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Introduction

Amyotrophic Lateral Sclerosis (ALS) is the most common adult onset motor neuron disease. Pathological hallmarks detected in spinal motor neurons of most ALS patients include skein like inclusions, which are positive for ubiquitin, ubiquitin-binding protein p62 (also called sequestosome 1, [START_REF] Mizuno | Immunoreactivities of p62, an ubiqutin-binding protein, in the spinal anterior horn cells of patients with amyotrophic lateral sclerosis[END_REF]) and TDP-43 (TAR DNAbinding protein 43, [START_REF] Neumann | Ubiquitinated TDP-43 in frontotemporal lobar degeneration and amyotrophic lateral sclerosis[END_REF]), and cystatin C-positive Bunina bodies [START_REF] Okamoto | Bunina bodies in amyotrophic lateral sclerosis immunostained with rabbit anti-cystatin C serum[END_REF]. Recently, SQSTM1 encoding sequestosome 1/p62 protein (440 amino acids) was screened as a candidate gene in a large cohort of ALS patients. Ten different mutations (9 heterozygous missense and one deletion) were identified in 6/340 FALS (1.8%) and 9/206 SALS (4.4%) [START_REF] Fecto | SQSTM1 mutations in familial and sporadic amyotrophic lateral sclerosis[END_REF]. Following, two reports screened SQSTM1 gene in different populations.

Out of 124 SALS and 170 frontotemporal lobar degeneration (FTLD) patients of Italian origin around 3% carried the mutations and this gene was also responsible for 2/54 SALS (3.7%) of Japanese origin [START_REF] Hirano | Mutations in the gene encoding p62 in Japanese patients with amyotrophic lateral sclerosis[END_REF][START_REF] Rubino | SQSTM1 mutations in frontotemporal lobar degeneration and amyotrophic lateral sclerosis[END_REF].

Although expanded hexanucleotide repeats in C9ORF72 occurring in 23-46% of FALS and 4-8% of SALS became the major genetic defects in ALS [START_REF] Dejesus-Hernandez | Expanded GGGGCC Hexanucleotide Repeat in Noncoding Region of C9ORF72 Causes Chromosome 9p-Linked FTD and ALS[END_REF][START_REF] Renton | A Hexanucleotide Repeat Expansion in C9ORF72 Is the Cause of Chromosome 9p21-Linked ALS-FTD[END_REF], mutations in SQSTM1 could account for a substantial part of ALS causing genes making p62 a potential player in ALS. The aim of this study was to confirm the contribution of SQSTM1 to ALS by analyzing 164 French ALS patients (90 FALS and 74 autopsied SALS) in whom all the other ALS genes had been excluded and to analyze the neuropathological features in patients carrying SQSTM1 variants.

Methods

Genotyping. The eight coding exons with exon-intron boundaries of SQSTM1 (ensembl reference sequence: ENSG00000161011) were sequenced in 90 French FALS with mean age of onset of 60 years (SE 1, range 33 to 80 years), mean disease duration of 46 months (SE 5, range 8 to 260 months, including 13 censored data) and 74 SALS French autopsied cases (30 DNA were from blood and 50 DNA were extracted from Liver slices) with mean age of onset of 61 years (SE 1, range 35 to 81 years), mean disease duration of 49 months (SE 5, range 8 to 206 months) (Table 1). Data were censored at the last date of patient visit. Control samples were obtained from sex and age-matched healthy Caucasian individuals of French background. Initial ALS populations comprised 270 FALS with probable or definite ALS [START_REF] Brooks | El Escorial revisited: revised criteria for the diagnosis of amyotrophic lateral sclerosis[END_REF] including 10 autopsied cases and 80 more autopsied SALS cases (30 DNA were from blood and 50 DNA were extracted from Liver slices).

Analyses of C9ORF72, SOD1, TARDBP, FUS, ANG, VAPB, DAO, OPTN and UBQLN2 genes had previously been performed [START_REF] Millecamps | Screening of OPTN in French familial amyotrophic lateral sclerosis[END_REF][START_REF] Millecamps | Phenotype difference between ALS patients with expanded repeats in C9ORF72 and patients with mutations in other ALS-related genes[END_REF][START_REF] Millecamps | Mutations in UBQLN2 are rare in French amyotrophic lateral sclerosis[END_REF][START_REF] Millecamps | Questioning on the role of D amino acid oxidase in familial amyotrophic lateral sclerosis[END_REF][START_REF] Millecamps | SOD1, ANG, VAPB, TARDBP, and FUS mutations in familial amyotrophic lateral sclerosis: genotype-phenotype correlations[END_REF]. Mutation frequencies of C9ORF72, SOD1, TARDBP and FUS have been described System (GE Healthcare). Densitometric analysis was perfomed using Multi Gauge V3.0 (Fujifilm) software using tubulin as internal standard. For each patient, 5 measures (from 5 independent western blot analyses) were recorded for p62 and TDP-43. p62 and TDP-43 levels were compared between patients with SQSTM1 mutation and control SALS patients (with no mutation in the screened genes) using Mann Whitney test (GraphPad Prism 4 software). The significance level for all comparisons was set at 0.05.

Primary antibodies included mouse monoclonal anti-p62 antibody raised against aminoacids 257-437 of the human protein (610833, BD Biosciences), rabbit anti-TARDBP raised against TDP-43 protein (12892-1-AP, ProteinTech) and mouse anti--tubulin B-5-1-2 (Sigma-Aldrich). Peroxidase-conjugated AffiniPure Goat Anti-Rabbit and Anti-Mouse (all with minimal cross-reaction to human proteins) were from Jackson immunoResearch Laboratories. Immunostainings for p62, ubiquitin and TDP-43 were performed on three levels of the spinal cord (cervical thoracic and lumbar) and on the medulla oblongata, frontal isocortex, hippocampus and cerebellum.

RT-PCR.

Immunohistochemistry for cystatin C was, in addition, performed on spinal cord and medulla oblongata. After deparaffinization, the 5 µm thick sections were immunolabeled with the antibodies listed in Table 2. For most antibodies, the immunostaining was performed by an automatic slide stainer (Benchmark® XT Ventana® staining system), the slides being pre-treated at 95°C in either CC1 (pH=8) or CC2 (pH=6) proprietary retrieval buffers (Ventana Medical Systems®) (Table 2). The biotinylated secondary antibody was included in the detection kit (Ventana Medical Systems Basic DAB Detection Kit 250-001®). The streptavidin-biotinperoxidase complex was revealed by diamino-benzidine. For ubiquitin immunohistochemistry, the slides were pre-treated by formic acid (FA, 80 %), for 5 to 10 minutes (Table 2). For p62 staining, the slides were microwave pretreated (450W) during 2x10 min in citrate buffer pH 6 (Table 2).

The semi quantitative analysis of the lesions focused on anterior horn motor neurons of medulla oblongata and spinal cord in 45 autopsied ALS patients including patients with SQSTM1 (n=3), C9ORF72 (n=8), SOD1 (n=4), TARDBP (n=2) mutations and other patients with no mutation in any of these genes (n=28).

A consensual definition based on the shape and localization of ubiquitinated inclusions (filamentous or skeinlike, large round and granular) was established by five of us (DS, TT, VL, BD, SM). The semi-quantitative Teyssou et al. ActaNeuropathol 2013 AcceptedManuscript assessment for p62 and TDP-43 in cervical, thoracic and lumbar spinal cord and in medulla oblongata was performed by three of us (TT, VL, BD) who were blinded to the genetic data, following a 4-point ordinal scale (0, none; 1, rare; 2, moderate; 3, severe), a similar scoring approach had been used effectively in several similar comparative pathology studies [START_REF] Brettschneider | Microglial activation and TDP-43 pathology correlate with executive dysfunction in amyotrophic lateral sclerosis[END_REF][START_REF] Brettschneider | Pattern of ubiquilin pathology in ALS and FTLD indicates presence of C9ORF72 hexanucleotide expansion[END_REF][START_REF] Geser | Pathological 43-kDa transactivation response DNAbinding protein in older adults with and without severe mental illness[END_REF][START_REF] Geser | Motor neuron disease clinically limited to the lower motor neuron is a diffuse TDP-43 proteinopathy[END_REF][START_REF] Hart | Distinct TDP-43 pathology in ALS patients with ataxin 2 intermediate-length polyQ expansions[END_REF]. The score means obtained for filamentous, large round, and granular inclusions were compared between patients carrying SQSTM1, C9ORF72, SOD1 mutations and other patients with no mutation in any of these genes using ANOVA (SPSS 11.0 software). If the difference was significant (p<0.05), the groups were compared by pairs using a Tukey's post hoc test analysis. The patient group with mutation in TARDBP (n=2 patients only) was not included in this analysis.

Results

Genetic analysis

In FALS we identified, at the heterozygous state, one missense mutation in exon 8 (the c.1175C>T, p.Pro392Leu) in one patient (case 1) that presented with distal lower limb disease onset at 54 years and deceased after a 133 months disease duration (Fig. 1a,1c). No DNA was available for other affected family members and the segregation could not be further studied (Fig. 1d). In SALS the c.1165+1G>A substitution in intron 7

presumably affecting the exon 7 splicing site (Fig. 2a) was identified in one woman who had a distal lower limb disease onset at 75 years and disease duration of 42 months (case 2). These two patients had concomitant Paget's disease (Table 3).

We also identified, at the heterozygote state, two missense mutations in two SALS patients: the c.259A>G, p.Met87Val in exon 2 (carried by case 3) and the c.304A>G, p.Lys102Glu in exon 3 (carried by case 4, Fig. 1a).

The first patient (case 3) carrying a missense variant showed bulbar onset at 68 and disease duration of 18 months and the second one (case 4) started the disease at 81 years of age which lasted for 10 months (Table 3).

History of Paget's disease was not recorded for these patients. These variants affect aminoacids that are highly conserved in mammals (Fig. 1b). They were not identified in the dbSNP Short Genetic Variations, the 1000

Genomes Project and the NHLBI ESP Exome Variant Server databases and in our analysis of 360 control Caucasian individuals. The sequencing of exon 7 and 8 in this control population identified one single variant, not reported previously: the c.1313C>T, p.Pro438Leu in one 60 year-old man.

To further analyse the effect of the c.1165+1G>A in the intron 7 splicing site variant (carried by case 2), we amplified the p62 cDNA sequence spanning from exons 5 to 8 (Fig. 2c) and sequenced the corresponding fragments. We found that this substitution led to the deletion of part of the exon 7 (r.1052_1165del, Ex7) in the AcceptedManuscript mRNA sequence (Fig. 2b-c) which probably results in the production of a truncated p.Gly351_Pro388del protein of 402 aminoacids as suggested by the additional band present on the western blot analysis (Fig. 2d, case 2).

Quantitative analysis of p62 (for case 2, p62 level is the sum of the two bands) and TDP-43 levels on immunoblots showed that p62 and TDP-43 protein levels were increased in the group of patients with SQSTM1 mutations compared to the control SALS group (Fig. 2e) with a significant difference reached for both stainings (p=0.0129 for p62 and p<0.0001 for TDP-43).

Neuropathology analysis

Autopsy had been performed for 3 of the patients carrying mutations in SQSTM1 (cases 2-4).

The brain of the woman carrying the c.1165+1G>A (p.Gly351_Pro388del) mutation (case 2) weighted 1180g.

Atrophy of the frontal lobe including the precentral gyrus, associated with atrophy of the anterior spinal roots was noticed. Microscopic examination of the spinal cord and medulla oblongata showed mild neuronal loss, cystastin C positive Bunina bodies, TDP-43 and p62 positive skein like and rounded inclusions and TDP-43 positive diffuse granular staining. Pronounced neuronal loss and gliosis were observed in the substantia nigra, without Lewy bodies. In the midfrontal and precentral gyri, fibrillary gliosis was associated with superficial spongiosis. Immunohistochemistry showed numerous TDP-43 positive filamentous inclusions in layer 2, associated to thin neurites (Fig. 4a), resembling Type A pathology according to Mackenzie classification [START_REF] Mackenzie | A harmonized classification system for FTLD-TDP pathology[END_REF].

p62 immunohistochemistry showed a lower number of paranuclear inclusions, and no neurites (Fig. 4c). Despite these neuropathological observations on cortical regions, this patient had no clinical FTD (Table 3).

In the male patient with M87V mutation (case 3), the brain weighted 1345 g before fixation. No cerebral atrophy was noticed, macroscopic abnormalities being limited to atrophy of the anterior spinal roots. At microscopic examination, neuronal loss was severe in the anterior horns of the spinal cord. Immunochemistry showed TDP- 3d-f, 3g-i, supplementary Fig. 1a) and cystastin C positive Bunina bodies. In addition numerous motor neurons contained intracytoplasmic small ubiquitin and TDP-43 positive granules (Fig. 3a,3c). This pattern was not observed with p62 immunohistochemistry (supplementary Fig. 1c). In some rare neurons bigger "seed-like", p62 positive aggregates were observed (Fig. 3b). These seed-like inclusions were also seen with TDP-43 staining (supplementary Fig. 1b). A mild neuronal loss was observed in the substantia nigra without Lewy bodies. There was neither evidence of major neuronal loss in the central motor cortex nor severe degeneration of the corticospinal tracts. A mild superficial spongiosis was observed in the second layer in the midfrontal gyrus.

Immunohistochemistry showed some TDP-43 positive inclusions of various shapes, either round or filamentous, spread throughout the cortex, with only a few positive neurites (Fig. 4b), resembling Type B pathology according to Mackenzie classification [START_REF] Mackenzie | A harmonized classification system for FTLD-TDP pathology[END_REF]. p62 immunohistochemistry showed a lower number of inclusions, generally rounded, and no neurites (Fig. 4d). p62 positive glial inclusions were found in both cortex and spinal cord.

The three cases showed numerous p62 and TDP-43 glial positive inclusions in spinal cord. No p62 or TDP-43 inclusion was found in the granular cells of the cerebellum for the three patients.

To determine whether there were differences in ubiquitinated inclusion pathology in cases with or without SQSTM1 variants, we examined spinal cord tissues from 45 ALS patients including the 3 SALS patients carrying SQSTM1 variants (p.Gly351_Pro388del, p.Met87Val and p.Lys102Glu corresponding to cases 2, 3 and 4, respectively), 8 patients with C9ORF72 repeat expansion, 4 patients with SOD1 mutations, 2 patients with TARDBP mutations and 28 other patients devoid of mutation in any of these genes. Several types of ubiquitinated inclusions (stained with p62 and TDP-43) were quantified for these patients (Supplementary Table 1): skein like filamentous inclusions (Fig. 3e-f), large round cytoplasmic inclusions (Fig. 3h-i) and intracytoplasmic diffuse granular aggregates (Fig. 3c). The score means obtained for large round inclusions were compared between patients carrying SQSTM1, C9ORF72, SOD1 mutations and other patients with no mutation in any of these genes using ANOVA. The patient group with mutation in TARDBP was not included in this analysis since we only had n=2 patients. One way ANOVA analyses between the 4 groups of patients revealed that the p62 round inclusion pathology scores were different (p=0.041). Tukey's post hoc test analysis for comparison of the 4 groups by pairs showed that p62 positive rounded inclusions were more numerous in ALS patients with SQSTM1 variant than in patients with no mutation in the screened genes (Tukey's post hoc test, p=0.03) but were not different between SQSTM1 mutation carriers and patients with mutation in another gene
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(SOD1 or C9ORF72). The lack of statistically significant difference between SQSTM1 mutation carriers and patients with C9ORF72 and SOD1 mutation could be due to too small sample sizes. Indeed, there was a significant difference (Mann Whitney's test, p=0.045) between patients with SQSTM1 patients and all the other patients pooled together (devoid of mutation in any of the screened genes and carrying a mutation in SOD1 or C9ORF72). The number of rounded inclusions stained for TDP-43 was not statistically different between the 4 groups of patients (p=0.08). These semiquantitative differences in the numbers of p62 versus TDP-43-positive inclusions may simply reflect differences in the sensitivity of the antibodies employed. Occurrence of filamentous inclusions positive for p62 (p=0.006) or TDP-43 (p=0.01) differed between the 4 groups of patients.

Less TDP-43 positive filamentous inclusion was detected in the SOD1 group than in C9ORF72 (p=0.02) or SQSTM1 (p=0.02) patients which is in accordance with the absence of TDP-43 immunoreactivity previously reported for patients with SOD1 mutation [START_REF] Mackenzie | Pathological TDP-43 distinguishes sporadic amyotrophic lateral sclerosis from amyotrophic lateral sclerosis with SOD1 mutations[END_REF]. There was no difference in the incidence of granular inclusions stained by p62 or TDP-43 antibodies for the four groups of patients.

Discussion

Our SQSTM1 genetic analysis identified 4 variants corresponding to a frequency of 1.1% in FALS and 4% in SALS which is similar to the frequencies previously reported in FALS (1.7%) and SALS (3-4.4%) [START_REF] Fecto | SQSTM1 mutations in familial and sporadic amyotrophic lateral sclerosis[END_REF][START_REF] Hirano | Mutations in the gene encoding p62 in Japanese patients with amyotrophic lateral sclerosis[END_REF][START_REF] Rubino | SQSTM1 mutations in frontotemporal lobar degeneration and amyotrophic lateral sclerosis[END_REF].

We identified two novel SQSTM1 mutations, p.Met87Val and p.Lys102Glu, which are possibly pathogenic. The mutations that we identified in intron 7 and exon 8 have already been described in patients with ALS [START_REF] Fecto | SQSTM1 mutations in familial and sporadic amyotrophic lateral sclerosis[END_REF] or Paget's disease of bones (PDB) [START_REF] Collet | Paget's disease of bone in the French population: novel SQSTM1 mutations, functional analysis, and genotype-phenotype correlations[END_REF][START_REF] Michou | Genetics of Paget's disease of bone[END_REF][START_REF] Michou | Epidemiogenetic study of French families with Paget's disease of bone[END_REF]. PDB is a chronic disease of the skeleton due to focal increased bone turnover affecting 2-3% of individuals older than 55 and 6-7% of individuals over 85 years of age in Caucasian populations [START_REF] Cooper | The epidemiology of Paget's disease in Britain: is the prevalence decreasing?[END_REF]. Manifestations of the disease include bone pain, enlargement, and deformities at the pagetic sites, susceptibility to fractures, deafness and neurologic complications [START_REF] Hamdy | Clinical features and pharmacologic treatment of Paget's disease[END_REF]. Recent studies have confirmed that both genetic and environmental factors are implicated in its etiology [START_REF] Goode | Recent advances in understanding the molecular basis of Paget disease of bone[END_REF]. Seven loci (PDB1 to 7) have been identified and mutations in SQSTM1 gene, mostly located in the c terminus region of the protein encoded by exon 7 and 8, containing the highly conserved ubiquitin binding domain (Fig. 1c), are responsible for the phenotype linked to chromosome 5q35 (PDB3). These UBA domain mutations impair the ability of p62 to bind to ubiquitin [START_REF] Cavey | Loss of ubiquitin binding is a unifying mechanism by which mutations of SQSTM1 cause Paget's disease of bone[END_REF], probably resulting in aberrant NF-B signaling [START_REF] Goode | Recent advances in understanding the molecular basis of Paget disease of bone[END_REF].

In France, SQSTM1 mutations represent 13% of PDB patients [START_REF] Collet | Paget's disease of bone in the French population: novel SQSTM1 mutations, functional analysis, and genotype-phenotype correlations[END_REF] corresponding to an estimated frequency of 0.4% for the overall French population. This estimation is in accordance with the single variant we found Teyssou et al. ActaNeuropathol 2013 AcceptedManuscript (c.1313C>T, p.Prol438Leu) in one out of 360 control patients (mutation frequency of 0.3%) after sequencing SQSTM1 exon 7 and 8. However, as shown in both previous studies that have analyzed patients of Caucasian origin [START_REF] Fecto | SQSTM1 mutations in familial and sporadic amyotrophic lateral sclerosis[END_REF][START_REF] Rubino | SQSTM1 mutations in frontotemporal lobar degeneration and amyotrophic lateral sclerosis[END_REF] and now in our study, the frequency of this mutation in SQSTM1 is 10 fold higher in ALS patients therefore arguing in favor of a role of SQSTM1 as a causative or a susceptibility gene in ALS.

The c.1175C>T, p.Pro392Leu has been previously detected in 2/340 FALS and 1/206 SALS but 0/737 control patients [START_REF] Fecto | SQSTM1 mutations in familial and sporadic amyotrophic lateral sclerosis[END_REF]. It is the recurrent mutation identified in Paget's disease patients (PDB), responsible for 46% of familial and 16% of sporadic cases of PDB in the French Canadian population [START_REF] Laurin | Recurrent mutation of the gene encoding sequestosome 1 (SQSTM1/p62) in Paget disease of bone[END_REF]. In addition, mice carrying a proline to leucine mutation at codon 394 of mouse sqstm1 (P394L), corresponding to the P392L SQSTM1 mutation in humans, develop a disease similar to human PDB with focal increases in bone turnover and disruption of the normal bone architecture [START_REF] Daroszewska | A point mutation in the ubiquitin-associated domain of SQSMT1 is sufficient to cause a Paget's diseaselike disorder in mice[END_REF]. No obvious sign of motor neuron disease as impaired motor function or muscular atrophy has been described [START_REF] Daroszewska | A point mutation in the ubiquitin-associated domain of SQSMT1 is sufficient to cause a Paget's diseaselike disorder in mice[END_REF] although no study has assessed motor neuron numbers and shape in the spinal cord of this Paget's disease mouse model.

The c.1165+1G>A substitution in intron 7 affecting the exon 7 splicing was previously identified in a family of Australian descent with Paget's disease (it was called IVS7 + 1 G-A, A390X since it was thought to lead to the production of a truncated protein of 390 amino acids terminating at an inframe stop codon at position +6-9 within intron 7) [START_REF] Hocking | Domain-specific mutations in sequestosome 1 (SQSTM1) cause familial and sporadic Paget's disease[END_REF]. Our results show that this mutation led to the deletion of part of exon 7 in the mRNA sequence (r.1052_1165del) and the production of a truncated p.Gly351_Pro388del protein of 402 aminoacids in the spinal cord. Both pPro392Leu and p.Gly351_Pro388del mutations have been repeatedly identified in French patients with Paget's disease [START_REF] Michou | Epidemiogenetic study of French families with Paget's disease of bone[END_REF]. In contrast to the previously reported ALS patients with SQSTM1 mutations [START_REF] Fecto | SQSTM1 mutations in familial and sporadic amyotrophic lateral sclerosis[END_REF], both ALS patients with mutations in ubiquitin binding domain of SQSTM1 described here (i.e intron 7 for one SALS and exon 8 for one FALS) had concomitant PDB. However coexistence of these two disorders could be underestimated as PDB is often asymptomatic [START_REF] Hamdy | Clinical features and pharmacologic treatment of Paget's disease[END_REF] and its diagnosis is based on radiographic findings.

Coexistence of these two diseases has already been described in some patients with mutations in valosin containing protein (VCP) [START_REF] Johnson | Exome sequencing reveals VCP mutations as a cause of familial ALS[END_REF]. This gene has already been linked to Inclusion Body Myopathy with early-onset Paget's disease of the bone and Frontotemporal Dementia (IBMPFD) [START_REF] Watts | Inclusion body myopathy associated with Paget disease of bone and frontotemporal dementia is caused by mutant valosin-containing protein[END_REF]. In addition, OPTN, another ALS causing gene [START_REF] Maruyama | Mutations of optineurin in amyotrophic lateral sclerosis[END_REF] is also known as a susceptibility gene for PDB [START_REF] Albagha | Genome-wide association study identifies variants at CSF1, OPTN and TNFRSF11A as genetic risk factors for Paget's disease of bone[END_REF]. Interestingly SQSTM1, VCP and OPTN all encode proteins that bind to ubiquitin [START_REF] Dai | Valosin-containing protein is a multi-ubiquitin chain-targeting factor required in ubiquitin-proteasome degradation[END_REF][START_REF] Gleason | Polyubiquitin binding to optineurin is required for optimal activation of TANK-binding kinase 1 and production of interferon beta[END_REF][START_REF] Vadlamudi | p62, a phosphotyrosine-independent ligand of the SH2 domain of p56lck, belongs to a new class of ubiquitin-binding proteins[END_REF]. These three genes that share common functions in protein degradation pathways could confer susceptibility to Paget's disease and motor neuron disease when mutated.

The clinical evaluation of bone integrity and the neuropathological assessment of motor neuron should be explored in ALS and PDB patients, respectively. In the present study, the observation of p62/TDP-43 positive Teyssou et al. ActaNeuropathol 2013 AcceptedManuscript inclusions in spinal motor neurons of case 2 (with c.1165+1G>A, r.1052_1165del, p.Gly351_Pro388del mutation) coupled to the accumulation of p62/TDP-43 proteins that could be detected in the spinal cord of this patient by immunoblot analysis strongly argues in favor of a participating role of this "PDB mutation" in ALS phenotype.

p62 positive inclusions are common in many degenerative diseases including tauopathies and synucleopathies [START_REF] Geetha | Sequestosome 1/p62: across diseases[END_REF][START_REF] Kuusisto | Ubiquitin-binding protein p62 is present in neuronal and glial inclusions in human tauopathies and synucleinopathies[END_REF] and a key features in neuropathological diagnosis and classification of ALS and FTLD, both sporadic and familial [START_REF] Mizuno | Immunoreactivities of p62, an ubiqutin-binding protein, in the spinal anterior horn cells of patients with amyotrophic lateral sclerosis[END_REF][START_REF] Pikkarainen | Neuropathologic features of frontotemporal lobar degeneration with ubiquitin-positive inclusions visualized with ubiquitin-binding protein p62 immunohistochemistry[END_REF]. The cortical pathology observed in the present study in ALS patients with SQSTM1 mutations (cases 2 and 4) confirms again the overlap between motor neuron disease and fronto-temporal lobar degeneration.

In contrast to the SQSTM1 Paget's disease linked mutations, those reported to date in ALS patients are distributed throughout the protein (Fig. 1c) suggesting that different domains of the p62 protein endowed with other functions, beside its ubiquitin binding one, could be impaired in ALS. Considering the implication of TDP-43 in ALS and since p62 has been shown to bind to TDP-43 (and to be potentially involved in its degradation), another p62 function that could be impaired by the ALS causing mutations would involve disruption in TDP-43 -p62 interaction, previously suggested to participate in the pathogenesis of TDP-43 proteinopathy [START_REF] Tanji | p62/sequestosome 1 binds to TDP-43 in brains with frontotemporal lobar degeneration with TDP-43 inclusions[END_REF].

Additional evidence have shown that overexpression of p62/SQSTM1 reduces TDP-43 aggregation in an autophagy and proteasome-dependent manner [START_REF] Brady | Regulation of TDP-43 aggregation by phosphorylation and p62/SQSTM1[END_REF]. Our immunoblot findings showing concomitant accumulation of p62 and TDP-43 proteins in spinal cord of SQSTM1 mutation carriers are in line with a shared pathological effect of these two proteins.

Data from p62 deleted mice showed that p62 loss of function results in increased ubiquitin staining in hippocampus and cortex together with accumulation of insoluble ubiquitinated proteins, of hyperphosphorylated tau and neurofibrillary tangles resulting in neurodegeneration and Alzheimer-like phenotype [START_REF] Babu | Genetic inactivation of p62 leads to accumulation of hyperphosphorylated tau and neurodegeneration[END_REF]. It is therefore tempting to hypothesize that a loss of a specific function of p62 protein due to mutations in a specific domain of SQSTM1 could also result in ALS phenotypes.

Previous studies have described that the profile of p62 neuropathology can predict the underlying genetic defect in ALS and FTLD [START_REF] Brettschneider | Pattern of ubiquilin pathology in ALS and FTLD indicates presence of C9ORF72 hexanucleotide expansion[END_REF]. However the number of p62 positive inclusions is not necessarily correlated to the number of TDP-43 aggregates (Al Sarraj et al., 2011). In FTLD-ALS with C9ORF72 mutations, neuronal inclusions are both TDP-43 and p62 positive, except in the cerebellum were inclusions are only p62 positive [START_REF] Al-Sarraj | p62 positive, TDP-43 negative, neuronal cytoplasmic and intranuclear inclusions in the cerebellum and hippocampus define the pathology of C9orf72-linked FTLD and MND/ALS[END_REF].

In patients with SQSTM1 mutations reported here, the granular deposit of TDP-43 and ubiquitin is not positive Teyssou et al. ActaNeuropathol 2013 AcceptedManuscript for p62. These results underline that the relationship between p62 and other accumulating proteins remains largely unknown.

Our study described two novel SQSTM1 mutations identified in ALS patients which are possibly pathogenic and provided neuropathological examination of three mutation carriers. The presence of large round p62 inclusions was consistently observed in these SQSTM1 patients. In mean, there was a higher number of these round p62 inclusions in spinal cord of SQSTM1 carriers compared to the other patients although they were rare in two of the SQSTM1 cases examined. Moreover increased protein levels of p62 and TDP-43 were detected in the spinal cord extracts of SQSTM1 patients. These observations support that these SQSTM1 mutant probably contribute to the ALS phenotype. Overall our study confirmed that SQSTM1 gene mutations could be the cause or a genetic susceptibility factor of the disease in some ALS patients. previously reported in Paget's disease (green), ALS (black) and FTLD (orange). Mutations reported in the present study are indicated in red. Data are compiled from [START_REF] Falchetti | Genetic epidemiology of Paget's disease of bone in italy: sequestosome1/p62 gene mutational test and haplotype analysis at 5q35 in a large representative series of sporadic and familial Italian cases of Paget's disease of bone[END_REF][START_REF] Fecto | SQSTM1 mutations in familial and sporadic amyotrophic lateral sclerosis[END_REF][START_REF] Goode | Recent advances in understanding the molecular basis of Paget disease of bone[END_REF][START_REF] Hirano | Mutations in the gene encoding p62 in Japanese patients with amyotrophic lateral sclerosis[END_REF][START_REF] Michou | Genetics of Paget's disease of bone[END_REF][START_REF] Rubino | SQSTM1 mutations in frontotemporal lobar degeneration and amyotrophic lateral sclerosis[END_REF]. SH2, src homology 2 domain; 
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  skein like and rounded inclusions, numerous TDP-43 positive granules, and cystastin C positive Bunina bodies. A mild neuronal loss was observed in the substantia nigra, without Lewy bodies. No lesion was found at supratentorial level, except diffuse A beta deposits.In the female patient with K102E mutation (case 4), the brain weight was 1066g. No noticeable focal cerebral atrophy was found at macroscopic examination, contrasting with atrophy of anterior spinal roots. At microscopic examination, neuronal loss was mild in the spinal anterior horns and in the XII th nucleus, although Bunina bodies Teyssou et al. ActaNeuropathol 2013 AcceptedManuscript were quite numerous. Immunochemistry showed ubiquitin, TDP-43 and p62 positive rounded inclusions (Fig.
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 1 Figure 1. SQSTM1 missense mutations identified in ALS patients.
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  Teyssou et al. ActaNeuropathol 2013AcceptedManuscript elsewhere for FALS[START_REF] Millecamps | Phenotype difference between ALS patients with expanded repeats in C9ORF72 and patients with mutations in other ALS-related genes[END_REF]. Autopsied SALS included 3 patients with C9ORF72 expansion, 2 with SOD1 and one with TARDBP mutation.Sequence of the primers and PCR conditions are available upon request.

	Immunoblotting. Transversal sections of spinal cords were homogenized in 50 mM Tris-HCl pH 8, 150 mM
	NaCl, protease inhibitors (Complete mini tablets, Roche) and 0.5 U/µl Benzonase endonuclease (Merck). The
	samples were incubated at 37°C during 30 minutes. SDS was then added at a final concentration of 2%. Tissue
	extracts were centrifuged at 13,000 rpm for 10 min and protein concentration of supernatants was estimated by
	the bichinconinic acid assay (Sigma Aldrich). Proteins (20 µg) were separated on NuPAGE TM 4-12% Bis-Tris
	Gel (Invitrogen) and electrophoretically transferred to nitrocellulose membranes. Membranes were incubated

overnight with primary antibodies in PBS/ 5% milk/ 0.1% Tween 20, followed by one hour of incubation with appropriate peroxidase-conjugated antibodies. Signals were detected using ECL plus Western Blotting Detection
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AID, acidic interaction domain; ZZ, zinc finger region; TRAF6, tumor necrosis factor receptor-associated factor 6 binding domain; PEST, Proline, Glutamic acid, Serine, Threonine rich region; UBA, ubiquitin-associated domain. (d) Pedigree of the patient carrying the c.1175C>T, p.Pro392Leu mutation (case 1). DNA was available for the index cases only (indicated by an arrow). The age at onset, site of onset (in brackets) and age at death (in brackets) are indicated below the patients when the information was available. Amplification of the cDNA product with primers localized in exon 5 and 8 of the SQSTM1 gene resulting in a single fragment of 514 bp in the M87V carrier (case 3), the K102E carrier (case 4) and SALS individuals and in two fragments of 514 and 410 bp in the c.1165+1G>A carrier (Ex7, case 2) (c). Translation of this mRNA product results in a protein that lacks 38 aminoacids encoded by exon 7 (p.Gly351_Pro388del) that could be visualized on immunoblots (lane EX7, case 2, d). For this patient, expression levels of the full length p62 protein are decreased by half. Protein extracts from transversal sections of spinal cord were prepared from patients carrying the c.1165+1G>A (Ex7, case 2), the c.259A>G, p.Met87Val (M87V, case 3) and the c.304A>G, p.Lys102Glu (K102E, case 4) variants and three SALS with no genetic defect in SQSTM1. Protein levels of p62 and TDP-43 were compared in these patients. Samples were standardized using tubulin as internal control. Densitometric analyses of p62 (black) and TDP-43 (grey) protein levels. Data are means ± standard error of the means (s.e.m.) of 5 values (from 5 independent western blot analyses) for each patient. Values for control SALS patients were pooled in a control group. For case 2 with c.1165+1G>A variant (Ex7), p62 level is the sum of the two bands.

Figure 3. Ubiquitinated inclusions in the spinal cord of patients with mutation in SQSTM1.

Spinal cord sections were stained with anti-ubiquitin (a, d, g), anti-p62 (b, e, h) and anti-TDP-43 (c, f, i) antibodies. Skein like filamentous inclusions (d-f) and large round cytoplasmic inclusions (g-i) were detected with all three antibodies. Intracytoplasmic diffuse small granular aggregates were observed with ubiquitin (a) and TDP-43 (c) immunochemistry. This pattern was not found with p62 immunohistochemistry, in which bigger "seed-like", p62 positive aggregates were observed (b). Scale Bar: 10 µm. Double immunofluorescence analyses using p62 (in green) and TDP-43 (in red) antibodies were performed after deparaffinization using a procedure that was previously described [START_REF] Hernandez Lain | Abnormal TDP-43 and FUS proteins in muscles of sporadic IBM: similarities in a TARDBP-linked ALS patient[END_REF]. Antibodies were diluted at 1:100 (p62) 
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