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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.

1. 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
[1]. 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 [2]. This neurodegenerative
disorder is usually fatal within 2-5years [3], with an estimated
worldwide mortality of 30,000 patients a year [1]. The mean age of
onset is 65, even if younger patients may be affected [4]. Primarily
affecting the motor pathways, ALS is characterized by a combination of
both upper and lower motor neuron degeneration [5]. 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 [6].
Moreover, several clinical variants of the disease are still known under
the term ‘ALS’, broadening the phenotypical spectrum of the disease
[5].

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 pathophysiolo-
gical concepts have emerged from the study of these genetic forms, and
new therapeutic perspectives have appeared.

2. Genetics and amyotrophic lateral sclerosis: an old concept

In the middle of the 19th century, some authors, such as Jean
Cruveilhier (1791-1874) [7] and Jacob Augustus Lockhart Clarke
(1817-1880) [8], 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 neurodegen-
erative disorder that was finally fully clinicopathologically described by
Jean-Martin Charcot (1825-1893) [9], currently still known as ‘Char-
cot'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
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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 [10]. A few years later, Kurland and Mulder clearly identified
the concept of ‘familial ALS with dominant inheritance’ [11,12]. In the
following years, many cases of non-Chamorro FALS with transmission
appearing to be autosomal dominant (AD) were confirmed [13-16]. At
that time, some authors highlighted the great intra-familial variation in
the evolution of FALS, as well as their various phenotypes [17]. 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 [18].

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) [19]. However, in autopsies of some ALS pa-
tients, especially FALS patients, degeneration of the posterior columns
(in 50% of FALS cases, against only 10% of SALS cases) was reported
[20], as well as degeneration of Clarke's column and the spinocerebellar
tracts (rarely observed in SALS at that time) [21]. Moreover, some non-
motor signs were observed in ALS since the end of the 19th century,
such as cognitive impairment and frontotemporal dementia [22], even
though the clinical entity ‘ALS with dementia (frontotemporal degen-
eration)’ had not been clearly identified before the 1980s [23,24]. 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” [19]. 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 [25]. 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 < 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) [26].

3. 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 [27]. In 2011,
new criteria were proposed to define FALS, with three levels of cer-
tainty (‘definite’, ‘probable’ or ‘possible’) [28]. However, a recent in-
ternational online survey including 21 different worldwide countries
confirmed that there is still a lack of consensus among clinicians re-
garding 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 [29]. Fi-
nally, 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
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FALS [30]. With the advances made in sequencing and molecular bio-
logical technologies (such as ‘next, generation sequencing’, NGS), many
other genes have been identified [31]. The other important genetic
abnormality in ALS is the hexanucleotide repeat expansion within the
C90ORF72 gene, first observed in 2011 in patients with frontotemporal
degeneration (FTD), then in ALS [32,33]. 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 [34]: 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 [34]. These findings suggest population-specific genetic risk
factors such as the D90A SOD1 mutation observed in Finno-Scandina-
vians [35]. Most of these genes confer dominant inheritance (not al-
ways 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) in-
heritance [36]. 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 [37]. As a consequence, some isolated FALS
cases may appear as SALS, and mutations causing FALS are frequently
observed in apparent SALS [38]. In such cases, genetic abnormalities
are found in 7.4% of Europeans (mainly C9ORF72) and 2.9% of Asians
(mainly SOD1) [34].

4. 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 Fig. 1.

4.1. 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 inter-
membranes space, etc.) that contains one copper and one zinc binding
site [39]. 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)
[40]. In 1993, the SOD1 gene was the first mutated gene shown to cause
FALS [30]. Currently, > 180 mutations have been described in this
gene. Although SODI mutations represent the first genetic cause of ALS
in Asians, SOD1 is only the second most frequent gene involved in
Europeans [34]. Moreover, it remains controversial whether all of the
variants discovered can be considered pathogenic and thus disease-
causative. Patients with SODI1-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) [41,42].

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 me-
chanisms of this toxicity are still not fully known. Oxidative stress and
iron metabolism dysregulation are observed in both ALS patients car-
rying SOD1 mutations and SODI animal models [43]. In cases of mu-
tation, SOD1 contains an exposed N-terminal short region, the derlin-1-
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Table 1
Classification of inherited forms of amyotrophic lateral sclerosis.
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Mode of inheritance  Current OMIM  Gene Chromosome Proposed Other neuropsychiatric/
denomination denomination neuromuscular phenotypes
Autosomal Dominant ~ ALS1 105400 SOD1 (superoxide dismutase 1) 21q22.11 AD-ALS-SOD1
(AD) ALS3 606640 Unknown 18q21 AD-ALS-Unknown
ALS4 602433 SETX (senataxin) 9934.13 AD-ALS-SETX - AR-CA-SETX (SCAR1)
ALS6 608030 FUS/TLS (Fused in sarcoma/translated in 16q11.2 AD-ALS-FUS - AD-ET-FUS (essential
liposarcoma tremor type 4)
ALS7 608031  Unknown 20p13 AD-ALS-Unknown - AD-SMA-Unknown (Finkel
type SMA)
ALS8 608627  VAPB (vesicle-associated membrane protein B 20q13.32 AD-ALS-VAPB - AD-SMA-VAPB
angiogenin)
ALS9 611895 ANG (angiogenin) 14q11.2 AD-ALS-ANG
ALS10 612069 TARDBP (TAR DNA-binding protein 43) 1p36.22 AD-ALS-TARDBP - AD-FTD-TARDBP
ALS11 612577  FIG. 4 (phosphoinositide 5-phosphatase) 6g21 AD-ALS-FIG. 4 - AR-CMT-FIG. 4 (CMT4J)
ALS12 613435 OPTN (optineurin) 10p13 AD-ALS-OPTN
ALS13 183090 ATXN2 (ataxin-2)* 12q24.12 - - AD-CA-ATXN2 (SCA2)
- Parkinson's disease”
ALS14 613954  VCP (valosin-containing protein) 9p13.3 AD-ALS-VCP - AD-CMTax-VCP (CMT2Y)
- AD-SPG-VCP
- AD-IBM/P/FTD-VCP
ALS17 614696 CHMP2B (charged multivesicular body protein 2B) 3p11.2 AD-ALS-CHMP2B - AD-Dementia-CHMP2B
ALS18 614808 PFN1 (Profilin-1) 17p13.2 AD-ALS-PFN1
ALS19 615515 ERBB4 (chorion protein gene ErB.4) 2q34 AD-ALS-ERBB4
ALS20 615426 HNRNPAI (heterogeneous nuclear 12q13 AD-ALS-HNRNPA1 - AD-IBM/P/FTD-HNRNPA1
ribonucleoprotein A1)
ALS21 606070 MATR3 (matrin-3) 5q31.2 AD-ALS-MATR3
ALS22 616208 TUBA4A (tubulin alpha-4A) 2935 AD-ALS-TUBA4A - AD-ALS/FTD-TUBA4A
ALS23 617839 ANXAI11 (annexin A11) 10g22.3 AD-ALS-ANXAII
- - DAO (D-amino acid oxidase) 12q24 AD-ALS-DAO - AD-Schizophrenia-DAO
- - KIAA0693/CREST (calcium-responsive 20q13 -
transactivator)/SS18L1 (synovial sarcoma
translocation gene on chromosome 18-like 1)
FTD-ALS1 105550 C9ORF72 (chromosome 9 open reading frame 72) 9p21.2 AD-ALS-C9ORF72 - AD-ALS/FTD-C9ORF72
- AD-FTD-C90ORF72
FTD-ALS2 615911 CHCHDI0 (coiled-coil-helix-coiled-coil-helix 22q11.23 AD-ALS-CHCHD10 - AD-ALS/FTD-CHCHD10
domain containing protein 10) - AD-FTD-CHCHD10
- AD-myopathy-CHCHD10
- AD-SMA-CHCHD10 (Jokely
type SMA)
FTD-ALS3 616437 SQSTMI /p62 (sequestosome-1) 5¢35.3 AD-ALS-SQSMT1 - AD-ALS/FTD-SQSMT1
- AD-FTD-SQSMT1
- AD-NADGP-SQSTM1
- AD-myopathy-SQSTM1
FTD-ALS4 616439 TBK1 (TANK-binding kinase 1) 12q14.2 AD-ALS-TBK1 - AD-ALS/FTD-TBK1
- AD-FTD-TBK1
Autosomal Recessive ~ ALS1 105400 SOD1 (superoxide dismutase 1) 21q22.1 AR-ALS-SOD1
(AR) ALS2 205100 KIAA1563 (alsin) 2q¢33.1 AR-ALS- KIAA1563 - AR-PLS-KIAA1563
- AR-SPG-KIAA1563
ALS5 602099 KIAA1840/SPG11 (spastacin) 15q15-21.1 AR-ALS-KIAA1840 - AR-CMT-KIAA1563
(CMT2X)
- AR-SPG-KIAA1840 (SPG11)
ALS6 608030  FUS/TLS (Fused in sarcoma/translated in 16q11.2 AR-ALS-FUS
liposarcoma
ALS12 613435 OPTN (Optineurin) 10p13 AR-ALS-OPTN
ALS16 614373  SIGMARI (Sigma nonopioid intracellular receptor  9p13.3 AR-ALS-SIGMAR1 - AR-SMA-SIGMAR1
1
LAHCDA 611890 GLE1 (GLE1, RNA export mediator) 9q34.11 AR-ALS-GLE1 - AR-LCCS-GLE1
X-linked (XL) ALS15 300857 UBQLN2 (Ubiquilin-2) Xp11.21 XL-ALS-UBQLN2 - XL-ALS/FTD-UBQLN2

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).

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
[44]. Oxidative stress due to mutations of the SODI gene has been at-
tributed to a gain in SOD1 toxicity rather than a loss of SOD1 enzymatic
function [43]. Excitotoxicity (glutamate-mediated neurotoxicity) is
considered a possible pathogenic mechanism of ALS and is the reason
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why the glutamate release inhibitor riluzole, which is still the only
approved drug (with edaravone) for ALS [5], shows modest therapeutic
efficiency in this neurodegenerative disorder [45]. Even if controversial
in SOD1 ALS patients [46], excitotoxicity may be caused by a selective
loss of glutamate transporter-1 (GLT1) through various mechanisms
(cleavage by caspase-3, alternative RNA editing, etc.) [47], excessive
glutamate efflux or toxicity of glial cells, the consequences of which are
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Table 2

Other genes potentially linked with amyotrophic lateral sclerosis.
OMIM Gene Chromosome
609894 UNC13A (homolog of Caenorhabditis elegans A) 19p13.11
105400 DCTN1 (dynactin-1) 2pl13.1
105400  PRPH (peripherin) 12q13.12
105400 NEFH (neurofilament, heavy polypeptide) 22ql2.2
601574 TAF15 (TATA box-binding protein-associated factor 15) 17q12
604277 SPAST (spastin) 2p22.3
612722 ELP3 (elongator acetyltransferase complex subunit 3) 8p21.1
150340 LMNBI1 (lamin B1) 5q23.2
604588  NEKI (never in mitosis gene A-related kinase 1) 4q33
600227 CCNF (cyclin F) 16p13.3
611604 ERLIN1 (endoplasmic reticulum lipid raft-associated 10q24.31

protein 1)
617921 KIF5A (kinesin family member 5A) 12q13.3
612237 TAF15 (TATA box-binding protein-associated factor, 68  17q12
kD)

- TIA1 (T cell-restricted intracellular antigen-1) 2p13.3
- EWSR1 (Ewing sarcoma breakpoint region 1) 22ql2.2
- GNE (UDP-N-acetylglucosamine-2 epimerase/N- 9p13.3

acetylmannosamine-2 kinase)

BCL2: B-cell CLL lymphoma; UDP: uridine diphosphate.

disturbances in neuronal calcium homeostasis [43]. 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 [48,49].
Motor neurons are extremely sensitive to energy reduction and rely
exclusively on mitochondrial ATP to fuel most of its internal bio-
chemical processes. Reduction of intracellular ATP impact ionic Na + /K
+ pumps and quickly leads to a slow depolarization with hyperexcit-
ability 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 [50]. Interestingly, Riluzole is a pNa + blockers and this
mechanism may also contribute to its neuroprotective effects [51]. Fast
axonal transport also represents a critical pathogenic event in ALS,
wherein motor neurons typically degenerate following a ‘dying-back’
pattern [52].

Recently, some authors developed the concept of ‘prion-like pro-
pagation’ of mutant SODI misfolding and the spreading of motor
neuron degeneration along corticospinal pathways [53]. This me-
chanism was first described by Prusiner for the Prion protein PrP¢ in
spongiform encephalopathies [54]. The main idea behind this hypoth-
esis is the self-propagation 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
CI90RF72 and in vivo for only SOD1 so far (for review see ref. [55]) and
might be a common feature of several neurodegenerative diseases, such
as Parkinson's or Alzheimer diseases.

4.2. 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 fronto-
temporal degeneration [56,57]. 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
[32,33]. This HREM has been implicated in many cases of familial or
sporadic ALS/FTD, more frequently in Caucasians than in Asians [58].
Healthy subjects may have up to 30 G4C2 HREMs, whereas C9ORF72-
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related ALS patients have many more HREMs (> 70) [32,33]. Massive
G4C2 HREMs have also been observed in 5-10% of SALS patients in
some populations [32,34,59]. The classical association of ALS/FTD may
be termed ‘COFTD/ALS’ when caused by C9ORF72 expansion muta-
tions. 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) [60]. Interestingly, presymptomatic car-
riers of the C9ORF72 expansion mutation exhibit differences compared
to healthy controls of similar ages, with earlier brain atrophy (espe-
cially focal atrophy of the left supra-marginal gyrus) and cognitive al-
terations [61].

Some hypotheses have been proposed to explain the role of
C90ORF72 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
CI90RF72 protein level; however, knockout of C9ORF72 in mice does
not cause motor neuron degeneration [62]. Another hypothesis was
that massive G4C2 HREMs may be neurotoxic by forming length-de-
pendent RNA foci, thereby sequestering RNA binding proteins and
disabling the RNA processing machinery [63]. 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’ [64]. 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 [64].
C90RF72 may also disrupt the nucleocytoplasmic shuttling at the level
of the isoform of the COORF72 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 [65]. C9ORF72 expansion
mutations also lead to vulnerability to Ca2+ permeable a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor-medi-
ated excitotoxicity, additionally leading to motor neuron degeneration
[66]. Finally, haploinsufficiency for COORF72 activity triggers neuro-
degeneration in C9ORF72 ALS patients, this occurring by at least two
mechanisms: accumulation of glutamate receptors (leading to ex-
citotoxicity) and impaired clearance of neurotoxic DRP derived from
the repeat expansion: in ALS, neurodegeneration is due to this co-
operativity between gain- and loss-of-function mechanisms [67].

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

Common histopathological hallmarks exist in many neurodegen-
erative 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 [68]. This is particularly true in ALS and DFT where cyto-
plasmic mislocalization and aggregation of TDP-43 is characteristic.
The aggregated forms of TDP-43 are characterized by abnormal phos-
phorylation, truncation, and cytoplasmic mislocalization. Neurode-
generation 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-43 (pTDP-43) disseminates in a sequential pattern
along the motor pathways, as suggested by the hypothesis of cortico-
fungal (‘prion-like’) propagation of misfolded proteins in ALS [69]; 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 a-motor neurons) to the final regions (stage
4: anteromedial portions of the temporal lobe, including the hippo-
campus) [70]. The hypothesis that pTDP-43 spreads across the brain
and spinal cord along axonal pathways has been recently confirmed by
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Fig. 1. Localization and role of the targets (proteins) of the main causative genes of familial amyotrophic lateral sclerosis. The blue dashed lines illustrate the impact
of C90ORF72 on different sub-cellular structures; the red dashed lines illustrate the impact of SODI on different sub-cellular structures; The green dashed line
illustrates the impact of FUS on different sub-cellular structures plain arrows illustrates direct proteins interactions (ANG: angiogenin; ANXA11: annexin A11; ATP:
adenosine triphosphate; CHMP2B: charged multivesicular body protein-2B; CREST: calcium-responsive transactivator; DAO: D-amino acid oxidase; DCTN1: dynactin-
1; DPR: dipeptide repeat protein; ERBB4: chorion protein gene ErB.4; FIG. 4: phosphoinositide 5-phosphatase; FUS: fused in sarcoma; GLE1: GLE1, RNA export
mediator; GLT1: glutamate transporter-1; HNRNPA1: heterogeneous nuclear ribonucleoprotein Al; MATR3: matrin-3; mGluR: metabotropic glutamate receptor;
OPTN: optineurin; p62: ubiquitin-binding protein p62 (or sequestosome-1); PFN1: profiling-1; PolyPR: poly PR dipeptide; pNa+: persistent sodium channels; RNA:
ribonucleic acid; SIGMAR1: sigma nonopiod intracellular receptor-1; SOD1: superoxide dismutase-1; TBK1: Tank-binding kinase-1; TDP-43: trans-activation response
DNA-binding protein 43; TUBA4A: tubulin alpha-4A; UBQLN2: ubiquilin-2; VAPB: vesicle-associated membrane protein-associated protein B; VCP: valosin-con-
taining protein). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

computational simulation [71]. 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 [72].

Patients with TARDBP-related ALS, first described in 2008 [73-75],
present with the classical ALS phenotype with variable onsets and
durations of symptoms [76]. TDP-43, encoded by the TARDBP gene, is a
ubiquitously expressed nuclear ribonucleoprotein implicated in exon
splicing, gene transcription, regulation of mRNA stability, mRNA bio-
synthesis, and formation of nuclear bodies [77]. 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 ribonu-
cleoproteins mediating protein-protein interactions and splicing in-
hibitory activity. When its C-terminal region is lacking, TDP-43 be-
comes unable to mediate splicing inhibition [78]. We also know that
TDP-43 deposition leads to targeted RNA instability, causing apoptosis
by disrupting energy production and protein synthesis pathways [79].
However, the real biological function of TDP-43 is still unknown [78].

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

FUS/TLS is a nuclear RNA-binding protein that contains a C-term-
inal 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 [80]. In 2009, the first cases of
FUS-related ALS were described with highly variable clinical pre-
sentations, from classical ALS to more atypical phenotypes [81,82]. 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 [83]. 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 [84,85].
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In neurons and glial cells, FUS is almost exclusively localized to the
nucleus [86]. 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 [87]. This suggests two
potential disease-causing mechanisms: loss of FUS normal function in
the nucleus and gain of toxic function in the cytoplasm [88]. Moreover,
FUS proteinopathies confirm the convergence of ALS and FTD patho-
physiology.

As the other members of the FET (FUS-EWS-TAF15) family that are
Ewing's sarcoma protein (EWS) and the TATA-binding protein asso-
ciated factor (TAF15), FUS/TLS is a multifunctional DNA/RNA ribo-
nuclear binding protein that plays a possible role in neuronal plasticity
and maintenance of dendritic integrity [89,90]. 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 reg-
ulatory circuitry [91]. Secondly, FUS helps to regulate transcription by
binding active chromatin (chromatin binding is required for FUS tran-
scription activation): the ALS mutations dramatically decreased FUS
chromatin binding, and consequently may cause a loss of function of
the nuclear FUS [88]. FUS also plays a critical role in the regulation of
the basal level of the manganese SOD gene (SOD2) transcription, SOD2
being a highly-regulated antioxidant enzyme exclusively localized in
mitochondria [92]. 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 [93,94].
Finally, FUS is a crucible for embryogenesis by orchestrating splicing of
developmental regulators during gastrulation [95].

4.5. 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 [96]. 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 [97]. VAPB-
related motor neuron disorders are characterized by a longer course of
evolution than the classical form of ALS [98].

4.5.2. 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 < 2% of the whole
FALS [99].

4.5.3. 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 [100].

4.5.4. 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) [101].

4.5.5. 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: in-
fantile-onset ascending hereditary spastic paralysis, juvenile primary
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lateral sclerosis (JPLS), and juvenile amyotrophic lateral sclerosis
(ALS2). Alsin mutations were never reported in adult patients [102].

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

The multifunctional kinase TBK1 is a multifunctional kinase parti-
cipates 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 au-
tophagy) that have been identified participating in the pathology of
ALS/FTD spectrum. Actually, TBK1 loss of function and missense mu-
tations are not frequently found in ALS/FTD patients: both of them are
associated with an increased risk for ALS/FTD spectrum [103].

5. 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. High-length poly-
glutamine (polyQ) expansions (> 34 Qs) in ATXN2 cause spinocer-
ebellar ataxia type 2 (SCA2) [104] and rarely familial parkinsonism
[105], whereas intermediate-length polyQ expansions (27-33) re-
present a genetic risk factor for sporadic ALS [106]. Recently, some
authors demonstrated that ataxin-1 polyQ expansions (> 32) also re-
present a risk factor for ALS; in addition, intermediate expansions of
both ataxin-1 and ataxin-2 might be genetic modifiers of ALS-FTD
[107]. Ataxin-2 is a stress-regulated protein localized in the rough en-
doplasmic reticulum of specific neurons [108]. The sequestration and
depletion of ataxin-2 contribute to expanded ataxin-1 (a protein in-
volved in transcriptional regulation and cell signaling) and induce
neurodegeneration [109]. Activation of caspase-3 in response to cel-
lular 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-
43C-terminal cleavage and phosphorylation in human cells by lowering
the threshold at which cells activate caspases upon cellular stress [110].
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 [111]. A combination of genetic variants in several (oli-
gogenic) or many (polygenic) genes may explain individual genetic
vulnerability [112].

6. 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’. > 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 clin-
ical 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 [113].
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By highlighting such complexity, some of us recently proposed another
way to classify neurogenetic disorders [113,114]. Our proposal was
first applied to the complex classification of CMT, where many no-
menclatures were aggregated, based on the first official classification
set in 1968 [115]. 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 [116]. Based on our ob-
servations, 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) [115]. One of the advantages of this proposal is the
simple implementation of any new genetic data [113]. Since these
proposals, most of the many comments received from colleagues
worldwide have been encouraging, as found in a recent online survey
[117,118].

Finally, we think that such a classification system may be used for
many other neurogenetic and neuromuscular disorders [113,114,119],
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 es-
sential 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 [117,118], the validation of a new classi-
fication method for genetic disorders would require further discussions
by expert working groups and discussions within the scientific and
medical communities [117].

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

The emergence of multidisciplinary, specialized ALS clinics has in-
creased both the quality of life and the survival of ALS patients, re-
spiratory management through early non-invasive ventilation being
probably one of the most important determinants of survival, however,
there is still no curative treatment for ALS patients [5]. Gene therapy
approaches, including antisense oligonucleotides (ASOs) and viral-di-
rected gene delivery, have shown enormous potential to enable ther-
apeutic modulation of gene expression in diverse monogenic neurolo-
gical conditions, including ALS [120].

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 [121]. However, the anatomical and functional com-
plexity of the human brain, especially the existence of the blood-brain
barrier, limits the biodistribution of the vector into the CNS: even as-
suming successful delivery of the vector via direct intraparenchymal,
intrathecal, intracerebroventricular, or systemic administration, tar-
geting a sufficient number of cells to achieve an adequate level of gene
augmentation/suppression within a safe and therapeutic window ap-
pears challenging [122]. 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 [121].

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) [121]. After first
demonstrations of the utility of ASOs in animal models, a first human
clinical trial began in 2013 (IONIS Pharmaceuticals (“ISIS Pharma-
ceuticals” until December 2015): it consisted in the intrathecal delivery
of ASO against SOD1 (ISIS333611) for patients with SOD1 FALS,
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showing that it should be a feasible treatment for neurological disorders
(ISIS333611 has no dose-limiting toxic effects or other safety and tol-
erability concerns; the CSF and plasma drug concentrations were con-
sistent with those predicted in preclinical studies). [123]. Based on
these results, a second generation SODI-targeting ASOs, BIIB067
(IONIS-SOD1RX) is currently being tested in an ongoing phase I ran-
domized, placebo-controlled escalating dose trial (NCT02623699), as
well as the long-term extension study of the effects of BIIBO67
(NCT03070119) in SOD1 FALS patients [124]. 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 [125].

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 in-
activated [126]. The administration of ASO-targeting ATXN2 to the
CNS of TDP43 transgenic mice markedly extends their lifespan and
improves their motor performance [127]. 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 be-
cause of the cellular role of TDP-43, which is present in nearly all ALS
patients [121]. Finally, with other treatments, such advances may be
another step through a combinatorial therapeutic approach co-tar-
geting different pathogenic mechanisms in independent cell type [128].

8. 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 dis-
order, 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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