinical and genetic spectrum in limb-girdle muscular dystrophy type 2E[END_REF][START_REF] Angelini | The clinical spectrum of sarcoglycanopathies[END_REF][START_REF] Nalini | Sarcoglycanopathy: Clinical and histochemical characteristics in 66 patients[END_REF] . Most of the patients develop progressive proximal muscle weakness starting during the first decade of life, although other, rarer phenotypes, such as asymptomatic hyperCKemia or exercise intolerance, have also been reported [START_REF] Tarnopolsky | Alpha-sarcoglycanopathy presenting as exercise intolerance and rhabdomyolysis in two adults[END_REF][START_REF] Kyriakides | European Federation of the Neurological Societies guidelines on the diagnostic approach to paucisymptomatic or asymptomatic hyperCKemia[END_REF][START_REF] Trabelsi | Revised spectrum of mutations in sarcoglycanopathies[END_REF] . In general, sarcoglycanopathies are severe disorders characterized by loss of ambulation during adolescence or in early adulthood, however, milder cases, in which patients are still ambulant at 50 or 60 years, have been described [START_REF] Gonzalez-Quereda | A new mutation of the SCGA gene is the cause of a late onset mild phenotype limb girdle muscular dystrophy type 2D with axial involvement[END_REF][START_REF] Santos | Very late-onset limb-girdle muscular dystrophy type 2D: A milder form with a normal muscle biopsy[END_REF] . Cardiac and respiratory muscle involvement is frequently part of the clinical picture [START_REF] Politano | Evaluation of cardiac and respiratory involvement in sarcoglycanopathies[END_REF][START_REF] Melacini | Heart involvement in muscular dystrophies due to sarcoglycan gene mutations[END_REF][START_REF] Sveen | Cardiac involvement in patients with limb-girdle muscular dystrophy type 2 and becker muscular dystrophy[END_REF] . Several studies have tried to establish a correlation between genetic findings and phenotypes. It has been suggested that mutations leading to the absence of protein expression cause a severe phenotype characterized by early loss of ambulation, but it is not entirely clear if partial loss of expression is associated with milder phenotypes [START_REF] Semplicini | Clinical and genetic spectrum in limb-girdle muscular dystrophy type 2E[END_REF][START_REF] Guglieri | Clinical , Molecular , and Protein Correlations in a Large Sample of Genetically Diagnosed Italian Limb Girdle Muscular Dystrophy Patients[END_REF] . Moreover, even if there are certain clinical similarities between the different types of sarcoglycanopathies, their relative frequency and the natural history of the individual subtypes is not fully understood.

To answer these questions, we decided to collect demographic, genetic, clinical and muscle protein data of a large cohort of patients with mutations in the sarcoglycan genes that were followed in neuromuscular centers across Europe. Our aim was to describe the main clinical and genetic features of every disease subtype, investigate potential correlations between genotype and phenotype, and identify factors influencing the progression of the disease.

MATERIALS AND METHODS

Study design

This study was designed as an observational retrospective study collecting clinical and genetic data from patients with confirmed mutations in the sarcoglycan genes (SGCA, SGCB, SGCD and SGCG). The study was approved by institutional review boards and written informed consent was obtained from patients or parents in the participating centers.

A total of 62 neuromuscular centers in Europe were contacted and invited to collaborate in the study, with 33 centers contributing data to our study.

Patient cohort

The inclusion criteria for the study were: 1) genetically confirmed diagnosis of sarcoglycanopathy by identification of two heterozygous or one homozygous pathogenic mutation in one of the sarcoglycan genes, 2) sufficient clinical data available in the records to answer questions about disease onset and progression, presence or absence of cardiac and respiratory involvements and the muscle function status at last visit. To analyze all the data collected, patients were categorized by the mutated gene in four groups, LGMDR3, R4, R5 and R6, and then further stratified by the presence or absence of the different symptoms.

Data sources

All participating centers completed a survey with the data of every patient followed at the center (A copy of the survey is provided as supplemental information 1). The survey collected demographic, clinical and genetic data and also information about muscle biopsy if performed, including morphological features and levels of protein expression measured by western-blot.

Cardiac involvement was defined by an ejection fraction lower than 50%, the existence of morphological abnormalities in the ventricular walls evaluated by echocardiography or the existence of cardiac conduction defects [START_REF] Ponikowski | ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure[END_REF] . The need of ventilatory support was also recorded as well as the age at which it was started.

Mutations in the SCGA, SCGB, SCGG or SCGD genes were collected and centrally analysed by experienced geneticists from Hospital Santa Creu I Sant Pau (L.G-Q and P.G.) to predict pathogenicity. We considered nonsense, frameshift and canonical splice site mutations as incompatible with full length protein production since these mutations will cause a disruption of the reading frame or a considerable shortening of the transcript resulting in aberrant protein degradation. Missense variants and mutations that maintained the reading frame were considered as compatible with protein production. Based on our experience, deep intronic mutations were also considered as compatible with protein production, since a mutation affecting splicing, but not located in a canonical splice site, usually produces a certain amount of wild type transcript.

In order to reduce the selection bias, patients with more than 30% of missing data were excluded from the study.

Statistical analysis

Quantitative variables were analyzed using the Kolmogorov-Smirnov test, to see if they showed normal distribution. Comparison between the different subgroups of patients was performed using the ANOVA test for quantitative variables and the Chi-Squared test for categorical variables. We used a Cox proportional hazard regression model for the analyses of time to wheelchair. In order to select which variables were associated with loss of ambulation before 18 years old, we performed a two-step analysis. First, we performed a univariate analysis using the Chi-Squared test for categorical variables and the Student's T Test for quantitative variables.

Those variables that showed a significant different distribution among groups (considering in this case p<0.1) were included in a multivariable logistic regression modelling and backward eliminated until reaching significance. A ROC curve was generated to test the predictive power of the final model and an area under the curve (AUC) was provided. We also performed a ROC analysis to identify the most balanced cut-point of age. P was considered significant if lower than 0.05. Statistics analysis was performed by J.D-M. and J.A-P. using SPSS software version 20 from IBM.

RESULTS

Patient cohort

A total of 439 patients were collected (STARD diagram -Figure 1). Forty-three patients were not included in the study because they did not have sufficient genetic or clinical data to complete the survey. We divided the 396 patients from 329 different families in 4 different subgroups depending on the mutated gene (Figure 1): 159 patients were classified as LGMDR3 (from now defined as alpha patients), 73 as LGMDR4 (from now beta patients), 157 patients as LGMDR5 (from now gamma patients), and 7 as LGMDR6 (from now delta patients). We excluded the LMDR6 patients from the general comparisons between groups due to the low number of patients.

Figure 1 STARD diagram

Patient are from 33 hospitals in 13 European countries. We did not identify statistical differences in the geographic distribution of subgroups around Europe. However, beta patients were more prevalent in Northern countries, such as The Netherlands, United Kingdom and Denmark, while gamma patients were more prevalent in Southern countries, such as Spain, Italy and Portugal (Supplemental Figure 1B-C). Most of the patients were of Caucasian origin (91.9% alpha, 84.5% beta, 45% gamma and 57.1% delta). In the case of gamma-patients, 27.7% had a Gypsy background and 17.8% a Maghreb background.

Supplemental Figure 1 There were not significant differences in gender in any of the subgroups studied (ANOVA, p=0.69) (Table 1). Thirty seven percent of alpha, 28.8% of beta, 43.3% of gamma and, 57.1% of delta patients had relatives affected by the disease. Consanguinity was reported in 15.5%, 25%, 49.2% and 85.7% of cases respectively.

Table 1 Demographic

Symptoms and muscle function status.

Ninety-six percent of the patients were symptomatic at the time of inclusion in the study (Table 1). Non-symptomatic patients were diagnosed either because they were relatives of patients with the disease or because they had asymptomatic hyperCKemia. Age of onset of symptoms varied between the different subtypes: alpha patients experienced first symptoms later than beta and gamma patients (ANOVA test, p<0.001), while there were not differences in the age of onset between beta and gamma patients (Figure 2A). Delay in diagnosis, defined as the time from onset of symptoms to the genetic confirmation of the disease varied from one subtype to the other, but it was significantly shorter in gamma patients compared to alpha and beta patients (ANOVA test, p=0.004) (Figure 2B). The most frequent symptom at onset in all subgroups was proximal lower limb weakness. However, about 25% of all patients were diagnosed due to the presence of asymptomatic hyperCKemia, muscle pain or because they were relatives of already diagnosed patients (Table 1).

At the time of the survey, 23.4% of all alpha patients were able to walk without aids while 56.3% were wheelchair bound (WCB). Only 10.9% of beta patients were able to walk without aids while 78.1% of them were WCB. In the case of gamma patients, 19.2% were able to walk without aids and 66.9% were WCB (Table 1). There were not significant differences in the age at loss of ambulation between subgroups (ANOVA, p=0.053), but we identified a non-significant trend for an earlier loss of ambulation in beta and gamma patients compared to alpha patients (Figure 2C). We identified a significant correlation between the age of onset of symptoms and the age at loss of ambulation (Pearson correlation, p<0.001, r=0.61) (Figure 2D). Interestingly, there were significant differences in the age at loss of ambulation when patients were classified as age of onset of symptoms before and after 10 years old (Mantel-Cox test, p<0,001) both when the analysis was performed with all sarcoglycan patients and when it was performed by every subgroup (Figure 3). Furthermore, we observed that those patients who started with muscle weakness after 18 years old (n:20) did not lose ambulation during the follow-up assessments (Supplemental figure 2).

Figure 2 Group comparation

Figure 3 Age onset and WCB

Cardiac and respiratory involvement

The frequency and type of cardiac involvement varied between subgroups as described in Table 1. Nineteen percent of all patients had cardiac involvement defined as a left ventricle ejection fraction lower than 50% or cardiac conduction defects. There were significant differences in the frequency of cardiac involvement (ANOVA test, p=0.001) between the subgroups, with beta patients showing more frequent cardiac involvement than alpha or gamma patients, but there was no difference in the age at which cardiac involvement was identified (ANOVA test, p=0.34) (Figure 2E). However, we identified a statistically significant correlation between the duration of the disease, measured as the time from the onset of symptoms, and the presence or cardiac involvement both in beta and gamma patients as described in supplemental table 2.

Up to twenty-five percent of all patients required ventilatory support, with the treatment recommended at a mean age of 29.1 years (range 8 -58). Between the different subgroups, we neither identified differences in the frequency of patients requiring ventilatory support (ANOVA test, p=0.64) nor in the age at which it was recommended (ANOVA test, p=0.93) (Figure 2F). However, patients requiring ventilatory support had a significant longer duration of the disease (Table 2).

We did not identify differences in the age at onset, age at loss of ambulation or the remaining sarcoglycan expression between those patients with and without cardiomyopathy and those patients with and without ventilatory support (Supplemental table 2).

Supplemental Table 2 Cardiac and respiratory involvement

Genetic studies

A total of 131 different pathogenic variants were identified in the four sarcoglycan genes in patients included in this study (Figure 4). Interestingly, in every gene there were 2 or 3 mutations that were more prevalent than the others. Moreover, mutations were mainly concentrated in 2 or 3 exons of the genes.

Figure 4 Genetic

Alpha patients:

Eighty-three alpha patients (52.2%) were homozygous for a single variant. In total, 52 different pathogenic variants were found in the SGCA gene and three of them were more prevalent than the others: c.229C>T (p.Arg77Cys) was present in at least one allele in 75 patients (47.2% of all alpha patients), c.850C>T (p.Arg284Cys) was present in 30 patients (18.9%) and, c.739G>A (p.Val247Met) in 26 patients (16.4%). Nine of the 53 variants had not been previously described (Figure 4). Most of the variants were located in the exons 3, 6 and 7, with 103 out of 159 patients having their two variants in these exons. Most of the patients had two missense mutations (74.8%), while only 3.1% carried two frameshift or nonsense mutations.

Beta patients:

Fifty-five beta patients (75.2%) were homozygous for a single variant. In total, 34 different pathogenic variants were found in the SGCB gene, but one of them, c.341C>T (p.Ser114Phe), was the most prevalent, being found in 30 patients (41.1% of all beta patients). Twelve of the 34 variants had not been previously described (Figure 4). Most of the variants were located in exons 3 and 4, with 55 out of 73 patients having their two variants in these exons (Figure 3). Fifty three percent of the patients had two missense mutations while 28.7% carried two frameshift or nonsense mutations.

Gamma patients:

One hundred and thirty-five gamma patients (86%) were homozygous for a single variant. In total, 41 different pathogenic variants were found in the SGCG gene and two of them were more prevalent than the others: c.525delT (p.Phe175Leufs*20) was present in at least one allele in 71 patients (45.2% of all gamma patients) and c.850C>T (p.Arg284Cys), which was present in 38 patients (24.2% of all gamma patients). Thirteen of the 41 variants had not been previously described (Figure 4). Most of the variants were located in exons 6 and 8, with 112 out of 157 patients having their two variants in these exons. Most of the patients had two frameshift or nonsense mutations (47.7%) while 33.8% carried two missense mutations. Interestingly, 43.9% of gamma patients carried the mutation c.525delT (known as a Maghrebian founder mutation), while 43.9% carried the c.848G>A mutation (known as a Gypsy founder mutation).

Delta patients:

The seven delta patients were homozygous for a single variant. In total, 4 different pathogenic variants were found in the SGCD gene. Five patients (71.4%) were homozygous for a deletion mutation. Two of the four variants had not been previously described (Figure 4).

Genotype-protein expression-phenotype correlation

To analyze the potential genotype-phenotype correlation, we decided to study the impact that the mutation has on the residual protein expression. Based on data obtained from western-blot of muscle biopsies, we were able to classify patients as having no protein expression, less than 30% protein expression and more than 30% protein expression.

We observed significant differences in the age of onset of the disease (ANOVA, p<0.001), the age of loss of ambulation (ANOVA, p<0.001) and the time from onset of symptoms to being wheelchair bound (ANOVA, p<0.001) between patients with no expression or less than 30% expression and those patients with expression higher than 30% (Figure 5). When we performed the analysis by gene subgroups, we observed that age at being wheelchair bound in alpha patients was significantly influenced by protein expression (Mantel-Cox study, p<0.001) (Figure 5B). In the case of beta patients, there was a non-significant trend in the age at being wheelchair bound depending on protein expression levels (Mantel-Cox, p>0.05), although we observed that those expressing more than 30% of protein had a longer time from onset of symptoms to the loss of ambulation (Figure 5C). In gamma patients, significant differences were only found between patients having no expression or less than 30% and patients having more than 30% expression (Mantel-Cox, p<0.05) (Figure 5D).

Figure 5 WCB and protein expression

Risk factors associated with rapid disease progression

To determine which risk factors could be associated with losing ambulation before the age of 18 years old, we performed a multivariable logistic regression analysis. First, we identified which factors could be associated using a univariate analysis (Sup. Table 2). The factors that showed statistical significance were age of onset, protein expression less than 30% and having mutations in the SGCG gene. These variables were further included in the multivariable logistic regression model that confirmed that age of onset (OR=1.37 (IC:1.18-1.59), p=0.001) and protein expression <30% (OR= 10.7 (IC:2.04-56.22), p=0.020) were independent risk factors for losing ambulation before 18 years old. The ROC curve for the final model, showed an AUC of 0.77 (Figure 6). In addition, we performed a ROC analysis to test which cut-point of age presented the most balanced sensitivity/specificity and the results are shown in Supplemental Figure 2. We found that the most balanced cut-point was age lower or equal to 6 years old, which showed a sensitivity of 69.33%, a specificity of 68.63% and an AUC of 0.71. The ROC curve for this cut-point of age is shown in Supplemental Figure 3. 

Discussion

We report the clinical, genetic and protein data of the largest series of patients with mutations in the sarcoglycan genes described so far. The analysis of this cohort revealed crucial data to establish a prognosis for the diseases as we observed that onset of symptoms during the first decade of life and protein expression in muscle biopsy lower than 30% were risk factors associated with loss of ambulation before 18 years of age. In contrast, onset of symptoms later than 10 years old and/or protein expression higher than 30% was related to a slower progression with a lower risk of losing ambulation before 18 years old. This data is especially relevant at present, as genetic therapies are under development and interventional clinical trials in patients with sarcoglycanopathies are being designed [START_REF] Israeli | An AAV-SGCG Dose-Response Study in a γ-Sarcoglycanopathy Mouse Model in the Context of Mechanical Stress[END_REF][START_REF] Vita | Genetic neuromuscular disorders: living the era of a therapeutic revolution. Part 1: peripheral neuropathies[END_REF] .

Sarcoglycanopathies, as a group, are a common cause of LGMDR [START_REF] Vainzof | Sarcoglycanopathies are responsible for 68% of severe autosomal recessive limb-girdle muscular dystrophy in the Brazilian population[END_REF][START_REF] Fanin | Frequency of LGMD gene mutations in Italian patients with distinct clinical phenotypes[END_REF] . Mutations in these genes have classically been associated with a rapid progression of muscle weakness leading to severe disability, loss of ambulation in the second decade of life and frequent association with cardiac and respiratory problems [START_REF] Semplicini | Clinical and genetic spectrum in limb-girdle muscular dystrophy type 2E[END_REF] . However, several reports suggested that disease progression was not homogeneous, as there were patients who never lose ambulation or patients in which the onset of symptoms was in the third or fourth decade of life. Our data showed that a series of factors may influence clinical progression including the mutated gene, age of onset of symptoms and residual protein expression. For example, progression of the disease was more rapid and severe for beta patients as a group than for alpha patients, as it had previously been suggested 14 . The onset of symptoms for beta patients was during the first decade of life in 87% of the cases and 78.4% of them were wheelchair bound before 18 years old. However, we also identified beta patients in which clinical progression was milder, and in all these cases, remaining protein expression was higher than 30%. Previous series had suggested that gamma patients may have a milder progression than beta patients [START_REF] Ferreira | Phenotypic and immunohistochemical characterization of sarcoglycanopathies[END_REF][START_REF] Guglieri | Clinical , Molecular , and Protein Correlations in a Large Sample of Genetically Diagnosed Italian Limb Girdle Muscular Dystrophy Patients[END_REF] . However, our data suggested that gamma patients have a more severe clinical phenotype than previously reported: 87.2% of them started with symptoms before 10 years of age and 84.4% of them were wheelchair bound before 18 years old. In contrast, only 32% of alpha patients started the symptoms before 10 years of age and just 56.3% of them were wheelchair bound by the age of 18 years old. In addition, our study confirmed that remaining protein muscle expression was an independent risk factor for disease's progression as was previously suggested [START_REF] Semplicini | Clinical and genetic spectrum in limb-girdle muscular dystrophy type 2E[END_REF][START_REF] Guglieri | Clinical , Molecular , and Protein Correlations in a Large Sample of Genetically Diagnosed Italian Limb Girdle Muscular Dystrophy Patients[END_REF] . However, it was especially interesting that alpha patients, as a group, needed less remaining protein expression than beta and gamma to maintain ambulation beyond 18 years old. However, we think that these results should be interpreted carefully, as we have identified cases in which protein expression was higher than 30% and who lost ambulation before the age of 18 years old.

Analysis of mutations can be useful to predict protein expression in many disorders. Harboring two truncating mutations is generally associated with a loss of protein expression, however, the effect of having one or two missense mutations is not always easy to predict 2 . It is well known that after protein translation, sarcoglycans are glycosylated in the endoplasmic reticulum where some aberrant proteins could be identified by the ubiquitin-proteasome system and degraded.

Consequently, some missense mutations can induce very low or no protein expression [START_REF] Bianchini | Unveiling the degradative route of the V247M a-sarcoglycan mutant responsible for LGMD-2D[END_REF][START_REF] Sandonà | Sarcoglycanopathies: Molecular pathogenesis and therapeutic prospects[END_REF] .

Therefore, in our opinion, caution is needed to predict protein expression based on genetic results only. In our study, we had information about protein expression studied by skeletal muscle WB in a considerable number of patients, which, based on the fact that many patients shared the same mutations, allowed us to predict protein expression in most of our cohort. Some of the most common missense mutations, such as c.229C>T (p.Arg77Cys) in the SGCA gene, c.341C>T (p.Ser114Phe) in the SGCB gene and c.848G>A (p.Cys283Tyr) in the SGCG gene were associated with a very reduced protein expression, always less than 30%, and consequently with a worse prognosis characterized by early onset of symptoms, more rapid progression and early loss of ambulation. In contrast, c.850C>T (p.Arg284Cys) and c.739G>A (p.Val247Met) in the SGCA gene, were associated with a higher protein expression and therefore a better prognosis.

In our opinion, the data reported here can help in the design of clinical trials in sarcoglycanopathies. These trials should distinguish two groups of patients: those with 2 truncating mutations and/or none or less than 30% protein expression were commonly associated with an earlier onset of the disease, quicker progression and loss of ambulation before the age of 18 years old. In order to know the effectivity of gene therapy in these cases, children younger than 10 years should be included in the clinical trials. In contrast, patients with protein expression higher than 30% were often associated with milder progression, with most of them still ambulant in the fourth decade of life. If these patients were also included in clinical trials, analysis of the effectivity of the drug should be performed separately to the other group, as results could be biased by the milder progression of the disease.

Our results can also be interpreted in a different way. We have shown that protein expression higher than 30% was associated with a better prognosis. Therefore, gene replacement therapies able to reach almost this range of expression should be effective enough to show a change in the natural history of the disease. This data, although just hypothetical, is extremely important, as the efficacy of gene replacement therapies will depend on the amount of protein expression levels reached, which will also depend on the amount of viral genomes infused.

Another interesting finding of our analysis was the low frequency of cardiac and respiratory involvement. Previous cohort descriptions pointed out that up to 50% of patients developed cardiac and respiratory problems [START_REF] Winckler | Clinicogenetic lessons from 370 patients with autosomal recessive limb-girdle muscular dystrophy[END_REF][START_REF] Politano | Evaluation of cardiac and respiratory involvement in sarcoglycanopathies[END_REF] . Our study had some limitations because our data were collected retrospectively and may not have been up to date for all patients and also because in the case of respiratory involvement, we were just collecting data regarding age at which ventilatory support was started. However, our results showed that only 21.6% of the patients had cardiac involvement and 26.2% required ventilatory support. We did not identify any correlation between protein expression, age of onset or age of losing ambulation and the development of cardiac and respiratory involvement. Therefore, it was not possible to predict the development of these symptoms based on protein expression data and repeated assessments of cardiac and respiratory involvement are needed in all cases.

This study provided also some interesting conclusions about the distribution of patients in different countries in Europe. We included patients from 13 different countries thanks to the collaboration of 33 different neuromuscular centers, which has been a huge effort of communication between the central data collecting center and every other contributing site.

We confirmed that the two most prevalent subtypes were alpha-and gammasarcoglycanopathy, which represented 79.8% patients of our cohort, while beta patients were just 18.4% and delta patients were very rare with less than 1.8% of the cohort [START_REF] Liu | Estimating prevalence for limb-girdle muscular dystrophy based on public sequencing databases[END_REF][START_REF] Ghaoui | Use of whole-exome sequencing for diagnosis of limb-girdle muscular dystrophy: Outcomes and lessons learned[END_REF] . The distribution of patients between one country and the other was variable. Alpha patients were equally distributed in all countries. In contrast, most beta patients were from Northern European countries such as the Netherlands, the United Kingdom, Denmark and Germany, while most gamma patients were from Spain, Portugal and Italy. Forty percent of gamma patients harbor the Maghrebian founder mutation (c.525delT) and another 40% harbor the gipsy founder mutation (c.848G>A). These differences in the prevalence of subforms can be explained by historic migratory movements and are potentially susceptible to change in the next years.

The analysis of all mutations described in this cohort also revealed interesting data. We identified a total of 131 variants in the three genes, but most of these variants were concentrated in 2-3 exons per gene. For instance, 64.7% of alpha patients have their mutations in exons 3, 6 and 7, 75.4% of beta patients have their mutations in exons 3 and 4 while 73.7% of gamma patients have their mutations in exons 6 and 8, confirming that there are hot spots in these genes as has been previously described.

Our study has some obvious limitations. First, these data were retrospectively collected and there were missing data for many patients that could have enriched the data analyzed. We did not have data on protein expression in all cases, which would have allowed us to establish a clearer correlation between mutations identified and levels of remaining protein. Obviously, not all European patients were included in this analysis and although we contacted 62 centers to invite them to participate, not all of them answered and we missed data from some countries such as Turkey, Russia, Romania and Bulgaria. However, we think that the data presented here is still relevant, because it describes the distribution of patients among many European countries, their clinical symptoms and the correlation between protein expression, age of onset and age of losing ambulation.

In conclusion, our study provides important information about the clinical and genetic features of a large cohort of limb girdle patients with mutations in the sarcoglycan genes. We have identified the age of onset of symptoms before 10 years old and remaining protein expression lower than 30% as independent risk factors for losing ambulation before 18 years old. This data will be useful for the design of clinical trials with gene replacement therapy that are currently under development.
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