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Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder of the motor pathways, invariably leading to death within a few years of onset. Most cases of ALS are sporadic, but familial forms of the disease (FALS) constitute 10% of the cases. Since the first identification of a causative gene in the 1990s and with recent advances in genetics, more than twenty genes have now been linked to FALS. This increased number of genes led to a tremendous amount of research, clearly contributed to a better understanding of the pathophysiology of this disorder, and paved the way for the development of new therapeutics and new hope for this fatal disease.

Introduction

Amyotrophic lateral sclerosis (ALS) has become a well-identified disease since the end of the 19th century, but its pathogenesis is still poorly understood despite the considerable efforts made in recent years [START_REF] Petrov | ALS clinical trials review: 20 years of failure. Are we any closer to registering a new treatment?[END_REF]. Although the global incidence of ALS has tended to increase slightly over the years, especially in Western societies (probably in part due to the progressive aging of the population), ALS remains rare; its incidence is estimated to be 2-3 per 100,000 individuals in Europe and 0.7-0.8 per 100,000 individuals in Asia [START_REF] Hardiman | Amyotrophic lateral sclerosis[END_REF]. This neurodegenerative disorder is usually fatal within 2-5 years [START_REF] Van Den | Therapy of amyotrophic lateral sclerosis remains a challenge[END_REF], with an estimated worldwide mortality of 30,000 patients a year [START_REF] Petrov | ALS clinical trials review: 20 years of failure. Are we any closer to registering a new treatment?[END_REF]. The mean age of onset is 65, even if younger patients may be affected [START_REF] Van Es | Amyotrophic lateral sclerosis[END_REF].

Primarily affecting the motor pathways, ALS is characterized by a combination of both upper and lower motor neuron degeneration [START_REF] Mathis | Management and therapeutic perspectives in amyotrophic lateral sclerosis[END_REF]. Nevertheless, non-motor signs may also be associated with this disorder (cognitive dysfunction, frontotemporal dementia, extrapyramidal features, etc.), so ALS is currently widely regarded as a multisystem degeneration [START_REF] Hubers | Amyotrophe Lateralsklerose. Eine Multisystemdegeneration[END_REF].

Moreover, several clinical variants of the disease are still known under the term 'ALS', broadening the phenotypical spectrum of the disease [START_REF] Mathis | Management and therapeutic perspectives in amyotrophic lateral sclerosis[END_REF].

Our knowledge about ALS has progressively increased over the years, though no unifying hypotheses for its pathogenesis have emerged thus far. Most cases of ALS are sporadic (SALS), but a few have clearly been classified as 'familial ALS' (FALS) due to the identification of some causative genes over the three last decades. Many new pathophysiological concepts have emerged from the study of these genetic forms, and new therapeutic perspectives have appeared.

Genetics and amyotrophic lateral sclerosis: an old concept

In the middle of the 19th century, some authors, such as Jean Cruveilhier (1791-1874) [START_REF] Cruveilhier | Sur la paralysie musculaire progressive atrophique[END_REF] and Jacob Augustus Lockhart Clarke (1817-1880) [START_REF] Radcliffe | An important case of paralysis and muscular atrophy with disease of the nervous centres[END_REF], elaborated on the concept of 'progressive muscular atrophy'. In relation to this clinical syndrome, some cases have been identified as having degeneration of the anterior horn of the spinal cord, corresponding to 'amyotrophic lateral sclerosis', a neurodegenerative disorder that was finally fully clinicopathologically described by Jean-Martin Charcot (1825-1893) [START_REF] Charcot | De la sclérose latérale amyotrophique[END_REF], currently still known as 'Charcot's disease'. ALS was long considered a nonfamilial and nonhereditary disorder in its classical form (Charcot's disease), even though some occasional observations of familial occurrences of ALS were reported in the medical literature in the subsequent decades. In the 1950s, an unusually high rate of ALS was reported in Guam (50 cases among 25,500 Guamanians), and among them, five were familial cases of ALS; based on this familial aggregation in the Chamorro population of the Mariana Islands, environmental factors and genetic influence were first assumed [START_REF] Arnold | Amyotrophic lateral sclerosis; fifty cases observed on Guam[END_REF]. A few years later, Kurland and Mulder clearly identified the concept of 'familial ALS with dominant inheritance' [START_REF] Kurland | Epidemiologic investigations of amyotrophic lateral sclerosis. 2. Familial aggregations indicative of dominant inheritance[END_REF][START_REF] Kurland | Epidemiologic investigations of amyotrophic lateral sclerosis. 2. Familial aggregations indicative of dominant inheritance[END_REF]. In the following years, many cases of non-Chamorro FALS with transmission appearing to be autosomal dominant (AD) were confirmed [START_REF] Haberlandt | Amyotrophische Lateralsklerose. Klinisch-pathologische und genetisch-demographische Studie[END_REF][START_REF] Bonduelle | Etude clinique et évolutive de 125 cas de sclérose latérale amyotrophique[END_REF][START_REF] Husquinet | Hereditary amyotrophic lateral sclerosis transmitted for five generations[END_REF][START_REF] Engel | An inherited disease similar to amyotrophic lateral sclerosis with a pattern of posterior column involvement. An intermediate form?[END_REF]. At that time, some authors highlighted the great intra-familial variation in the evolution of FALS, as well as their various phenotypes [START_REF] Gimenez-Roldan | Prognosis in hereditary amyotrophic lateral sclerosis[END_REF]. As a consequence, ALS cases were initially classified into three different groups: 1) common sporadic form, 2) dominantly inherited form in adults, and 3) juvenile familial form [START_REF] Wohlfart | Chronic progressive disorders of the lower motor neuron[END_REF].

Following the first descriptions of ALS, its pathological lesions were confined to the upper and lower motor neurons (loss of motor neurons and glial proliferation) [START_REF] Brownell | The central nervous system in motor neurone disease[END_REF]. However, in autopsies of some ALS patients, especially FALS patients, degeneration of the posterior columns (in 50% of FALS cases, against only 10% of SALS cases) was reported [START_REF] Tanaka | Familial amyotrophic lateral sclerosis: features of multisystem degeneration[END_REF], as well as degeneration of Clarke's column and the spinocerebellar tracts (rarely observed in SALS at that time) [START_REF] Metcalf | Amyotrophic lateral sclerosis. Clinicopathological studies of a family[END_REF]. Moreover, some non-motor signs were observed in ALS since the end of the 19th century, such as cognitive impairment and frontotemporal dementia [START_REF] Dornblüth | Anatomische Untersuchung eines Falles von amyotrophischer Laterosklerose[END_REF], even though the clinical entity 'ALS with dementia (frontotemporal degeneration)' had not been clearly identified before the 1980s [START_REF] Mitsuyama | Presenile dementia with motor neuron disease in Japan. A new entity?[END_REF][START_REF] Wikstrom | Classic amyotrophic lateral sclerosis with dementia[END_REF]. In the 1970s, ALS was still pathologically considered a "prominent band in a wide spectrum of subacute or chronic multiple system atrophies, with a predilection for certain parts of the motor system" [START_REF] Brownell | The central nervous system in motor neurone disease[END_REF]. Some clinical differences were also observed between FALS and SALS: earlier onset in FALS than in SALS (even juvenile), rare bulbar onset in FALS, and better survival in some FALS families [START_REF] Moulard | Etude clinique des formes familiales de sclérose latérale amyotrophique[END_REF]. Finally, in the 1970s, based on the clinicopathological phenotype, other authors proposed the following classification of FALS: 1) FALS with rapid, progressive loss of motor function, with predominantly lower motor neuron manifestations and a course lasting less than 5 years (with anterior horn cells and pyramidal tracts); 2) the same as the first type but with additional degeneration of the posterior columns, Clarke's column, and the spinocerebellar tracts; and 3) FALS with long-term survival (>10 years) [START_REF] Horton | Familial motor neuron disease. Evidence for at least three different types[END_REF].

Recent knowledge of the genetics of ALS

Although most cases of ALS are sporadic, FALS may represent 5-10% of the total number of the ALS cases. However, this prevalence may be underestimated (due to the variable definitions used), with not always a clear delineation between clinically defined FALS and SALS. If large-scale genetic screening becomes more accessible and increasingly more available in routine clinical practice, the genetic diversity and complexity of ALS still forces clinicians to refer to specific genetic testing and to precisely determine which genes are likely to be mutated. Some additional information, such as a family history of ALS and/or dementia, an earlier age at onset or some unusual clinical findings (sensory signs at diagnosis; predominantly lower-limb onset; bimodal curve of evolution), may be strongly suggestive of FALS [START_REF] Camu | Genetics of familial ALS and consequences for diagnosis. French ALS Research Group[END_REF]. In 2011, new criteria were proposed to define FALS, with three levels of certainty ('definite', 'probable' or 'possible') [START_REF] Byrne | Proposed criteria for familial amyotrophic lateral sclerosis[END_REF]. However, a recent international online survey including 21 different worldwide countries confirmed that there is still a lack of consensus among clinicians regarding the definition of FALS. This survey showed that genetic testing is not always an evidence-based process and is further complicated by significant differences in practice across geographic regions [START_REF] Vajda | Genetic testing in ALS: a survey of current practices[END_REF]. Finally, it is crucial but not always simple to distinguish between disease-causing genes and genes associated with ALS, as more evidence is needed for causality. For all these reasons, even if genetic counseling in ALS remains complex (with a significant number of cases in ALS being caused by more than one risk variant), any advances and progress in the genetics of ALS will also increase our understanding of the pathogenesis of the disease.

In 1993, SOD1 (superoxide dismutase 1) was the first gene linked to FALS [START_REF] Rosen | Mutations in Cu/Zn superoxide dismutase gene are associated with familial amyotrophic lateral sclerosis[END_REF]. With the advances made in sequencing and molecular biological technologies (such as 'next, generation sequencing', NGS), many other genes have been identified [START_REF] Renton | State of play in amyotrophic lateral sclerosis genetics[END_REF]. The other important genetic abnormality in ALS is the hexanucleotide repeat expansion within the C9ORF72 gene, first observed in 2011 in patients with frontotemporal degeneration (FTD), then 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]. Currently, more than thirty genes and loci have been linked to FALS (http://alsod.iop.kcl.ac.uk/ ; Table 1), as well as to some sporadic cases of ALS (SALS).

C9ORF72, SOD1, TARDBP and FUS are the most commonly mutated genes in ALS, but the frequency of these mutations strongly depends on ancestral origins [START_REF] Zou | Genetic epidemiology of amyotrophic lateral sclerosis: a systematic review and meta-analysis[END_REF]: most European FALS patients present with mutations of the C9ORF72 (33.7%), SOD1 (14.8%), TARDBP (4.2%) and FUS (2.8%) genes, and other known or unknown genes in 44.5% of European FALS cases; Asian FALS patients present with a different repartition of these genes, with SOD1 (30%), FUS (6.4%), C9ORF72 (2.3%), and TARDBP (1.5%), other known or unknown genes being observed in 59.8% of patients [START_REF] Zou | Genetic epidemiology of amyotrophic lateral sclerosis: a systematic review and meta-analysis[END_REF]. These findings suggest population-specific genetic risk factors such as the D90A SOD1 mutation observed in Finno-Scandinavians [START_REF] Van Es | Large-scale SOD1 mutation screening provides evidence for genetic heterogeneity in amyotrophic lateral sclerosis[END_REF].

Most of these genes confer dominant inheritance (not always with full penetrance), whereas some of them are recessive (SOD1, FUS, and Optineurin) and others can confer only autosomal recessive (Spastacin, Alsin, and SIGMAR1) or are even X-linked (Ubiquilin-2) inheritance [START_REF] Zufiria | ALS: a bucket of genes, environment, metabolism and unknown ingredients[END_REF]. Another challenge in FALS is the reduced penetrance of ALS-causing mutations and the genetic pleiotropy, with evidence of both oligogenic (in at least some cases) and polygenic inheritance in apparently sporadic ALS [START_REF] Van Blitterswijk | Evidence for an oligogenic basis of amyotrophic lateral sclerosis[END_REF]. As a consequence, some isolated FALS cases may appear as SALS, and mutations causing FALS are frequently observed in apparent SALS [START_REF] Kenna | Delineating the genetic heterogeneity of ALS using targeted high-throughput sequencing[END_REF]. In such cases, genetic abnormalities are found in 7.4% of Europeans (mainly C9ORF72) and 2.9% of Asians (mainly SOD1) [START_REF] Zou | Genetic epidemiology of amyotrophic lateral sclerosis: a systematic review and meta-analysis[END_REF].

Genes most frequently implicated in familial amyotrophic lateral sclerosis

All the genes implicated in FALS are mentioned in Table 1 and Table 2. The localization of the targets (proteins) of the main causative genes of FALS appears in Figure 1.

Copper-zinc (Cu/Zn) superoxide dismutase (or SOD1)

The antioxidant enzyme SOD1 is a 32-kilodalton homodimer found in many parts of human cells (nucleus, cytosol, mitochondrial intermembranes space, etc.) that contains one copper and one zinc binding site [START_REF] Valentine | Copper-zinc superoxide dismutase and amyotrophic lateral sclerosis[END_REF]. The functions of SOD1 are to protect cells from reactive oxygen species (ROS) and to lower the steady-state concentration of superoxide by converting it into oxygen and hydrogen peroxide (via cyclic oxidation and reduction reactions through their active site metal) [START_REF] Azadmanesh | A review of the catalytic mechanism of human manganese superoxide dismutase[END_REF]. In 1993, the SOD1 gene was the first mutated gene shown to cause FALS [START_REF] Rosen | Mutations in Cu/Zn superoxide dismutase gene are associated with familial amyotrophic lateral sclerosis[END_REF]. Currently, more than 180 mutations have been described in this gene. Although SOD1 mutations represent the first genetic cause of ALS in Asians, SOD1 is only the second most frequent gene involved in Europeans [START_REF] Zou | Genetic epidemiology of amyotrophic lateral sclerosis: a systematic review and meta-analysis[END_REF]. Moreover, it remains controversial whether all of the variants discovered can be considered pathogenic and thus disease-causative. Patients with SOD1-related ALS present some specificities compared to those with 'classical ALS': longer duration of disease, earlier age of onset and some clinical characteristics (motor symptoms usually beginning in the lower limbs, with rare occurrences of cognitive disturbances) [START_REF] Andersen | Phenotypic heterogeneity in motor neuron disease patients with CuZn-superoxide dismutase mutations in Scandinavia[END_REF][START_REF] Corcia | Phenotype and genotype analysis in amyotrophic lateral sclerosis with TARDBP gene mutations[END_REF].

The discovery of the implication of SOD1 in ALS has considerably accelerated the understanding of this disease, especially through the development of SOD1 transgenic animal models of ALS (mice and rats). Mutated SOD1 triggers neurotoxicity, but the detailed molecular mechanisms of this toxicity are still not fully known. Oxidative stress and iron metabolism dysregulation are observed in both ALS patients carrying SOD1 mutations and SOD1 animal models [START_REF] Hayashi | SOD1 in neurotoxicity and its controversial roles in SOD1 mutation-negative ALS[END_REF]. In cases of mutation, SOD1 contains an exposed N-terminal short region, the derlin-1-binding region (DBR), which provokes endoplasmic reticulum stress; it has been suggested that pathogenic SOD1 mutations induce a common conformational change in SOD1 that may lead to motor neuron toxicity [START_REF] Fujisawa | A novel monoclonal antibody reveals a conformational alteration shared by amyotrophic lateral sclerosis-linked SOD1 mutants[END_REF]. Oxidative stress due to mutations of the SOD1 gene has been attributed to a gain in SOD1 toxicity rather than a loss of SOD1 enzymatic function [START_REF] Hayashi | SOD1 in neurotoxicity and its controversial roles in SOD1 mutation-negative ALS[END_REF]. Excitotoxicity (glutamate-mediated neurotoxicity) is considered a possible pathogenic mechanism of ALS and is the reason why the glutamate release inhibitor riluzole, which is still the only approved drug (with edaravone) for ALS [START_REF] Mathis | Management and therapeutic perspectives in amyotrophic lateral sclerosis[END_REF], shows modest therapeutic efficiency in this neurodegenerative disorder [START_REF] Bensimon | A controlled trial of riluzole in amyotrophic lateral sclerosis. ALS/Riluzole Study Group[END_REF]. Even if controversial in SOD1 ALS patients [START_REF] Li | GLT1 overexpression in SOD1(G93A) mouse cervical spinal cord does not preserve diaphragm function or extend disease[END_REF], excitotoxicity may be caused by a selective loss of glutamate transporter-1 (GLT1) through various mechanisms (cleavage by caspase-3, alternative RNA editing, etc.) [START_REF] Morel | Neuronal exosomal miRNA-dependent translational regulation of astroglial glutamate transporter GLT1[END_REF], excessive glutamate efflux or toxicity of glial cells, the consequences of which are disturbances in neuronal calcium homeostasis [START_REF] Hayashi | SOD1 in neurotoxicity and its controversial roles in SOD1 mutation-negative ALS[END_REF]. Mitochondrial dysfunction has also been observed in animal ALS models (especially with SOD1 mutations); a reduction in the mitochondrial ability to synthesize adenosine triphosphate (ATP) and increased production of oxidative stressors (nitric oxide, superoxide, and peroxynitrite) are mitochondrial-based mechanisms leading to motor neuron loss [START_REF] Miquel | Modulation of astrocytic mitochondrial function by dichloroacetate improves survival and motor performance in inherited amyotrophic lateral sclerosis[END_REF][START_REF] Szelechowski | Metabolic reprogramming in amyotrophic lateral sclerosis[END_REF]. Motor neurons are extremely sensitive to energy reduction and rely exclusively on mitochondrial ATP to fuel most of its internal biochemical processes. Reduction of intracellular ATP impact ionic Na+/K+ pumps and quickly leads to a slow depolarization with hyperexcitability due to progressive loss of Na+ and K+ reversal potentials. This progressive depolarization is worsened by persistent sodium channels (pNa+) and increases intracellular calcium that triggers apoptotic pathways [START_REF] Le Masson | A computational model of motor neuron degeneration[END_REF].

Interestingly, Riluzole is a pNa+ blockers and this mechanism may also contribute to its neuroprotective effects [START_REF] Lamanauskas | Riluzole blocks persistent Na+ and Ca2+ currents and modulates release of glutamate via presynaptic NMDA receptors on neonatal rat hypoglossal motoneurons in vitro[END_REF]. Fast axonal transport also represents a critical pathogenic event in ALS, wherein motor neurons typically degenerate following a 'dying-back' pattern [START_REF] Morfini | Inhibition of fast axonal transport by pathogenic SOD1 involves activation of p38 MAP kinase[END_REF].

Recently, some authors developed the concept of 'prion-like propagation' of mutant SOD1 misfolding and the spreading of motor neuron degeneration along corticospinal pathways [START_REF] Ayers | Prion-like propagation of mutant SOD1 misfolding and motor neuron disease spread along neuroanatomical pathways[END_REF]. This mechanism was first described by Prusiner for the Prion protein PrP c in spongiform encephalopathies [START_REF] Prusiner | Novel proteinaceous infectious particles cause scrapie[END_REF]. The main idea behind this hypothesis is the selfpropagation of a mutant or wild-type misfolded protein that spread along anatomical pathways and transmits its aberrant misfolding properties to native proteins causing toxic aggregation. It could then by applied to both familial and sporadic form of ALS. These properties have been demonstrated in vitro for SOD1, TARDBP, FUS and C9ORF72 and in vivo for only SOD1 so far (for review see ref. [START_REF] Polymenidou | The seeds of neurodegeneration: prion-like spreading in ALS[END_REF]) and might be a common feature of several neurodegenerative diseases, such as Parkinson or Alzheimer diseases.

Chromosome 9 open reading frame 72 (C9ORF72)

The C9ORF72 gene is located at locus 9p21 of chromosome 9. The first linkage to a locus on chromosome 9p13.2-21.3 was reported in 2006 in Scandinavian and Dutch kindred with AD-ALS and frontotemporal degeneration [START_REF] Vance | Familial amyotrophic lateral sclerosis with frontotemporal dementia is linked to a locus on chromosome 9p13.2-21[END_REF][START_REF] Morita | A locus on chromosome 9p confers susceptibility to ALS and frontotemporal dementia[END_REF]. In 2011, a massive GGGGCC (G4C2) hexanucleotide repeat expansion mutation (HREM) within intron 1 of C9ORF72 was finally identified as a pathogenic mutation 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]. This HREM has been implicated in many cases of familial or sporadic ALS/FTD, more frequently in Caucasians than in Asians [START_REF] Majounie | Frequency of the C9orf72 hexanucleotide repeat expansion in patients with amyotrophic lateral sclerosis and frontotemporal dementia: a cross-sectional study[END_REF]. Healthy subjects may have up to 30 G4C2 HREMs, whereas C9ORF72-related ALS patients have many more HREMs (>70) [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]. Massive G4C2 HREMs have also been observed in 5-10% of SALS patients in some populations [START_REF] Dejesus-Hernandez | Expanded GGGGCC hexanucleotide repeat in noncoding region of C9ORF72 causes chromosome 9p-linked FTD and ALS[END_REF][START_REF] Zou | Genetic epidemiology of amyotrophic lateral sclerosis: a systematic review and meta-analysis[END_REF][START_REF] Smith | The C9ORF72 expansion mutation is a common cause of ALS+/-FTD in Europe and has a single founder[END_REF]]. The classical association of ALS/FTD may be termed 'C9FTD/ALS' when caused by C9ORF72 expansion mutations. In such cases, the phenotype may be FTD, ALS, or a combination of both; moreover, various other neurodegenerative disorders may be observed within the same pedigree (Parkinsonism, primary dementia or primary progressive aphasia) [START_REF] Boeve | Characterization of frontotemporal dementia and/or amyotrophic lateral sclerosis associated with the GGGGCC repeat expansion in C9ORF72[END_REF]. Interestingly, presymptomatic carriers of the C9ORF72 expansion mutation exhibit differences compared to healthy controls of similar ages, with earlier brain atrophy (especially focal atrophy of the left supra-marginal gyrus) and cognitive alterations [START_REF] Bertrand | Early cognitive, structural, and microstructural changes in presymptomatic C9orf72 carriers younger than 40 years[END_REF]. Some hypotheses have been proposed to explain the role of C9ORF72 in the development of C9ORF72-related disorder. The first one was the inhibition of endosomal trafficking and the perturbation of endocytosis (leading to autophagy) caused by a reduction in the C9ORF72 protein level; however, knockout of C9ORF72 in mice does not cause motor neuron degeneration [START_REF] Koppers | C9orf72 ablation in mice does not cause motor neuron degeneration or motor deficits[END_REF]. Another hypothesis was that massive G4C2 HREMs may be neurotoxic by forming length-dependent RNA foci, thereby sequestering RNA binding proteins and disabling the RNA processing machinery [START_REF] Lee | Hexanucleotide repeats in ALS/FTD form length-dependent RNA foci, sequester RNA binding proteins, and are neurotoxic[END_REF]. The third hypothesis was based on the repeat-associated non-AUG translation of G4C2 (or G2C4) RNA in five different dipeptide repeat proteins (DPR) called 'polyGA', 'polyGP', 'polyGR', 'polyPA' and 'polyPR' [START_REF] Lee | C9orf72 poly GA RAN-translated protein plays a key role in amyotrophic lateral sclerosis via aggregation and toxicity[END_REF]. Though aggregation of DPR has been observed in the motor neurons of ALS patients, the role of DPR in the development of the disease remains uncertain; recently, polyGA was shown to be the most toxic of the DPR through activation of programmed cell death and trans-activation response (TAR) DNA-binding protein 43 (TDP-43) cleavage in a dose-dependent manner, ultimately modifying the pathogenic status of the other DPR [START_REF] Lee | C9orf72 poly GA RAN-translated protein plays a key role in amyotrophic lateral sclerosis via aggregation and toxicity[END_REF].

C9ORF72 may also disrupt the nucleocytoplasmic shuttling at the level of the isoform of the C9ORF72 protein (C9-S), localized at the nuclear membrane in healthy controls: there is a correlation between the loss of C9-S and the mislocalization of TDP-43 [START_REF] Prpar Mihevc | Nuclear trafficking in amyotrophic lateral sclerosis and frontotemporal lobar degeneration[END_REF]. C9ORF72 expansion mutations also lead to vulnerability to Ca2+ permeable α-amino-3-hydroxy-5methyl-4-isoxazolepropionic acid (AMPA) receptor-mediated excitotoxicity, additionally leading to motor neuron degeneration [START_REF] Selvaraj | C9ORF72 repeat expansion causes vulnerability of motor neurons to Ca(2+)-permeable AMPA receptor-mediated excitotoxicity[END_REF]. Finally, haploinsufficiency for C9ORF72 activity triggers neurodegeneration in C9ORF72 ALS patients, this occurring by at least two mechanisms: accumulation of glutamate receptors (leading to excitotoxicity) and impaired clearance of neurotoxic DRP derived from the repeat expansion: in ALS, neurodegeneration is due to this cooperativity between gain-and loss-of-function mechanisms [START_REF] Shi | Haploinsufficiency leads to neurodegeneration in C9ORF72 ALS/FTD human induced motor neurons[END_REF].

Trans-activation response (TAR) DNA-binding protein 43 (TDP-43 or TARDBP)

Common histopathological hallmarks exist in many neurodegenerative disorders, such as protein misfolding, accumulation of intra-or extra-cellular protein aggregates and abnormal protein degradation; they are often characterized by pathological inclusions in the brain or spinal cord [START_REF] Forman | Neurodegenerative diseases: a decade of discoveries paves the way for therapeutic breakthroughs[END_REF]. This is particularly true in ALS and DFT where cytoplasmic mislocalization and aggregation of TDP-43 is characteristic. The aggregated forms of TDP-43 are characterized by abnormal phosphorylation, truncation, and cytoplasmic mislocalization.

Neurodegeneration is probably due to a gain of toxic, abnormal TDP-43 or to a loss of function in physiological TDP-43. It has been proved that phosphorylated TDP- disseminates in a sequential pattern along the motor pathways, as suggested by the hypothesis of corticofungal ('prion-like') propagation of misfolded proteins in ALS [START_REF] Braak | Amyotrophic lateral sclerosis--a model of corticofugal axonal spread[END_REF]; four pathological stages were observed, from the initial (stage 1: agranular motor cortex, motor nuclei of cranial nerves XII-X, VII, V in the brainstem, and spinal cord α-motor neurons) to the final regions (stage 4: anteromedial portions of the temporal lobe, including the hippocampus) [START_REF] Brettschneider | Stages of pTDP-43 pathology in amyotrophic lateral sclerosis[END_REF]. The hypothesis that pTDP-43 spreads across the brain and spinal cord along axonal pathways has been recently confirmed by computational simulation [START_REF] Schmidt | Simulating disease propagation across white matter connectome reveals anatomical substrate for neuropathology staging in amyotrophic lateral sclerosis[END_REF].

Moreover, even if ALS and FTD are overlapping syndromes, distinct TDP-43 inclusion morphologies in the anterior cingulate cortex (but not the motor cortex) are observed in ALS and FTD: in FTD, TDP-43 inclusions are significantly rounded (rarely circumferential), in contrast to ALS-FTD, where TDP-43 inclusions are mainly circumferential [START_REF] Tan | Distinct TDP-43 inclusion morphologies in frontotemporal lobar degeneration with and without amyotrophic lateral sclerosis[END_REF].

Patients with TARDBP-related ALS, first described in 2008 [START_REF] Gitcho | TDP-43 A315T mutation in familial motor neuron disease[END_REF][START_REF] Sreedharan | TDP-43 mutations in familial and sporadic amyotrophic lateral sclerosis[END_REF][START_REF] Kabashi | TARDBP mutations in individuals with sporadic and familial amyotrophic lateral sclerosis[END_REF], present with the classical ALS phenotype with variable onsets and durations of symptoms [START_REF] Mackenzie | TDP-43 and FUS in amyotrophic lateral sclerosis and frontotemporal dementia[END_REF]. TDP-43, encoded by the TARDBP gene, is a ubiquitously expressed nuclear ribonucleoprotein implicated in exon splicing, gene transcription, regulation of mRNA stability, mRNA biosynthesis, and formation of nuclear bodies [START_REF] Kametani | Mass spectrometric analysis of accumulated TDP-43 in amyotrophic lateral sclerosis brains[END_REF]. Its C-terminal region (a low-complexity domain with a prion-like Gln/Asn-rich sequence) is capable of binding directly to several heterogeneous nuclear ribonucleoproteins mediating protein-protein interactions and splicing inhibitory activity. When its C-terminal region is lacking, TDP-43 becomes unable to mediate splicing inhibition [START_REF] Chou | TDP-43 pathology disrupts nuclear pore complexes and nucleocytoplasmic transport in ALS/FTD[END_REF]. We also know that TDP-43 deposition leads to targeted RNA instability, causing apoptosis by disrupting energy production and protein synthesis pathways [START_REF] Tank | Abnormal RNA stability in amyotrophic lateral sclerosis[END_REF]. However, the real biological function of TDP-43 is still unknown [START_REF] Chou | TDP-43 pathology disrupts nuclear pore complexes and nucleocytoplasmic transport in ALS/FTD[END_REF].

Fused in sarcoma/translated in liposarcoma (FUS/TLS or FUS)

FUS/TLS is a nuclear RNA-binding protein that contains a C-terminal domain with a distinct RNA recognition motif surrounded by Arg-Gly-Gly repeats, first identified as an oncoprotein: in malignant human mixoid liposarcoma, the (12;16) rearrangement fuses FUS with the dominant inhibitor of transcription called CHOP (C/EBP Homologous Protein), this FUS-CHOP fusion protein activating the transcription of oncogenes and promoting tumorigenesis [START_REF] Crozat | Fusion of CHOP to a novel RNA-binding protein in human myxoid liposarcoma[END_REF]. In 2009, the first cases of FUS-related ALS were described with highly variable clinical presentations, from classical ALS to more atypical phenotypes [START_REF] Vance | Mutations in FUS, an RNA processing protein, cause familial amyotrophic lateral sclerosis type 6[END_REF][START_REF] Kwiatkowski | Mutations in the FUS/TLS gene on chromosome 16 cause familial amyotrophic lateral sclerosis[END_REF]. As we saw, TDP-43 neuronal inclusions are a pathological hallmark of both ALS and FTD; recently, it was shown that 10% of FTD patients present inclusions immunoreactive for FUS in neuronal and glial cells, without TDP-43 inclusions [START_REF] Neumann | A new subtype of frontotemporal lobar degeneration with FUS pathology[END_REF]. The formation of cytoplasmic FUS inclusions (resembling stress granules: cellular structures containing RNAs and proteins from suspended translation apparatus) promotes cell survival under stressed conditions by redistributing translation resources. But compromised stress granule response in the presence of FUS mutants is considered a contributing factor to motor neuron dysfunction [START_REF] Bosco | Mutant FUS proteins that cause amyotrophic lateral sclerosis incorporate into stress granules[END_REF][START_REF] Li | Stress granules as crucibles of ALS pathogenesis[END_REF]. In neurons and glial cells, FUS is almost exclusively localized to the nucleus [START_REF] Aman | Expression patterns of the human sarcoma-associated genes FUS and EWS and the genomic structure of FUS[END_REF]. Moreover, most FALS mutations are clustered in the C-terminal nuclear localization sequence of FUS (chromosome 16), causing the mislocalization of FUS from the nucleus to the cytoplasm and the accumulation of protein inclusions [START_REF] Gal | Nuclear localization sequence of FUS and induction of stress granules by ALS mutants[END_REF]. This suggests two potential disease-causing mechanisms: loss of FUS normal function in the nucleus and gain of toxic function in the cytoplasm [START_REF] Yang | Self-assembled FUS binds active chromatin and regulates gene transcription[END_REF]. Moreover, FUS proteinopathies confirm the convergence of ALS and FTD pathophysiology.

As the other members of the FET (FUS-EWS-TAF15) family that are Ewing's sarcoma protein (EWS) and the TATA-binding protein associated factor (TAF15), FUS/TLS is a multifunctional DNA/RNA ribonuclear binding protein that plays a possible role in neuronal plasticity and maintenance of dendritic integrity [START_REF] Fujii | The RNA binding protein TLS is translocated to dendritic spines by mGluR5 activation and regulates spine morphology[END_REF][START_REF] Fujii | TLS facilitates transport of mRNA encoding an actin-stabilizing protein to dendritic spines[END_REF]. If FUS is involved in various RNA metabolism pathways, its physiologic functions still await thorough characterization. First, FUS is implicated in RNA biogenesis and function: some mutations targeting the 3'-UTR untranslated region of the FUS messenger RNA are able to disrupt the microRNA-FUS regulatory circuitry [START_REF] Dini Modigliani | An ALSassociated mutation in the FUS 3'-UTR disrupts a microRNA-FUS regulatory circuitry[END_REF]. Secondly, FUS helps to regulate transcription by binding active chromatin (chromatin binding is required for FUS transcription activation): the ALS mutations dramatically decreased FUS chromatin binding, and consequently may cause a loss of function of the nuclear FUS [START_REF] Yang | Self-assembled FUS binds active chromatin and regulates gene transcription[END_REF]. FUS also plays a critical role in the regulation of the basal level of the manganese SOD gene (SOD2) transcription, SOD2 being a highlyregulated antioxidant enzyme exclusively localized in mitochondria [START_REF] Dhar | Fused in sarcoma is a novel regulator of manganese superoxide dismutase gene transcription[END_REF]. Thirdly, FUS plays a pivotal role in the immediate response to DNA damage by interacting with poly-ADP-ribose chains and involving a direct interaction with histone deacetylase 1 [START_REF] Wang | Interaction of FUS and HDAC1 regulates DNA damage response and repair in neurons[END_REF][START_REF] Mastrocola | The RNAbinding protein fused in sarcoma (FUS) functions downstream of poly(ADP-ribose) polymerase (PARP) in response to DNA damage[END_REF]. Finally, FUS is a crucible for embryogenesis by orchestrating splicing of developmental regulators during gastrulation [START_REF] Dichmann | Fus/TLS orchestrates splicing of developmental regulators during gastrulation[END_REF].

Some other causative genes in familial amyotrophic lateral sclerosis 4.5.1 Vesicle-associated membrane protein associated protein B (VAPB)

Mutations of the VAPB gene (mainly the P56S mutation) gives motor neuron disorders first observed in some Brazilian families in the 1960's [START_REF] Finkel | A forma pseudomiopàtica tardia da atrofia muscular progressiva heredofamilial[END_REF]. Initially classified as a proximal spinal muscular atrophy ('autosomal dominant late adult spinal muscular atrophy, type Finkel'), other symptoms, such as myotonia, were then reported [START_REF] Richieri-Costa | Autosomal dominant late adult spinal muscular atrophy, type Finkel[END_REF]. VAPB-related motor neuron disorders are characterized by a longer course of evolution than the classical form of ALS [START_REF] Nishimura | A mutation in the vesicle-trafficking protein VAPB causes late-onset spinal muscular atrophy and amyotrophic lateral sclerosis[END_REF].

Valosin-containing protein (VCP)

Mutations of the VCP gene usually cause a multisystem disease combining inclusion-body myopathy, Paget's disease and FTD. However, it is also a rare cause of FALS, found in less than 2% of the whole FALS [START_REF] Johnson | Exome sequencing reveals VCP mutations as a cause of familial ALS[END_REF].

Angiogenin (ANG)

As VEGF (vascular endothelial growth factor), ANG is a crucible in the angiogenic process of motor neuron death. It usually presents as classical phenotype of ALS, sometimes with parkinsonism or FTD [START_REF] Van Es | Angiogenin variants in Parkinson disease and amyotrophic lateral sclerosis[END_REF].

Senataxin (SETX)

Mutations of the SETX gene may cause ataxia with oculomotor apraxia type 2 (AOA2), distal hereditary motor neuropathy (dHMN), as well as ALS4, a rare autosomal-dominant juvenile atypical form of ALS: ALS 4 is characterized by very low progression (with normal lifespan) and the absence of respiratory and bulbar symptoms (even in advanced stages of disease) [START_REF] Chen | DNA/RNA helicase gene mutations in a form of juvenile amyotrophic lateral sclerosis (ALS4)[END_REF].

Alsin (ALS2)

Mutations of the ALS2 gene cause a group of overlapping autosomal recessive neurodegenerative disorders characterized by a long duration of evolution and the absence of bulbar and respiratory symptoms: infantile-onset ascending hereditary spastic paralysis, juvenile primary lateral sclerosis (JPLS), and juvenile amyotrophic lateral sclerosis (ALS2). Alsin mutations were never reported in adult patients [START_REF] Helal | Clinical presentation and natural history of infantile-onset ascending spastic paralysis from three families with an ALS2 founder variant[END_REF].

Tumor necrosis factor (TNF) receptor-associated factor NF-kB activator (TANK)-binding kinase 1 (TBK1)

The multifunctional kinase TBK1 is a multifunctional kinase participates in a variety of cell signal pathways through phosphorylation of various substrate: two of these substrates are optineurin (OPTN) and p62 (two autophagic adaptors regulating degradation by selective autophagy) that have been identified participating in the pathology of ALS/FTD spectrum. Actually, TBK1 loss of function and missense mutations are not frequently found in ALS/FTD patients: both of them are associated with an increased risk for ALS/FTD spectrum [START_REF] Cui | Association between TBK1 mutations and risk of amyotrophic lateral sclerosis/frontotemporal dementia spectrum: a meta-analysis[END_REF].

Are there genetic susceptibility factors in amyotrophic lateral sclerosis?

As many causative genes of ALS have been identified, other genes seem to be involved in ALS susceptibility. The first example was given in 2010 of ATXN2, encoding the ataxin-2 protein. As TDP-43, ataxin-2 is mislocalized in the neurons of ALS patients. Highlength polyglutamine (polyQ) expansions (>34 Qs) in ATXN2 cause spinocerebellar ataxia type 2 (SCA2) [START_REF] Imbert | Cloning of the gene for spinocerebellar ataxia 2 reveals a locus with high sensitivity to expanded CAG/glutamine repeats[END_REF] and rarely familial parkinsonism [START_REF] Gwinn-Hardy | Spinocerebellar ataxia type 2 with parkinsonism in ethnic Chinese[END_REF], whereas intermediate-length polyQ expansions [START_REF] Camu | Genetics of familial ALS and consequences for diagnosis. French ALS Research Group[END_REF][START_REF] Byrne | Proposed criteria for familial amyotrophic lateral sclerosis[END_REF][START_REF] Vajda | Genetic testing in ALS: a survey of current practices[END_REF][START_REF] Rosen | Mutations in Cu/Zn superoxide dismutase gene are associated with familial amyotrophic lateral sclerosis[END_REF][START_REF] Renton | State of play in amyotrophic lateral sclerosis genetics[END_REF][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] represent a genetic risk factor for sporadic ALS [START_REF] Elden | Ataxin-2 intermediate-length polyglutamine expansions are associated with increased risk for ALS[END_REF]. Recently, some authors demonstrated that ataxin-1 polyQ expansions (>32) also represent a risk factor for ALS; in addition, intermediate expansions of both ataxin-1 and ataxin-2 might be genetic modifiers of ALS-FTD [START_REF] Conforti | Ataxin-1 and ataxin-2 intermediate-length PolyQ expansions in amyotrophic lateral sclerosis[END_REF]. Ataxin-2 is a stress-regulated protein localized in the rough endoplasmic reticulum of specific neurons [START_REF] Huynh | Expression of ataxin-2 in brains from normal individuals and patients with Alzheimer's disease and spinocerebellar ataxia 2[END_REF]. The sequestration and depletion of ataxin-2 contribute to expanded ataxin-1 (a protein involved in transcriptional regulation and cell signaling) and induce neurodegeneration [START_REF] Al-Ramahi | dAtaxin-2 mediates expanded Ataxin-1-induced neurodegeneration in a Drosophila model of SCA1[END_REF]. Activation of caspase-3 in response to cellular stress depends on ataxin-2 intermediate-length polyQ expansion; a possible explanation of this risk factor of ALS is that intermediate-length ataxin-2 polyQ expansions may enhance stress-induced TDP-43 C-terminal cleavage and phosphorylation in human cells by lowering the threshold at which cells activate caspases upon cellular stress [START_REF] Hart | ALS-associated ataxin 2 polyQ expansions enhance stressinduced caspase 3 activation and increase TDP-43 pathological modifications[END_REF]. Other genes may also represent susceptibility genes in ALS, such as DCTN1, PRPH or NEFH (Table 2), though confirmation of these genes is still lacking [START_REF] Recabarren-Leiva | New insights into the gene expression associated to amyotrophic lateral sclerosis[END_REF]. A combination of genetic variants in several (oligogenic) or many (polygenic) genes may explain individual genetic vulnerability [START_REF] Morgan | A comprehensive analysis of rare genetic variation in amyotrophic lateral sclerosis in the UK[END_REF].

Challenges for the classification of genetic forms of amyotrophic lateral sclerosis

Because FALS may sometimes be apparent SALS, the term 'inherited ALS' is probably more appropriate than 'FALS'. More than 30 forms of inherited ALS have been identified so far (Table 1), and additional genes remain to be discovered in the future. Since the first gene was identified in 1993 (SOD1), FALS has been renamed as 'ALS' associated with a number (ALS1, ALS2, etc), and the last number used currently is '23' (OMIM), while some genes have no clear denomination yet (DAO, etc.). Initially, only autosomal-dominant forms were found, but now we know that autosomal-recessive and X-linked forms of FALS exist. Moreover, for the same gene, two different modes of inheritance may be observed, such as for SOD1 or FUS. Finally, one gene may generate various clinical phenotypes; for example, SETX may yield typical FALS or a form of inherited cerebellar ataxia (Table 1).

Though the number of genes is not as elevated in inherited ALS as in other neurogenetic disorders, such as Charcot-Marie-Tooth (CMT), some difficulties still exist in the actual classification of inherited forms of ALS.

All recent discoveries in the field of genetic bases of rare diseases have generated increasing difficulty in the classification of genetically heterogeneous conditions, especially in neurogenetic disorders [START_REF] Vallat | Too many numbers and complexity: time to update the classifications of neurogenetic disorders?[END_REF]. By highlighting such complexity, some of us recently proposed another way to classify neurogenetic disorders [START_REF] Vallat | Too many numbers and complexity: time to update the classifications of neurogenetic disorders?[END_REF][START_REF] Vallat | Classifications of neurogenetic diseases: an increasingly complex problem[END_REF]. Our proposal was first applied to the complex classification of CMT, where many nomenclatures were aggregated, based on the first official classification set in 1968 [START_REF] Mathis | Charcot-Marie-Tooth diseases: an update and some new proposals for the classification[END_REF]. Finally, the old names and classifications, which were usually based on numbers and letters, now appear to be unreliable due to the many confusing denominations [START_REF] Mathis | Reasons Charcot-Marie-Tooth disease due to mutations in the MME gene should not be named AR-CMT2T[END_REF]. Based on our observations, we have proposed to update the classification of inherited neuropathies by using a simple-to-use three-module approach: a) mode of inheritance (autosomal dominant, AD; autosomal recessive, AR; X-linked, XL; mitochondrial transmission, mit; sporadic, S), b) phenotype (CMT, etc.) and c) name of the gene (using the term 'unknown' for unknown genes) [START_REF] Mathis | Charcot-Marie-Tooth diseases: an update and some new proposals for the classification[END_REF]. One of the advantages of this proposal is the simple implementation of any new genetic data [START_REF] Vallat | Too many numbers and complexity: time to update the classifications of neurogenetic disorders?[END_REF]. Since these proposals, most of the many comments received from colleagues worldwide have been encouraging, as found in a recent online survey [START_REF] Magy | Updating the classification of inherited neuropathies. Results of an international survey[END_REF][START_REF] Klein | Inherited neuropathy precision classification: What's in a name?[END_REF].

Finally, we think that such a classification system may be used for many other neurogenetic and neuromuscular disorders [START_REF] Vallat | Too many numbers and complexity: time to update the classifications of neurogenetic disorders?[END_REF][START_REF] Vallat | Classifications of neurogenetic diseases: an increasingly complex problem[END_REF][START_REF] Mathis | History and current difficulties in classifying inherited myopathies and muscular dystrophies[END_REF], including FALS. For example, FUS-related disorders would be then termed 'AD-ALS-FUS' or 'AR-ALS-FUS' (function of the mode and transmission of FALS), or even 'AD-ET-FUS' in case or 'hereditary essential tremor type 4' (Table 1). Such proposals for a new classification are probably premature and currently not useful for FALS. However, such a way of classify neurogenetic disorders (including FALS) may be of value in the future with the probable increased number of new causative genes.

Even if our proposals for CMT have been well received by the scientific community [START_REF] Magy | Updating the classification of inherited neuropathies. Results of an international survey[END_REF][START_REF] Klein | Inherited neuropathy precision classification: What's in a name?[END_REF], the validation of a new classification method for genetic disorders would require further discussions by expert working groups and discussions within the scientific and medical communities [START_REF] Magy | Updating the classification of inherited neuropathies. Results of an international survey[END_REF].

7. Gene therapy: a therapeutic way to explore in amyotrophic lateral sclerosis?

The emergence of multidisciplinary, specialized ALS clinics has increased both the quality of life and the survival of ALS patients, respiratory management through early noninvasive ventilation being probably one of the most important determinants of survival; however, there is still no curative treatment for ALS patients [START_REF] Mathis | Management and therapeutic perspectives in amyotrophic lateral sclerosis[END_REF]. Gene therapy approaches, including antisense oligonucleotides (ASOs) and viral-directed gene delivery, have shown enormous potential to enable therapeutic modulation of gene expression in diverse monogenic neurological conditions, including ALS [START_REF] Deverman | Gene therapy for neurological disorders: progress and prospects[END_REF].

Gene therapy generally refers to the transfer of a therapeutic gene into a target tissue and the maintenance of gene function for a sufficient length of time [START_REF] Mathis | RNA-targeted therapies and amyotrophic lateral sclerosis[END_REF]. However, the anatomical and functional complexity of the human brain, especially the existence of the blood-brain barrier, limits the biodistribution of the vector into the CNS: even assuming successful delivery of the vector via direct intraparenchymal, intrathecal, intracerebroventricular, or systemic administration, targeting a sufficient number of cells to achieve an adequate level of gene augmentation/suppression within a safe and therapeutic window appears challenging [START_REF] Anguela | Entering the modern era of gene therapy[END_REF]. Based on the recent successes observed in spinal muscular atrophy, RNA-targeted therapies have been proposed as potential strategies for treating ALS, but still with some limitations: no RNA therapeutics have been found to be effective for ALS patients, but such a therapeutic approach could be considered in the future for the treatment of all forms of ALS [START_REF] Mathis | RNA-targeted therapies and amyotrophic lateral sclerosis[END_REF].

ASOs bind to the mRNA by Watson-Crick base pairing, so one method of lowering SOD1 is to target the SOD1 mRNA using ASOs (that activate RNase H1 that destroys the targeted RNA) [START_REF] Mathis | RNA-targeted therapies and amyotrophic lateral sclerosis[END_REF]. After first demonstrations of the utility of ASOs in animal models, a first human clinical trial began in 2013 (IONIS Pharmaceuticals ("ISIS Pharmaceuticals" until December 2015): it consisted in the intrathecal delivery of ASO against SOD1 (ISIS333611) for patients with SOD1 FALS, showing that it should be a feasible treatment for neurological disorders (ISIS333611 has no dose-limiting toxic effects or other safety and tolerability concerns; the CSF and plasma drug concentrations were consistent with those predicted in preclinical studies). [START_REF] Miller | An antisense oligonucleotide against SOD1 delivered intrathecally for patients with SOD1 familial amyotrophic lateral sclerosis: a phase 1, randomised, first-in-man study[END_REF]. Based on these results, a second generation SOD1-targeting ASOs, BIIB067 (IONIS-SOD1RX) is currently being tested in an ongoing phase I randomized, placebo-controlled escalating dose trial (NCT02623699), as well as the long-term extension study of the effects of BIIB067 (NCT03070119) in SOD1 FALS patients [START_REF] Ly | Emerging antisense oligonucleotide and viral therapies for amyotrophic lateral sclerosis[END_REF]. Another interesting option is to target genes to introduce correction mutations in induced pluripotent stem cells from fibroblasts of SOD1 and FUS FALS patients by using the CRISPR/Cas9 system [START_REF] Wang | CRISPR/Cas9-mediated targeted gene correction in amyotrophic lateral sclerosis patient iPSCs[END_REF]. Intraventricular administration ASOs fail to reduce C9ORF72 RNA levels, but may reduce toxic RNA foci and dipeptide aggregates, restore normal gene expression markers and protect against glutamate toxicity, as observed in a recent study on mice expressing C9ORF72 RNAs with up to 450 GGGGCC repeats or with one or both C9ORF72 alleles inactivated [START_REF] Jiang | Gain of toxicity from ALS/FTD-linked repeat expansions in C9ORF72 is alleviated by antisense oligonucleotides targeting GGGGCC-containing RNAs[END_REF]. The administration of ASO-targeting ATXN2 to the CNS of TDP43 transgenic mice markedly extends their lifespan and improves their motor performance [START_REF] Becker | Therapeutic reduction of ataxin-2 extends lifespan and reduces pathology in TDP-43 mice[END_REF]. This approach (targeting a modifier gene that does not directly cause ALS and reducing ataxin-2 levels), represents an original therapy for TDP-43 proteinopathy: this type of approach will likely be essential for treating sporadic ALS because of the cellular role of TDP-43, which is present in nearly all ALS patients [START_REF] Mathis | RNA-targeted therapies and amyotrophic lateral sclerosis[END_REF]. Finally, with other treatments, such advances may be another step through a combinatorial therapeutic approach co-targeting different pathogenic mechanisms in independent cell type [START_REF] Frakes | Additive amelioration of ALS by co-targeting independent pathogenic mechanisms[END_REF].

Conclusions

ALS is an old but mysterious disease that is sporadic in most cases. FALS has been observed for many decades, with currently more than thirty causative genes having been discovered. Even if inherited forms of ALS represent only 10% of ALS cases, genetic advances contribute to a better understanding of the pathophysiology of the disease, leading to new potential treatments in the future for this neurodegenerative disorder, which is still fatal.

Based on the recent successes observed in spinal muscular atrophy, RNA-targeted therapies have been proposed as potential strategies for treating ALS but are still without evident success thus far, as no RNA therapeutics have been found to be effective for ALS. Such therapeutic approaches for the treatment of all forms of ALS will undoubtedly be further developed.
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Other genes potentially linked with amyotrophic lateral sclerosis. TUBA4A: tubulin alpha-4A; UBQLN2: ubiquilin-2; VAPB: vesicle-associated membrane protein-associated protein B; VCP: valosin-containing protein).
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Table 1.

Classification of inherited forms of amyotrophic lateral sclerosis. AD = autosomal dominant; ALS = amyotrophis lateral sclerosis; AR = autosomal recessive; ax = axonal; CA = hereditary cerebellar ataxia; CMT = Charcot-Marie-Tooth disease; de = demyelinating; dHMN = distal hereditary motor neuropathy ; ET = essential tremor; FTD = frontotemporal dementia; HSAN = hereditary sensory and autonomic neuropathy; IBM/P/FTD= inclusion body myositis/Paget disease of bones/frontotemporal dementia; int = intermediate; LAHCDA = lethal anterior horn cell disease with athrogryposis ; mit = mitochondrial transmission; LCCS: lethal congenital contracture syndrome; NADGP: neurodegeneration with ataxia, dystonia, gaze palsy, childhood onset; PLS = primary lateral sclerosis; SCAR1 = autosomal recessive spinocerebellar ataxia 1 SMA = spinal muscular atrophy; SPG = hereditary spastic paraplegia; XL = X-linked. *Susceptibility (risk factor). 

Mode of inheritance

Current