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Background: Genetic background and pathogenesis of motor neuron diseases (MNDs) have been
increasingly elucidated over recent years.

Aims: To give an overview about publications during the last year concerning the genetic background
and phenotypic manifestations of MNDs, such as familial or sporadic amyotrophic lateral sclerosis (fALS,
sALS), spinal muscular atrophies (SMA), bulbospinal muscular atrophy (BSMA), and unclassified MNDs.
Methods: Pubmed search for literature about ALS, SMA, and BSMA for the period 10/2012 to 9/2013.
Results: An increasing number of mutated genes is recognised in fALS but also sALS patients. Genes
mutated in sALS include C9orf72, SOD1, TARDBP, FUS, UBQL2, SQSTM1, DCTN1, and UNC13A. Juvenile
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Nerve conduction (onset <20y) and adult ALS (early onset 20—60y, late onset >60y) are differentiated. Juvenile fALS is
Genetics most frequently caused by mutations in ALS2, SETX, spatacsin, or Sigmar1 and adult fALS by mutations in
hereditary C90rf72, SOD1, TARDBP, and FUS. Onset, phenotype, progression, and outcome of ALS are variable be-

tween different mutations, different genes, and different countries. Differentiation between sALS and
fALS cases becomes artificial.
Conclusions: Further progress has been made over the last year in the clarification and understanding of
the aetiology and pathogenesis of MNDs. However, further effort is needed to answer the many
remaining questions.

© 2014 Elsevier Masson SAS. All rights reserved.

1. Introduction 2. Methods

Motor neuron diseases (MNDs) are characterised by exclusive
or predominant affection of the first (upper motor neuron (UMN))
or second motor neuron (lower motor neuron (LMN)) [Sabatelli
et al,, 2013]. In the majority of the cases, MNDs have a genetic
cause and less frequently are acquired. Hereditary MNDs comprise
sporadic and familial amyotrophic lateral sclerosis (SALS, fALS),
spinal muscular atrophy (SMA), bulbospinal muscular atrophy
(Kennedy syndrome), and some rare unclassified, hereditary
MNDs. During recent years, an increasing number of mutated
genes has been identified which cause fALS (Table 1) highlighting
the genetic heterogeneity of these disorders, and the pathogenetic
background of SMA and BSMA is more profoundly understood
than before. This mini-review wants to give an overview about and
discuss recent findings concerning the genetic background and
phenotypic manifestations of ALS, SMA, BSMA, and the unclassi-
fied MNDs. Primary lateral slcerois and hereditary spastic para-
plegias were not included since the review focuses on disorders
with lower motor neuron involvement. Motor neuropathies were
not included since they are not regarded as a neuronopathy.
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Data for this review were identified by searches of MEDLINE,
Current Contents, and PubMed, and references from relevant arti-

" o«

cles using the search terms “motor neuron desease”, “amyotrophic
lateral sclerosis”, “spinal muscular atrophy”, “bulbospinal muscular
atrophy” “gangliosidosis”, in combination with “genetics”, and
“mutation”, Original papers but no abstracts or reports from
meetings about randomized clinical trials, longitudinal studies,
case series, and single cases were considered. Only articles pub-
lished in English between October 2012 and September 2013 were
included. Appropriate articles were studied and discussed for their
suitability and reference lists of appropriate hits were studied for
more appropriate papers. The review is divided into parts about
ALS, SMA, BSMA, and unclassified MNDs.

3. Results
3.1. Amyotrophic lateral sclerosis (ALS)

ALS, the most common MND in adults [Ravits et al., 2013; Verma
and Tandan, 2013] and the third most common adult-onset
neurodegenerative disease, is a syndrome [Martin and Wong,
2013]. Half of the patients have cognitive impairment and of
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Table 1
Mutated genes found in fALS or sALS cases.
Gene Protein Function fALS sALS MOI Phenotype Histology References
plus/variant
SOD1 SOD Enzyme, antioxidante  fALS1 Yes AD/AR No Aggregates Basso et al. [2013]; Tortelli et al. [2013]
Alsin ALS2 TRAF, ESCRT f -+ jALS2 No AR PLS, IAHSP np Chen et al. [2013]; Cobanoglu et al.
[2012]
SETX Senataxin Regulates replication  f + jALS4 No AR SCAR1, AOA2 np Arning et al. [2013]
SPG11 Spatacsin Unclear f -+ jALS5 No AR No np Chen et al. [2013]; Orlacchio et al.
[2010]
FUS/TLS FUS RBP f + jALS6 Yes AD/AR  FTLD Aggregates Daigle et al. [2013]; Niu et al. [2012];
Scaramuzzino et al. [2013]
VAPB VAMP ERGP, TRAF fALS8 No AD SMA TDP-43, VAMP  Kuijpers et al. [2013]; Qin et al. [2013]
ANG Angiogenin RBP, angiogenesis 1 fALS9 Yes AD FTLD, EPD np Padhi et al. [2013]; Thiyagarajan et al.
[2012]
TARDBP TDP-43 RBP fALS10 Yes AD FTLD TDP-43 Armstrong and Drapeau [2013]; Tanaka
et al. [2013]
FIG4 FIG4 PRD, ERGP, TRAF fALS11 Yes AD CMT4] np Chen et al. [2013]; Iguchi et al. [2013]
OPTN Optineurin PRD, ERGP, TRAF fALS12 Yes AD/AR  EPD, FTLD, aphasia, TDP-43 Czell et al. [2013]; Kamada et al. [2013];
OAG Weishaupt et al. [2013]
VCP VCP PRD fALS14 No AD Paget, IBM, FTLD TDP-43 Gonzalez-Pérez et al. [2012]; Igari et al.
[2013]
UBQLN2 Ubiquilin-2 PRD f -+ jALS15  Yes XR FTLD Aggregates Gellera et al. [2013]
SigMAR1  Sigma recept.1  ERGP f+jALS16 No AR FTLD Aggregates Prause et al. [2013]
PFN1 Profilin Polymerises actin fALS18 Yes AD FTLD Aggregates Daoud et al. [2013]; Ingre et al. [2013];
Tiloca et al. [2013]
ERBB4 ERBB4 TRAF fALS19 No AD No np Takahashi et al. [2013]
C9orf72 Unknown TRAF, repeats fALS Yes AD FTLD, EPD, TDP-43. p62 Iguchi et al. [2013]; Williams et al.
psychosis [2013]; Xu et al. [2013]
CHMP2B Unknown PRD, TRAF, ESCRT fALS Yes AD FTD p38 MAPK | Cox et al. [2010]; van Blitterswijk et al.
[2012a,b]
DAO D-AA oxidase AA oxidation fALS No AD No Aggregates Iguchi et al. [2013]; Paul and de
Belleroche [2012]
DCTN1 Dynactin TRAF fALS Yes AD FID np Iguchi et al. [2013]; Kuzma-
Kozakiewicz et al. [2013]
SQSTM1 p62 protein PRD fALS Yes AD Paget (bone) TDP-43 Hirano et al. [2013]; Teyssou et al.
[2013]
hnRNPA1 hnRNPA1 RBP fALS Yes np IBM, Paget, FTD np Calini et al. [2013]
Erlin2 Erlin ER lipid rafts JALS Yes No No np Al-Saif et al. [2012]
UNC13A UNC13 Controls transmitters ~ No Yes No No np van Es et al. [2009]
NEFH Neurofilament ~ TRAF No Yes Ad No np Figlewicz et al. [1994]
PRPH Peripherin TRAF No Yes No No np Corrado et al. [2011]
TAF15 TBP factor 15 RBP No Yes AD No np Iguchi et al. [2013]; Robberecht and
Philips [2013]
GRN Progranulin Cell growth regulator  No Yes No EPD, FTLD, aphasia  TDP-43 Cannon et al. [2013]
EWSR1 EWSR1 RBP No Yes No EPD, FTLD np Iguchi et al. [2013]; Robberecht and
Philips [2013]
ATXN2 Ataxin-2 Repeat expansion No Yes AD SCA2 Aggregates Iguchi et al. [2013]

MOI: mode if inheritance, TRAF: trafficking, ESCRT: endosomal sorting complexes required for transport, AA: aminoacid, PRD: protein degradation, ERGP: ER-Golgi pathway,
JALS: juvenile ALS, FTLD: fronto-temporal lobe degeneration, RBP: RNA-binding protein, PLS: primary lateral sclerosis, IAHSP: infantile-onset ascending hereditary spastic
paraplegia, SCAR1: autosomal recessive spinocerebellar ataxia, AOA: ataxia ocular apraxia, SMA: spinal muscular atrophy, and np: not provided.

these 15% meet the criteria for fronto-temporal dementia (FTD)
[Vengoechea et al., 2013]. sALS is differentiated into sALS and fALS
[Ravits et al., 2013] but only 5—10% of the ALS cases are familial (>1
affected patient in a family) [Tanaka et al., 2013; Vengoechea et al.,
2013]. fALS is genotypically and phenotypically heterogeneous
(Table 1) [Ravits et al., 2013] fALS follows an autosomal dominant,
autosomal recessive, or X-chromosmal trait of inheritance. Muta-
tions in genes associated with fALS have a number of different ef-
fects (Table 2) of which the most frequent is an increased
propensity to produce misfolded and aggregated proteins [Trippier
et al,, 2012]. Additionally, ground-braking discoveries of mutations
in genes encoding RNA-processing proteins and demonstration
that abnormal aggregation of these and other proteins precede
motor neuron loss in sALS and fALS have been recently made
[Trippier et al., 2012; Verma and Tandan, 2013]. Some of these RNA-
binding proteins have prion-like domains (PrWD, PrLD) with a
propensity to self-aggregation (Table 1) [Kim et al., 2013; Verma
and Tandan, 2013]. From these findings the hypothesis emerged
that a focal cascade of toxic protein aggregates and their non-cell

autonomous spread to neighbourhood groups of neurons (cell—
cell interactions between neurons) could explain the temporo-
spatial progression of ALS [Ravits et al., 2013; Verma and Tandan,
2013]. Mutant proteins in astrocytes may contribute to the patho-
genesis of ALS [Kunze et al., 2013]. A key molecule associated with
sALS and fALS is TDP-43, which is a pathological feature but can be
mutated by itself as well [Iguchi et al., 2013].

Table 2

Pathogenetic mechanisms of mutated ALS genes [Robberecht and Philips, 2013].
Mechanism Example
Enzyme defect SOD1

RNA-binding 1, impaired
protein processing
Nucleotide expansion C9o0rf72, ATXN2
Protein proteostasis OPTN, UBQLN2, SQSTM1, VCP, CHMB2P, FIG4
Excitotoxicity DAO
Defect cytoskeleton or VAPB, peripherin, DCTN1, NFH, PFN1
cellular transport
Unclear

TDP-43, FUS, ANG, SEXT, TAF15, EWSR1

Spatacsin, ALS2
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3.1.1. sALS

SALS is diagnosed if there is UMN and LMN affection with or
without cognitive impairment in a single member of a family. If
more than one patient in a family is affected fALS is diagnosed.
Meanwhile, it turned out that sALS can manifest clinically as a
continuum between exclusive affection of the UMN or exclusive
affection of the LMN. Exclusive affection of the LMN results in
progressive muscular atrophy (PMA), predominant affection of the
LMN with some UMN involvement in the classical Charcot-type of
ALS, predominant affection of the UMN in the UMN-dominant type,
and exclusive affection of the UMN in primary lateral sclerosis
(PLS). Site of onset may be the limbs, bulbar muscles, proximal
upper limbs (flail-arm syndrome), hemiparesis (Mill’s hemiparetic
type), or the respiratory muscles (in 5%). The concept of a pure
motor condition, however, has to be abandoned given the
increasing awareness that ALS may be associated with FTLD, FTD,
psychiatric manifestations like psychosis or suicide, aphasia, or
parkinsonism. Survival is on the average 3 y but ranges from a few
months to >20y. Old age, bulbar onset, and respiratory symptoms
at onset are negative predictors for survival. Predictors for long
survival are juvenile or early adult-onset, UMN-dominance, and
flail-arm syndrome.

During recent years contribution of large- or low-effect genes to
the pathogenesis of sALS is increasingly recognised (Table 2)
[Sabatelli et al., 2013]. Among these are C9orf27, SOD1, FUS,
TARDBP, UBQLN2, PFN1, DCTN1, hnRNPA1, SQSTN1, ANG, FIG4,
OPTN1, CHMP2B, erlin2, UNC13A, NEFH, PRPH, TAF15, GRN, EWSR1,
and ATXN2 (Table 1). Recently, sALS has been shown to be associ-
ated also with mutations in the chromatin remodelling complex
component SS18L1 (CREST) gene [Chesi et al., 2013]. CREST muta-
tions inhibit neurite outgrowth in primary neurons and the
mutated protein associates with fused in sarcoma/translocated in
liposarcoma (FUS/TLS) [Chesi et al., 2013]. Pathohistologically, SALS
is characterised by ubiquitinated (ubiquitination is required prior to
degradation of an abnormal protein) cytoplasmic inclusions of
trans-activating response region DNA-binding protein (TDP-43),
which can be also found in fronto-temporal lobe dysfunction
(FTLD) [Arnold et al., 2013; Han et al., 2013; Ravits et al., 2013].

3.1.2. SOD1 (fALS1)

fALS1 is clinically characterised by a classical ALS phenotype
[Chen et al., 2013]. Cognitive impairment is very rare and bulbar
onset is less frequent than in other fALS types [Sabatelli et al., 2013].
Mean age at onset is later than in FUS patients but earlier than in
other non-SOD1 patients [Sabatelli et al., 2013]. fALS1 follows an
autosomal dominant (AD)/autosomal recessive (AR) trait of inher-
itance and is due to mutations in the SOD1 gene, encoding the Cu/
Zn superoxide-dismutase [Chen et al, 2013]. More than 160
missense mutations are known to date [Tortelli et al., 2013].
Recently, new mutations have been detected by whole exome
sequencing [Klein et al., 2013]. They cause fALS1 or sALS [Tortelli
et al,, 2013]. In a recent study on 60 Iranian patients the fre-
quency of SOD1 mutations was 38.5% among fALS patients and 4.3%
among sALS patients [Alavi et al., 2014]. Other studies showed that
fALS is due to SOD1 mutations in about 20% of the cases [Tan et al.,
2013]. Among fALS patients SOD1 is, after the S9orf72, the second
most frequently mutated gene in ALS [Tortelli et al., 2013].

A pathomorphologic hallmark of SOD1-linked fALS is SOD1
immuno-positive inclusions found within motor neurons and the
lack of classical ubiquitine or TDP43+ inclusions [Chen et al., 2013].
The mechanism, by which SOD1 becomes aggregated, however, still
remains elusive [Chen et al., 2013]. Wild-type SOD1 forms a highly
conserved intra-molecular disulphide bond whereas mutant SOD1
proteins are cross-linked via aberrant intermolecular disulphide
cross-links [Toichi et al., 2013]. However, intermolecular disulphide

bonding is not necessary for the formation of detergent-insoluble
mutant SOD1 complexes [Roberts et al.,, 2012]. Misfolding can be
explained by scrambling of a disulphide bond among four Cys
residues in the structurally destabilised mutant SOD1 [Toichi et al.,
2013]. Aggregation seems to be modulated by cysteine residues in
mutant SOD1 [Roberts et al., 2012]. A contributing factor to accu-
mulation of mutant SOD1 aggregates may be NO-mediated S-
nitrosylation of the protein disulphide isomerase [Chen et al., 2013].
The degree of misfolded SOD1 is dependent on the location of the
mutation [Ayers et al.,, 2013]. SOD1 is assumed to cause neuro-
degeneration by a novel cytotoxic activity of misfolded SOD1
affecting DNA/RNA metabolism, mitochondria, neurofilaments,
axonal transport, the endoplasmatic reticulum, the Golgi apparatus,
or the proteasome complex (involved in the protein quality control)
[Sabatelli et al., 2013]. Mutant SOD1 modulates histone
deacetylase-6 (HDAC6) activity and increases tubulin acetylation,
which in turn facilitates mutant SOD1 aggregation [Gal et al., 2013].
The misfolded conformation of SOD1, shared by various ALS-linked
SOD1 mutations but not by the wild-type protein, may promote
neuroinflammation and can be detected by AJ10 antibodies [Sabado
et al.,, 2013]. In mitochondria mitochondrial SOD1 forms a complex
with Bcl-2, resulting in mitochondrial dysfunction [Tan et al., 2013].
Small SOD1-like peptides, which specifically block the formation of
mtSOD1/Bcl-2 may recover mitochondrial dysfunction [Tan et al.,
2013]. In a cell model of ALS oxidative stress was detrimental to
oxygen consumption and glycolytic flux leading to a cellular energy
deficit [Richardson et al., 2013]. Mutant SOD1 has also a substantial
impact on protein secretion pathways in astrocytes, contributing to
motor neuron degeneration [Basso et al., 2013].

3.1.3. ALS2 (fALS2)

Phenotypically, fALS2 is characterised by a slowly progressive
lesion predominantly of the UMN manifesting as facial or limb
spasticity [Chen et al., 2013]. fALS2 follows an AR trait of inheri-
tance and is due to mutations in the ALS2 gene encoding for alsin
[Chen et al., 2013]. ALS2 mutations may also manifest as primary
lateral sclerosis (PLS) or infantile-onset ascending hereditary
spastic paralysis (IAHSP) [Chen et al., 2013]. Alsin is related to
spartin on the mRNA and protein level [Cobanoglu et al., 2012].
Both proteins colocalise and the spartin isoform A precipitates with
alsin in the same protein complex [Cobanoglu et al., 2012].

3.1.4. SETX (fALS4)

Phenotypically, fALS4 presents with a slowly progressive, distal
hereditary motor neuropathy with pyramidal signs [Chen et al.,
2013]. fALS4 follows an AD trait of inheritance and is due to mu-
tations in the SETX gene encoding for senataxin [Arning et al.,
2013]. Mutations in the SETX gene may also cause AR spinocer-
ebellar ataxia (SCAR1) or ataxia ocular apraxia-2 (AOA2) [Chen
et al., 2013]. Recently, however, it has been shown that all newly
identified variations are most likely non-pathogenic [Arning et al.,
2013]. Attributing fALS4 to SETX mutations possibly resulted from
interpretation of SEXT missense alleles in the absence of functional
assays [Arning et al., 2013].

3.1.5. SPG11 (fALS5)

fALS5 is clinically characterised by a slowly progressive some-
times juvenile ALS phenotype [Chen et al., 2013]. Juvenile ALS is
characterised by an onset <20 y of age, a positive family history in
the majority of the cases, a mild course except for sporadic cases,
and both an AD or AR trait of inheritance. fALS5 follows an AR mode
of inheritance and is due to mutations in the SPG11 gene encoding
spatacsin [Chen et al., 2013]. Mutations in SPG11 may also cause
hereditary spastic paraplegia (HSP) [Chen et al., 2013]. Recently,
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spatacsin mutations were found in 10 of 25 unrelated families with
AR juvenile ALS [Orlacchio et al., 2010].

3.1.6. FUS (fALS6)

fALS6 is clinically characterised by a typical ALS phenotype
[Chen et al., 2013]. It follows both an AD or AR mode of inheritance
and is due to mutations in the FUS gene encoding the fused in
sarcoma protein [Chen et al., 2013; Iguchi et al., 2013]. Mutations in
FUS are clustered in the C-terminal nuclear localisation sequence
(NLS) of the protein [Niu et al., 2012]. FUS is a DNA/RNA-binding
protein (RBP) that forms cytoplasmic aggregates [Daigle et al.,
2013] Classical ubiquitine or TDP43+ inclusions are lacking.
Recently, it has been shown that mutations in FUS not only cause
classical ALS but also FTLD [Scaramuzzino et al., 2013]. FUS muta-
tions are responsible for fALS as well as sALS [Farg et al., 2013]. The
FUS protein is imported into the nucleus by transportin (Trn1) [Niu
et al, 2012]. ALS mutants cause decreased affinity of FUS with
transportin [Niu et al., 2012]. In patients with fALS6, FUS is redis-
tributed from the nucleus to the cytoplasm, where it triggers
endoplasmatic reticulum stress [Farg et al., 2013]. FUS mutations
cause fragmentation of the Golgi apparatus [Farg et al., 2013]. A
potent modifier of the FUS pathology is an intermediate repeat
length in the ataxin-2 (ATXN2) gene. A repeat number of 27—33
increases the risk of ALS [Farg et al., 2013]. In case ataxin-2 Q31 is
co-expressed with mutant FUS, Golgi-fragmentation is enhanced
and apoptosis triggered [Farg et al., 2013]. If the RNA-binding sites
are abolished by mutations to produce an RNA-binding deficit, FUS
exclusively localises to the nucleus but if the RNA-binding ability of
FUS is preserved, FUS is incorporated into cytoplasmatic stress
granules [Daigle et al., 2013]. The RNA-binding ability thus seems to
be essential for the neurodegenerative phenotype of mutant FUS
[Daigle et al., 2013]. Posttranslational arginine-methylation of FUS
may contribute to the pathogenesis of FUS mutations in fALS6
[Scaramuzzino et al., 2013].

3.1.7. VAPB (fALSS)

fALS8 is clinically characterised by a typical or atypical ALS
phenotype [Chen et al., 2013]. fALS8 follows an AD trait of inheri-
tance and is due to mutations in the VAPB gene encoding the
vesicle associated membrane protein associated protein-B (VAPB)
[Chen et al., 2013; Qin et al., 2013; Kuijpers et al., 2013]. VAPB is an
integral membrane protein of the endoplasmatic reticulum and a
binding partner of YIF1A [Kuijpers et al., 2013]. In addition to fALSS,
VAPB mutations may also cause spinal muscular atrophy (SMA)
[Chen et al., 2013]. fALSS8 is characterised by severe aggregation of
the mutated protein [Qin et al.,, 2013].

3.1.8. ANG (fALS9)

fALS9 is phenotypically characterised by typical ALS, FTLD, and
parkinsonism [Chen et al., 2013; Thiyagarajan et al., 2012]. fALS9
follows an AD mode of inheritance and is due to mutations in the
ANG gene encoding angiogenin, a member of the ribonuclease-A
superfamily [Chen et al., 2013; Padhi et al., 2013; Thiyagarajan
et al., 2012]. Angiogenin has both neurotrophic and neuro-
protective functions [Thiyagarajan et al., 2012]. ANG mutations may
lead to loss of either ribonucleolytic activity or nuclear trans-
location activity [Padhi et al., 2013]. ANG mutations that affect the
structure of the catalytic site and increase or decrease the RNase
activity, affect neuronal survival [Thiyagarajan et al., 2012]. By
application of a fast molecular dynamics based method it seems to
be possible to determine the mechanism of functional loss caused
by a mutation and the pathogenicity of a mutation [Padhi et al.,
2013].

3.1.9. TARDBP (fALS10)

Phenotypically, fALS10 presents as typical ALS phenotype [Chen
et al., 2013]. In addition to ALS, FTLD may be part of the presenta-
tion [Armstrong and Drapeau, 2013]. fALS10 follows an AD trait of
inheritance and is due to mutations in the TARDBP gene encoding
TAR DNA-binding protein-43 (TDP-43) [Chen et al., 2013; Iguchi
et al, 2013; Xu et al,, 2013]. TDP-43 is a highly conserved mem-
ber of the heterogeneous nuclear ribonuclear protein (hnRNP)
family. TARDBP mutations not only cause fALS but also sALS [Daigle
etal., 2013].In a study of 44 sALS and 6 fALS patients from Finnland,
no TARDBP mutations were identified [Mentula et al., 2012]. Only
non-pathogenic polymorphisms were found [Mentula et al., 2012].
Recently, it has been described that mutant TDP-43 has a higher
tendency of B-sheet formation than wild-type TDP-43 [Xu et al.,
2013]. Pathologically, accumulation of TDP-43 provokes cytotox-
icity and recapitulates pathogenic protein cleavage and insolubility
with consecutive proteasomal impairment and dysregulation of the
mRNA levels suggesting that increased stability of mutant TDP-43
results in a gain of toxicity through abnormal proteostasis
[Watanabe et al., 2013]. In animal studies TARDBP mutations
resulted in impairment of neuromuscular junctions [Armstrong
and Drapeau, 2013].

3.1.10. FIG4 (fALS11)

fALS11 manifests clinically with prominent, rapidly progressive
corticospinal tract signs [Chen et al., 2013]. fALS11 follows an AD
trait of inheritance and is due to mutations in the FIG4 gene
encoding for phosphoinositide-5-phosphatease a signalling lipid
on the cytosolic surface of membranes of the late endosomal
compartment [10.14]. It is required for retrograde membrane traf-
ficking from lysosomal and late endosomal compartments to the
Golgi apparatus [Iguchi et al.,, 2013]. In addition to fALS11, FIG4
mutations may cause CMT4J [Chen et al., 2013]. Non-synonymous
FIG4 variants have been reported in 2% of the ALS and PLS pa-
tients [Chow et al., 2009].

3.1.11. OPTN (fALS12)

fALS12 manifests phenotypically with slowly progressive, limb-
onset, predominantly UMN signs [10.14]. In addition to ALS, pa-
tients may present with extrapyramidal disease, aphasia, or FTLD
[Czell et al,, 2013; Kamada et al., 2013; Weishaupt et al.,, 2013].
Progressive aphasia may be even the presenting symptom in
fALS12 [Czell et al., 2013]. fALS12 follows both an AD or AR trans-
mission and is due to mutations in the OPTN gene encoding opti-
neurin, which inhibits nuclear factor kB (NF-«kB) [Chen et al., 2013].
In addition to fALS12, OPTN mutations may cause primary open
angle glaucoma [Chen et al., 2013]. In a recent study of 100 fALS
patients from Germany, a mutation in the OPTN gene was found in
only one patient [Weishaupt et al., 2013]. Neuropathological studies
in 2 patients with fALS12 carrying the Q398X OPTN mutation have
shown that loss-of-function rather than the proteinopathy itself
results in the formation of TDF-43 deposits in neuronal and glial
cytoplasm and in Golgi apparatus fragmentation [Kamada et al.,
2013].

3.1.12. VCP (fALS14)

fALS14 manifests with typical adult-onset ALS with or without
FTLD [Chen et al., 2013]. fALS follows an AD transmission and is due
to mutations in the VCP gene, encoding valosin-containing protein
Refs. [Chen et al,, 2013; Gonzalez-Pérez et al., 2012; Igari et al,,
2013]. In addition to fALS14, VCP mutations may manifest as in-
clusion body myopathy with Paget’s disease and FTLD [Chen et al.,
2013; Gonzalez-Pérez et al., 2012; Igari et al., 2013]. Among a cohort
of Chinese patients with fALS or sALS, no VCP mutations were
found [Zou et al, 2013]. According to an Israeli study, VCP
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mutations arise in approximately 1.5% of the fALS cases [Gonzalez-
Pérez et al., 2012].

3.1.13. UBQLN2 (fALS15)

fALS15 manifests phenotypically as UMN signs proceeding to
LMN signs [Chen et al., 2013]. fALS15 follows an X-chromosomal
transmission (ALSX) and is due to mutations in the UBQLN2 gene
encoding ubiquilin-2, involved in the ubiquitin-proteasome system
and autophagy [10.14]. UBQLN2 mutations not only cause fALS but
also sALS [Daigle et al., 2013]. Recently, is has been shown that
single patients carrying UBQL2 mutations may also present with
FTLD [5.49]. In a study of 819 cases with sALS, 226 cases with fALS,
53 ALS-FTLD patients, and 63 patients with FTLD, UBQLN2 muta-
tions were found in four fALS patients and in a single sALS patient
[Gellera et al., 2013].

3.1.14. SIGMAR1 (fALS16)

fALS16 presents as juvenile-onset typical ALS [Chen et al., 2013].
Single patients may also develop FTLD [Chen et al., 2013]. fALS16
follows an AR transmission and is due to mutations in the sigma
receptor-1 (SIGMART1) gene [Chen et al., 2013]. Recently, mutations
in the SIGMAR1 gene have been reported to cause ALS and FTLD
[Prause et al., 2013]. The level of the SigR1 protein is reduced in the
spinal cord of patients with ALS [Prause et al.,, 2013]. The sigma
receptor-1 protein is abnormally accumulated in the endoplasmatic
reticulum of motor neurons [Prause et al., 2013]. There are in-
dications that the sigma receptor-1 is abnormally modified and
thus contributes to the pathogenesis of ALS [Prause et al., 2013].

3.1.15. PENT (fALS18)

fALS due to mutations in the PFN1 gene, encoding for profilin-1,
manifests with classical ALS and FTLD or spinal onset MND without
overt cognitive involvement [Daoud et al., 2013; Ingre et al., 2013;
Tiloca et al.,, 2013]. Profilin-1 is a central regulator of actin dy-
namics [Ingre et al., 2013]. It may be necessary for the fine-tuning of
the actin polymerisation by phosphorylation of profilin-1 [Ingre
et al,, 2013]. PFN1 mutations not only cause fALS but are also
involved in sALS [Daigle et al., 2013]. In a study of ALS patients from
France and Quebec no mutations in the PFN1 gene have been
detected [Daoud et al., 2013]. Among 1168 Italian sALS patients the
PFN1 mutations p.E117G or p.G15G were found in a single patient
each [Tiloca et al., 2013]. In a study of 412 patients with fALS, 260
patients with sALS, and 16 ALS/FTLD cases from Germany, the
Nordic countries, and the US, mutations in the PFN1 gene were
found in a single patient from Germany and a single patient from
the US [Ingre et al., 2013].

3.1.16. ERBB4 (fALS19)

fALS19 is a late-onset, AD ALS clinically characterised by typical,
slowly progressive ALS and a lack of obvious cognitive dysfunction
[Takahashi et al., 2013]. fALS19 is due to mutations in the ERBB4
gene, which encodes a receptor tyrosine kinase [Takahashi et al.,
2013]. Mutations in ERBB4 lead to reduced autophosphorylation
upon neuregulin-1 stimulation [Takahashi et al., 2013].

3.1.17. C9orf72

The C9orf72 phenotype is highly variable even within a family
[Cerami et al., 2013]. Affected patients present with pure ALS,
ALS + FTD, FTD + ALS, or as pure FTD [Coon et al., 2013]. Commonly,
affected patients have a bulbar onset [Iguchi et al., 2013]. Neurons
of affected patients show TDP-43 positive aggregates or ubiquitin-
positive/TDP-43 negative inclusions [Sabatelli et al., 2013]. There
are also patients with semantic deficits with mild ALS features,
patients with behavioural variant of FTD, and patients with mem-
ory impairment, apathy, and social withdrawal in the absence of

ALS features [Cerami et al., 2013]. C9orf72 is the second most
common cause of FTLD [Mori et al., 2013]. Among C9orf72 carriers,
40—50% are estimated to develop cognitive impairment [Sabatelli
et al,, 2013]. Recently, a case with progressive amnestic dementia
with restricted TDP-43 pathology has been described [Murray et al.,
2013]. In a number of C9orf72 patients onset of the disease is
characterised by an MS-like phenotype [Ismail et al., 2013]. Most
frequently, these patients present with bulbar symptoms, limb
involvement, UMN disease, psychosis (delusions), disinhibition, or
apathy [Coon et al., 2013; Takada and Sha, 2012]. Survival is usually
short and lasts for 5 y on the average [Coon et al., 2013]. Patients
usually die from respiratory failure [Coon et al., 2013]. The patho-
logical profile is characterised by p62-positive but TDP-43 negative
cytoplasmic and intranuclear inclusions in cerebellar granular cells
and hippocampal pyramidal cells [King et al., 2013].

The intronic GGGGCC repeat expansion between 800 and 4400
repeats (normal: <25 repeats) in the first intron of the C9orf72
gene has been identified as the most common cause of fALS and
SALS and familial FTLD but varies between populations from 0 to
18% in Asian countries to 46% in Finnland and France [King et al.,
2013; Sabatelli et al., 2013]. In families with ALS/FTD the fre-
quency raises to 50—72% [Sabatelli et al., 2013]. In another study the
mutation accounted for 25—34% of the fALS cases [van Blitterswijk
et al,, 2012a]. In a study of 187 fALS cases and 606 sALS cases the
proportion of C9orf72 mutants was 38.5 and 3.5%, respectively
[Williams et al., 2013]. Six percent of the fALS cases had developed
dementia [Williams et al., 2013]. Among familial FTD cases 12—18%
carry the C9orf72 mutation [Sabatelli et al., 2013]. Contrary to
Caucasians, the C9orf72 expansion is not the main cause of fALS or
SALS in the Korean population [Jang et al., 2013]. Among SALS pa-
tients who initially presented with an MS-phenotype, the fre-
quency of C9orf72 hexa-nucleotide repeat expansions is 80% [Ismail
et al, 2013]. C9orf72 repeat expansions cause ALS-parkinson-
dementia complex in ALS patients from the Kii peninsula but not
in the Chamorros from Guam [Dombroski et al., 2013]. C9orf72
expansions are not found in patients with spinocerebellar ataxia
[Fogel et al., 2012]. The expanded repeat length is the same in the
cerebrum and blood DNA [Pamphlett et al., 2013].

Progression of ALS is more rapid among MS-ALS patients
compared to non-MS-ALS patients [Ismail et al, 2013]. MS-
associated inflammation is thought to affect penetration and pro-
gression of the C9orf72 expansion. The NF-kB pathway is activated
in MS-ALS but severely dysfunctional in C9orf72 ALS [Ismail et al.,
2013]. Abnormal down-regulation of CXCL10 may explain the
predisposition of C9orf72 carriers to develop ALS in the context of
MS and NF-kB activation [Ismail et al., 2013]. There is strong
phenotypic heterogeneity of FTLD in ALS patients carrying the
C90rf72 mutation [Irwin et al., 2013]. Compared to C9orf72-
negative patients, C9orf72-positive patients (ALS = 31,
FTLD = 33) have an earlier age of onset, an earlier age of death, a
more rapid progression, and a shorter survival. Additionally, FTLD
in C9orf72-positive has a higher annual rate of decline in letter
fluency than in C9orf72-negative patients [Irwin et al., 2013]. Pa-
tients carrying the hexa-nucleotide expansion may exhibit the
unique features of symmetric frontal and temporal lobe, insular,
and posterior cortical atrophy, or cerebellar or thalamic lesions
[Yokoyama and Rosen, 2012].

Characteristic intracellular inclusions in C9orf72 associated ALS
are built up of poly (Gly—Ala), poly (Gly—Pro), or poly (Gly—Arg)
dipeptide-repeat proteins generated by non-ATG-initiated trans-
lation from the expanded GGGGCC repeat in three reading frames
[Mori et al., 2013]. The G-rich sequences of the GGGGCC expansion
have the propensity of forming highly stable quadruplex structures
(G-quadruplexes) [Fratta et al., 2012]. The r(GGGGCC)n RNA but not
the C-rich r(GGCCCC)n RNA forms extremely stable uni- or
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multimolecular parallel G-quadruplex structures [Reddy et al.,
2013], which facilitates RNA—RNA interaction and might influence
transcript aggregation and foci formation in ALS/FTLD cells [Reddy
et al., 2013]. Recently, anti-C9RANT antibodies have been created
and shown to specifically bind to neuronal inclusions built-up of
insoluble cerebral material [Ash et al., 2013]. Immune-histochemical
findings show that the hnRNP A3 (proteins that bind to pre-mRNA)
binds to GGGGCC and is involved in the formation of neuronal
cytoplasmic and intranuclear inclusions in the hippocampus of ALS
patients with C9orf72 repeat expansions [Mori et al., 2013].

3.1.18. DAO

Mutations in the p-amino acid oxidase (DAO) have been shown
to cause AD fALS [Iguchi et al., 2013; Paul and de Belleroche, 2012].
DAO regulates p-serine levels and in the presence of a mutation, p-
serine levels are elevated. p-serine may be also elevated from in-
duction of the serine racemase, which synthesizes p-serine, by cell
stress or inflammatory processes [Paul and de Belleroche, 2012].
Elevated p-serine is regarded to contribute to the disease patho-
genesis of ALS.

3.1.19. GRN

Mutations in the GRN gene manifest phenotypically as classical
ALS, aphasia, atypical extrapyramidal disorder, or behavioural
fronto-temporal dementia [Cannon et al, 2013]. Immune-
histochemistry may reveal TDP-43 type A or type B deposition
[Cannon et al., 2013].

3.1.20. Dynactin

Dynactin is a protein involved in the retrograde axonal trans-
port clinically manifesting as fALS [Kuzma-Kozakiewicz et al.,
2013]. Dynactin is encoded by DCTN1. Recently it has been
shown that DCTN1-mRNA is reduced in the motor cortex and
spinal cord of sALS patients [Kuzma-Kozakiewicz et al., 2013].
Immunhistochemistry revealed degeneration and loss of neurons
and poor expression of dynactin subunits [Kuzma-Kozakiewicz
et al., 2013].

3.1.21. SQSTM1

Recently, mutations in the SQSTN1 gene encoding the seques-
tosome protein 1/p62 have been detected in patients with fALS and
SALS [Teyssou et al., 2013]. 1/p62 is a component of inclusions
found in ALS patients [Teyssou et al., 2013]. Among 90 fALS patients
and 74 sALS patients from France SQSTN1 mutations were detected
in one fALS patient and in 3 sALS patients [Teyssou et al., 2013].
SQSTN1 mutations are also associated with M. Paget of the bones
[Hirano et al., 2013; Teyssou et al., 2013].

3.1.22. hnRNPA1

Recently, mutations in the PrLD domain of the hnRNPA1 gene
were identified to cause fALS and sALS associated with inclusion
body myopathy, Paget disease of the bone, and FTD [Calini et al.,
2013]. Search for these mutations in a cohort of 113 fALS patients
without a mutation failed to detect a hnRNPA1 mutation [Calini
et al.,, 2013].

3.1.23. Erlin2

Juvenile ALS (onset <20y of age) is clinically distinct from adult
ALS. Recently a patient with primary lateral sclerosis (pure UMN
affection) has been reported [Al-Saif et al., 2012]. The phenotype
was due to a splice-site mutation in the ERLIN2 gene, which en-
codes a component of the endoplasmatic reticulum lipid rafts [Al-
Saif et al., 2012].

3.1.24. UNCI3A

Mutations in the UNC13A gene have been identified as modi-
fiers of the prognosis in sALS [van Es et al., 2009]. One year
reduction of survival was also found in Italian sALS patients car-
rying the common variant rs12608932 in the UNC13A gene [Chio
et al., 2013].

3.1.25. ATXN2

Mutations in the ataxin-2 (ATXN2) gene cause spinocerebellar
ataxia type 2. They also modify the toxicity of TDP-43 (enhance
TDP-43 processing) [Robberecht and Philips, 2013]. Intermediate
CAG-repeat expansions (poly-Q) of 27—33 repeats were associated
with ALS [Robberecht and Philips, 2013]. Also poly-Q expansions in
ATXN1 were associated with ALS [Robberecht and Philips, 2013].
CAG-repeats may be interrupted by 1—3 CAA codons, which seems
to influence the disease onset [Robberecht and Philips, 2013]. In a
recent study of 405 sALS patients and 13 fALS patients from Italy it
has been shown that poly-Q expansion >32 or >28 in the ATXN1
and ATXN2 gene, respectively, increases the risk of ALS [Conforti
et al., 2012].

There are a number of other mutated genes responsible for the
development of ALS (Table 1] but no new insights were published
concerning these items (CHMP2B. NEFH, PRPH, TAF15, EWSR1,
spatacsin, and SORT1) during the last year.

3.2. Spinal muscular atrophy (SMA)

In the vast majority of the cases SMA is due to mutations in the
survival motor neuron-1 (SMN1) gene (5q-SMA) [He et al., 2013].
Meanwhile, however, it turned out that SMA is genetically het-
erogeneous and also due to mutations in genes other than the
SMNT1 (non-5q-SMA).

3.2.1. 5¢-SMA

5q spinal muscular atrophy (SMA) is a lethal, AR neurodegen-
erative disease due to homozygous mutations (deletions, duplica-
tions, point mutations) in the SMN1 gene [Lamarca et al., 2013]. In
>90% of the cases SMA is due to a homozygous deletion of exons 7
and 8 of the SNM1 gene [He et al., 2013]. Only a minority of patients
carries an exclusive deletion of exon 7 [He et al., 2013]. Mutations in
the SMN1 gene result in reduced amount of the SMN1 protein,
which plays an essential role in the assembly of splicosomal ribo-
nucleoproteins [Branchu et al., 2013; Fallini et al., 2013; Piazzon
et al., 2013]. SMNT1 is part of a complex essential for splicosomal
UsnRNP biogenesis. Reduced SMNT1 levels lead to defective signal
recognition particles (SRP), ribonucleoprotein particles crucial for
co-translational targeting of secretory and membrane proteins to
the endoplasmatic reticulum [Piazzon et al., 2013]. In vitro 7S-RNA
binds to SMN complexes, which associate with SRPs. An additional
role for SMNT1 in the axonal transport of RNA-binding proteins and
their target mRNAs has been proposed [Fallini et al., 2013].
Recently, a novel mRNA-binding protein, IM91/ZBP1, has been
identified and shown that its axonal localisation depends on the
amount of SMNT1 [Fallini et al., 2013].

Depending on the age at onset and the severity, four types of
SMA (SMA 1-4) are differentiated, which each have their distinct
genotype depending on the number of SMN2 genes producing re-
sidual amounts of fully functional SMN protein or a truncated
protein (SMNA7). SMA types 1—4 are caused by a homozygous
deletion of exons 7 and 8 in the SMN1 gene [Maiti et al., 2012].
Rarely, SMA types 2 and 3 are due to isolated deletion of exon 8 of
the SMIN1 gene [Maiti et al., 2012]. Recently, it has been found that
SMA is not confined to motor neurons but may also affect other
organs, such as the brain, myocardium, or pancreas, clinically
manifesting as epilepsy, heart failure, cardiac malformations, or
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diabetes [Lamarca et al., 2013]. Additionally, optic atrophy has been
reported as a manifestation of SMA [Maiti et al., 2012]. Rarely,
ophthalmoparesis may be associated with SMA [Maiti et al., 2012].

SMA-phenotype and disease severity of SMA are modulated by
several genes nearby SMN1 in the 15q13 region, such as SMN2,
NAIF, GTF2H2, and H4F5 [He et al., 2013]. The most well-known of
these modifiers is SMN2, which provides a small amount of stable
SMNT1 protein [Branchu et al., 2013]. Severity of the phenotype may
be also enhanced by an additional deletion in the neural apoptosis
inhibitory protein (NAIP) gene [Maiti et al., 2012]. In humans SMN2
is nearly identical to SMN1 and SMN1 deletions are compensated
by SMIN2. All patients retain one or more copies of the SMN2 gene,
which modulate disease severity [Branchu et al., 2013]. SMA de-
velops only if SMN2 is unable to compensate for the SMNT1 absence,
which is the case if dysfunctional SMN2 due to skipping of exon 7
leads to the production of a truncated SMN2 [Seo et al., 2013]. In a
mouse model expression of SMN2 could be enhanced by inhibition
of the MEK/ERK/EIk1 pathway, which promotes the activation of
the AKT/CREB pathway [Branchu et al., 2013]. There is an inverse
relation between disease severity and the copy number of SMN2 or
NAIP [He et al., 2013]. Severe type I patients may carry a deletion of
exons 7 and 8, and deletions of NAIP and GFT2H2 [He et al., 2013].

3.2.2. Non-5q-SMA

3.2.2.1. Motor adaptor BICD2 SMA. Mutations in the motor adaptor
BICD2 gene result in an AD SMA-phenotype characterised by
proximal onset in early childhood with predominant involvement
of the lower extremities, and very slow progression [Peeters et al.,
2013]. BICD2 mutations cause increased dynein-binding leading to
accumulation of BICD2 in the microtubule-organising complex and
Golgi-fragmentation [Peeters et al., 2013]. BICD2 mutations addi-
tionally result in reduced colocalisation with RAB6A, a regulator of
vesicle trafficking between the Golgi apparatus and the endo-
plasmatic reticulum [Peeters et al., 2013].

3.3. Bulbospinal muscular atrophy (BSMA)

BSMA is an X-linked MND with onset in adulthood caused by a
CAG-triplet repeat expansion in the androgen receptor (AR) gene
[Minamiyama et al., 2012]. The mechanism underlying gain-of toxic
function is not fully understood but there are indications that nu-
clear and cytoplasmic AR aggregates play an important role [Kumar,
2012]. The interaction of AR with several coactivators is modulated
by the AR conformational state and aberrant poly-Q tract [Kumar,
2012]. A main target of the AR seems to be FUS, which partially
would explain the phenotype [Fratta et al., 2013]. However, in a
mouse model of BSMA there were no indications of FUS dysregu-
lation [Fratta et al., 2013]. Recently, it has been shown that the
mutated AR upregulates the CGRP1 gene encoding the calcitonin
gene-related peptide-o [Minamiyama et al., 2012]. Overexpression
of CGRP1 is cytotoxic. Suppression of CGRP1 suppresses neuro-
degeneration at least in mice [Minamiyama et al., 2012]. Suppres-
sion of CGRP1 can be achieved by application of naratriptan, a
serotonin receptor agonist [Minamiyama et al., 2012].

3.4. Unclassified MNDs

3.4.1. Sandhoff disease

A rare form of MND is Sandhoff disease with an MND phenotype
due to mutations in the HEXB gene encoding the B-subunit of the -
hexosaminidase (GM2-gangliosidosis) [Yamada et al., 2013]. In a
family carrying the H235Y mutation in the B-sheet of the (B/a) s-
barrel domain of the B-subunit, the mutation abolished the a—f
and p—p dimer formation [Yamada et al., 2013]. Novel mutations in
the B-subunit of the B-hexosaminidase gene (c-512-13C > A,

c.1613 + 15_1613 + 18dup) have been also reported in juvenile
cases of the disease [Pierson et al., 2013]. Mutations in the HEXA
may lead to SMA accompanied by cerebellar and extrapyramidal
symptoms during the course [Jamrozik et al., 2013]. These patients
have normal intelligence but cerebellar atrophy and glucose hy-
permetabolism in the cerebellum and the temporal and occipital
lobes bilaterally on PET scans [Jamrozik et al., 2013].

3.4.2. Triple-A-syndrome

Mutations in the ALADIN gene, encoding for a nuclear pore
complex component, cause triple-A-syndrome [Ikeda et al., 2013].
Triple-A-syndrome is an AD disease, mimicking MND, charac-
terised by esophageal achalasia, alacrimia, adrenal insufficiency,
progressive bulb spinal muscular atrophy with involvement of the
UMN and LMN [Ikeda et al., 2013]. Triple-A-syndrome mimics MND
and follows an AR trait of onheritance. Mutations in the ALADIN
gene, encoding for a nuclear pore complex component, are asso-
ciated with triple-A-syndrome [99].

3.4.3. Brown—Vialetto—Van Lare syndrome

Brown—Vialetto—Van Lare syndrome, also known as Fazio—
Londe syndrome, mimics bulbar ALS since it presents with bulbar
palsy, respiratory compromise, and sensorineural hearing loss
[Bosch et al., 2012]. Recently, it has been shown that the syndrome
is most likely due to mutations in the SLC52A1 gene encoding the
human riboflavin transporter hRFT1 [Bosch et al., 2012]. Substitu-
tion of riboflavin seems to have a beneficial effect with significant
prolongation of life expectancy [Bosch et al., 2012].

4. Discussion

There is increasing evidence that the classification of ALS into
SALS and fALS cases is artificial as mutated genes are increasingly
recognised also in sALS cases. Both, fALS and sALS, present with
similar clinical manifestations and pathology (e.g. ubiquitinated
TDP-43 positive inclusions) and heredibility is increasingly
addressed also in sALS cases [Sabatelli et al., 2013]. A number of
mutated genes responsible for fALS can be also found in sALS cases.
In a study of 480 apparently sALS cases a mutation in one of the
major fALS genes was found in 11% of the sALS patients [Lattante
et al., 2012]. In a study of adult sALS patients mutations were
found in SOD1 (n = 2), ANG (n = 1), FUS/TSL (n = 1), TARDBP
(n=1),and CHMP2B (n = 1) [van Blitterswijk et al., 2012b]. Reasons
for missing the genetic background in sALS may be inaccuracy in
the definition of fALS, insufficient family history, misdiagnosis of
ALS in other family members, early death prior to developing ALS,
small family size, pleotropy of phenotype as in C9orf72, FUS,
TARDBP, OPTN, FIG4 and ANG mutations [Andersen and Al-Chalabi,
2011], de novo mutations, double mutations [Lattante et al., 2012],
or low penetrance of a mutation [Sabatelli et al., 2013]. According to
the low-penetrance susceptibility model, a polygenic threshold
model, sALS results from summation of various low-frequency,
weakly deleterious mutations in a number of different genes, of
which each increases the relative risk [Simpson and Al-Chalabi,
2006].

Among the various genes found to have been responsible for
fALS only a limited number is responsible for a considerable pro-
portion of fALS cases [Sabatelli et al.,, 2013]. These genes include
C9orf72, SOD1, TARDBP, and FUS [Sabatelli et al., 2013]. All other
genes are usually found only in a limited number of patients. This is
why Caucasian fALS cases with an onset >60y should be initially
screened for these four most frequently mutated genes. In a study
of 476 ALS patients from Piemont, 10.7% carried a mutation in one
of the known fALS genes [Chio et al., 2012]. The most frequent
mutation was the C9orf72 expansion (n = 34), followed by SOD1
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(n=10), TARDBP (n = 7), FUS (n = 1), and OPTN (n = 1) [Chi0 et al.,
2012]. Comorbid FTLD or young age were strong indicators of a
possible genetic origin of ALS [Chio et al., 2012]. In juvenile fALS
cases (onset <20y) genes most frequently mutated include ALS2,
SETX, spatacsin, and Sigmarl. Concerning the phenotypic vari-
ability between the different genes, there is a significantly higher
frequency of cognitive impairment in patients carrying the C9orf72
mutation than in non-C9orf72 patients [Byrne et al., 2012]. Cogni-
tive impairment is particularly rare in SOD1 patients [Chio et al.,
2012]. In C90rf72 patients, bulbar onset seems more frequent and
survival shorter than in other ALS patients [Ratti et al., 2012]. As
only in 50—60% of the fALS cases mutations in currently known
genes can be found, detection of other new genes in the future can
be expected. This will also increase the proportion of sALS cases
with a genetic aetiology.

5. Conclusions

Progress has been made over the last year in the clarification
and understanding of the aetiology and pathogenesis of MNDs.
However, further effort is needed to find answers to the many
remaining open questions. More insights are required particularly
for developing effective treatments of these devastating diseases.
Future studies will show if the novelties provided in this review
truly have changed our understanding and provided the basis for
further steps.

Conflict of interest

There is no financial support or other benefits from commercial
sources for the work reported on in the manuscript, or any other
financial interest of the authors, which could create a potential
conflict of interest or the appearance of a conflict of interest with
regard to the work.

JF and J-MB did not receive a honorarium, grant, or other form of
payment for producing this manuscript.

References

Alavi A, Nafissi S, Rohani M, Shahidi G, Zamani B, Shamshiri H, et al. Repeat
expansion in C9ORF72 is not a major cause of amyotrophic lateral sclerosis
among Iranian patients. Neurobiol Aging 2014;35:267.e1-7.

Al-Saif A, Bohlega S, Al-Mohanna F. Loss of ERLIN2 function leads to juvenile pri-
mary lateral sclerosis. Ann Neurol 2012;72:510—6.

Andersen PM, Al-Chalabi A. Clinical genetics of amyotrophic lateral sclerosis: what
do we really know? Nat Rev Neurol 2011;7:603—15.

Armstrong GA, Drapeau P. Calcium channel agonists protect against neuromuscular
dysfunction in a genetic model of TDP-43 mutation in ALS. ] Neurosci 2013;33:
1741-52.

Arning L, Epplen JT, Rahikkala E, Hendrich C, Ludolph AC, Sperfeld AD. The SETX
missense variation spectrum as evaluated in patients with ALS4-like motor
neuron diseases. Neurogenetics 2013;14:53—61.

Arnold ES, Ling SC, Huelga SC, Lagier-Tourenne C, Polymenidou M, Ditsworth D,
et al. ALS-linked TDP-43 mutations produce aberrant RNA splicing and adult-
onset motor neuron disease without aggregation or loss of nuclear TDP-43.
Proc Natl Acad Sci USA 2013;110:E736—45.

Ash PE, Bieniek KF, Gendron TF, Caulfield T, Lin WL, Dejesus-Hernandez M, et al.
Unconventional translation of C9ORF72 GGGGCC expansion generates insoluble
polypeptides specific to c9FTD/ALS. Neuron 2013;77:639—46.

Ayers ], Lelie H, Workman A, Prudencio M, Brown H, Fromholt S, et al. Distinctive
features of the D101N and D101G variants of superoxide dismutase 1; two
mutations that produce rapidly progressing motor neuron disease.
J. Neurochem 2014;128:305—14.

Basso M, Pozzi S, Tortarolo M, Fiordaliso F, Bisighini C, Pasetto L, et al. Mutant
copper—zinc superoxide dismutase (SOD1) induces protein secretion pathway
alterations and exosome release in astrocytes: implications for disease
spreading and motor neuron pathology in amyotrophic lateral sclerosis. ] Biol
Chem 2013;288:15699—711.

Bosch AM, Stroek K, Abeling NG, Waterham HR, Ijlst L, Wanders R]. The Brown—
Vialetto—Van Laere and Fazio Londe syndrome revisited: natural history, ge-
netics, treatment and future perspectives. Orphanet J Rare Dis 2012 Oct 29;7:83.
http://dx.doi.org/10.1186/1750-1172-7-83.

Branchu J, Biondi O, Chali F, Collin T, Leroy F, Mamchaoui K, et al. Shift from
extracellular signal-regulated kinase to AKT/cAMP response element-binding
protein pathway increases survival-motor-neuron expression in spinal-
muscular-atrophy-like mice and patient cells. ] Neurosci 2013;33:4280—94.

Byrne S, Elamin M, Bede P, Shatunov A, Walsh C, Corr B, et al. Cognitive and clinical
characteristics of patients with amyotrophic lateral sclerosis carrying a C9orf72
repeat expansion: a population-based cohort study. Lancet Neurol 2012;11:
232-40.

Calini D, Corrado L, Del Bo R, Gagliardi S, Pensato V, Verde F, et al. Analysis of
hnRNPA1, A2/B1, and A3 genes in patients with amyotrophic lateral sclerosis.
Neurobiol Aging 2013;34:2695.e11—2.

Cannon A, Fujioka S, Rutherford NJ, Ferman TJ, Broderick DF, Boylan KB, et al.
Clinicopathologic variability of the GRN A9D mutation, including amyotrophic
lateral sclerosis. Neurology 2013;80:1771—7.

Cerami C, Marcone A, Galimberti D, Zamboni M, Fenoglio C, Serpente M, et al. Novel
evidence of phenotypical variability in the hexanucleotide repeat expansion in
chromosome 9. J Alzheimers Dis 2013;35:455—62.

Chen S, Sayana P, Zhang X, Le W. Genetics of amyotrophic lateral sclerosis: an
update. Mol Neurodegener 2013;8:28.

Chesi A, Staahl BT, Jovici¢ A, Couthouis ], Fasolino M, Raphael AR, et al. Exome
sequencing to identify de novo mutations in sporadic ALS trios. Nat Neurosci
2013;16:851-5.

Chio A, Borghero G, Restagno G, Mora G, Drepper C, Traynor BJ, et al. Clinical
characteristics of patients with familial amyotrophic lateral sclerosis carrying
the pathogenic GGGGCC hexanucleotide repeat expansion of C9ORF72. Brain
2012;135:784-93.

Chio A, Mora G, Restagno G, Brunetti M, Ossola I, Barberis M, et al. UNC13A in-
fluences survival in Italian amyotrophic lateral sclerosis patients: a population-
based study. Neurobiol Aging 2013;34:357.e1-5.

Chow CY, Landers JE, Bergren SK, Sapp PC, Grant AE, Jones JM, et al. Deleterious
variants of FIG4, a phosphoinositide phosphatase, in patients with ALS. Am ]
Hum Genet 2009;84:85—8.

Cobanoglu G, Ozansoy M, Basak AN. Are alsin and spartin novel interaction part-
ners? Biochem Biophys Res Commun 2012;427:1—4.

Conforti FL, Spataro R, Sproviero W, Mazzei R, Cavalcanti F, Condino F, et al. Ataxin-1
and ataxin-2 intermediate-length PolyQ expansions in amyotrophic lateral
sclerosis. Neurology 2012;79:2315—-20.

Coon EA, Daube JR, Dejesus-Hernandez M, Adeli A, Savica R, Parisi JE, et al. Clinical
and electrophysiologic variability in amyotrophic lateral sclerosis within a
kindred harboring the C9ORF72 repeat expansion. Amyotroph Lateral Scler
Front Degener 2013;14:132—7.

Corrado L, Carlomagno Y, Falasco L, Mellone S, Godi M, Cova E, et al. A novel
peripherin gene (PRPH) mutation identified in one sporadic amyotrophic lateral
sclerosis patient. Neurobiol Aging 2011;32:552.e1—6.

Cox LE, Ferraiuolo L, Goodall EF, Heath PR, Higginbottom A, Mortiboys H, et al.
Mutations in CHMP2B in lower motor neuron predominant amyotrophic lateral
sclerosis (ALS). PLoS One 2010 Mar 24;5(3):e9872. http://dx.doi.org/10.1371/
journal.pone.0009872.

Czell D, Andersen PM, Neuwirth C, Morita M, Weber M. Progressive aphasia as the
presenting symptom in a patient with amyotrophic lateral sclerosis with a
novel mutation in the OPTN gene. Amyotroph Lateral Scler Front Degener
2013;14:138—-40.

Daigle ]G, Lanson Jr NA, Smith RB, Casci I, Maltare A, Monaghan ], et al. RNA-binding
ability of FUS regulates neurodegeneration, cytoplasmic mislocalization and
incorporation into stress granules associated with FUS carrying ALS-linked
mutations. Hum Mol Genet 2013;22:1193—-205.

Daoud H, Dobrzeniecka S, Camu W, Meininger V, Dupré N, Dion PA, et al. Mutation
analysis of PFN1 in familial amyotrophic lateral sclerosis patients. Neurobiol
Aging 2013;34:1311.e1-2.

Dombroski BA, Galasko DR, Mata IF, Zabetian CP, Craig UK, Garruto RM, et al.
C9orf72 hexanucleotide repeat expansion and Guam amyotrophic lateral
sclerosis-Parkinsonism-dementia complex. JAMA Neurol 2013;70:742—5.

Fallini C, Rouanet JP, Donlin-Asp PG, Guo P, Zhang H, Singer RH, et al. Dynamics of
survival of motor neuron (SMN) protein interaction with the mRNA-binding
protein IMP1 facilitates its trafficking into motor neuron axons. Dev Neuro-
biol; 2013 Jul 29. http://dx.doi.org/10.1002/dneu.22111.

Farg MA, Soo KY, Warraich ST, Sundaramoorthy V, Blair IP, Atkin JD. Ataxin-2 in-
teracts with FUS and intermediate-length polyglutamine expansions enhance
FUS-related pathology in amyotrophic lateral sclerosis. Hum Mol Genet
2013;22:717-28.

Figlewicz DA, Krizus A, Martinoli MG, Meininger V, Dib M, Rouleau GA, et al. Var-
iants of the heavy neurofilament subunit are associated with the development
of amyotrophic lateral sclerosis. Hum Mol Genet 1994;3:1757—61.

Fogel BL, Pribadi M, Pi S, Perlman SL, Geschwind DH, Coppola G. C90RF72 expan-
sion is not a significant cause of sporadic spinocerebellar ataxia. Mov Disord
2012;27:1832-3.

Fratta P, Mizielinska S, Nicoll AJ, Zloh M, Fisher EM, Parkinson G, et al. C9orf72
hexanucleotide repeat associated with amyotrophic lateral sclerosis and fron-
totemporal dementia forms RNA G-quadruplexes. Sci Rep 2012;2:1016. http://
dx.doi.org/10.1038/srep01016.

Fratta P, Malik B, Gray A, La Spada AR, Hanna MG, Fisher EM, et al. FUS is not
dysregulated by the spinal bulbar muscular atrophy androgen receptor poly-
glutamine repeat expansion. Neurobiol Aging 2013;34:1516.e17—9.

Gal ], Chen ], Barnett KR, Yang L, Brumley E, Zhu H. HDAC6 regulates mutant SOD1


http://refhub.elsevier.com/S1769-7212(14)00020-2/sref1
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref1
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref1
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref1
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref2
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref2
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref2
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref3
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref3
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref3
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref4
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref4
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref4
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref4
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref5
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref5
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref5
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref5
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref6
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref6
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref6
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref6
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref6
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref7
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref7
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref7
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref7
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref8
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref8
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref8
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref8
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref8
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref9
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref9
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref9
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref9
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref9
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref9
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref9
http://dx.doi.org/10.1186/1750-1172-7-83
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref11
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref11
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref11
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref11
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref11
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref12
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref12
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref12
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref12
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref12
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref13
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref13
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref13
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref13
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref14
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref14
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref14
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref14
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref15
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref15
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref15
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref15
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref16
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref16
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref17
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref17
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref17
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref17
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref17
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref17
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref18
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref18
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref18
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref18
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref18
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref19
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref19
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref19
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref19
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref20
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref20
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref20
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref20
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref21
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref21
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref21
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref21
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref21
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref22
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref22
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref22
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref22
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref23
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref23
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref23
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref23
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref23
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref24
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref24
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref24
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref24
http://dx.doi.org/10.1371/journal.pone.0009872
http://dx.doi.org/10.1371/journal.pone.0009872
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref26
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref26
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref26
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref26
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref26
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref27
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref27
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref27
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref27
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref27
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref28
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref28
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref28
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref28
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref29
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref29
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref29
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref29
http://dx.doi.org/10.1002/dneu.22111
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref31
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref31
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref31
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref31
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref31
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref32
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref32
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref32
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref32
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref33
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref33
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref33
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref33
http://dx.doi.org/10.1038/srep01016
http://dx.doi.org/10.1038/srep01016
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref35
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref35
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref35
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref35
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref36

J. Finsterer, J.-M. Burgunder / European Journal of Medical Genetics 57 (2014) 103—112 m

aggregation through two SMIR motifs and tubulin acetylation. ] Biol Chem
2013;288:15035—45.

Gellera C, Tiloca C, Del Bo R, Corrado L, Pensato V, Agostini ], et al. Ubiquilin 2
mutations in Italian patients with amyotrophic lateral sclerosis and fronto-
temporal dementia. ] Neurol Neurosurg Psychiatry 2013;84:183—7.

Gonzalez-Pérez P, Cirulli ET, Drory VE, Dabby R, Nisipeanu P, Carasso RL, et al. Novel
mutation in VCP gene causes atypical amyotrophic lateral sclerosis. Neurology
2012;79:2201-8.

Han JH, Yu TH, Ryu HH, Jun MH, Ban BK, Jang D], et al. ALS/FTLD-linked TDP-43
regulates neurite morphology and cell survival in differentiated neurons. Exp
Cell Res 2013;319:1998—-2005.

He ], Zhang QJ, Lin QF, Chen YF, Lin XZ, Lin MT, et al. Molecular analysis of SMN1,
SMN2, NAIP, GTF2H2, and H4F5 genes in 157 Chinese patients with spinal
muscular atrophy. Gene 2013;518:325—9.

Hirano M, Nakamura Y, Saigoh K, Sakamoto H, Ueno S, Isono C, et al. Mutations in
the gene encoding p62 in Japanese patients with amyotrophic lateral sclerosis.
Neurology 2013;80:458—63.

Igari R, Wada M, Sato H, K Hayashi Y, Nishino I, Kato T. A case of inclusion body
myopathy with Paget’s disease of bone and frontotemporal dementia (IBMPFD)
showing clinical features of motor neuron disease. Rinsho Shinkeigaku
2013;53:458—64.

Iguchi Y, Katsuno M, Ikenaka K, Ishigaki S, Sobue G. Amyotrophic lateral sclerosis:
an update on recent genetic insights. ] Neurol 2013;260:2917—27.

Ikeda M, Hirano M, Shinoda K, Katsumata N, Furutama D, Nakamura K, et al. Triple a
syndrome in Japan. Muscle Nerve 2013;48:381—6.

Ingre C, Landers JE, Rizik N, Volk AE, Akimoto C, Birve A, et al. A novel phosphor-
ylation site mutation in profilin 1 revealed in a large screen of US, Nordic, and
German amyotrophic lateral sclerosis/frontotemporal dementia cohorts. Neu-
robiol Aging 2013;34:1708.e1—6.

Irwin DJ, McMillan CT, Brettschneider ], Libon DJ, Powers ], Rascovsky K, et al.
Cognitive decline and reduced survival in C9orf72 expansion frontotemporal
degeneration and amyotrophic lateral sclerosis. ] Neurol Neurosurg Psychiatry
2013;84:163-9.

Ismail A, Cooper-Knock J, Highley JR, Milano A, Kirby ], Goodall E, et al. Concurrence
of multiple sclerosis and amyotrophic lateral sclerosis in patients with hex-
anucleotide repeat expansions of C9ORF72. J Neurol Neurosurg Psychiatry
2013;84:79-87.

Jamrozik Z, Lugowska A, Gotebiowski M, Krélicki L, Maczewska ], Kuzma-
Kozakiewicz M. Late onset GM2 gangliosidosis mimicking spinal muscular at-
rophy. Gene 2013;527:679—82.

Jang JH, Kwon M]J, Choi W], Oh KW, Koh SH, Ki CS, et al. Analysis of the C9orf72
hexanucleotide repeat expansion in Korean patients with familial and sporadic
amyotrophic lateral sclerosis. Neurobiol Aging 2013;34:1311.e7—-9.

Kamada M, Izumi Y, Ayaki T, Nakamura M, Kagawa S, Kudo E, et al. Clinicopathologic
features of autosomal recessive amyotrophic lateral sclerosis associated with
optineurin mutation. Neuropathology; 2013 Jul 29. http://dx.doi.org/10.1111/
neup.12051.

Kim HJ, Hong YB, Park JM, Choi YR, Kim Y], Yoon BR, et al. Mutations in the
PLEKHG5 gene is relevant with autosomal recessive intermediate Charcot-
Marie-Tooth disease. Orphanet ] Rare Dis 2013;8:104. http://dx.doi.org/
10.1186/1750-1172-8-104.

King A, Al-Sarraj S, Troakes C, Smith BN, Maekawa S, lovino M, et al. Mixed tau, TDP-
43 and p62 pathology in FTLD associated with a C9ORF72 repeat expansion and
p-Ala239Thr MAPT (tau) variant. Acta Neuropathol 2013;125:303—10.

Klein CJ, Wu Y, Duan X, Middha S, Dawson BD, Kocher P, et al. Novel SOD1 mutation
discovered in atypical ALS by whole exome sequencing. | Neurol Neurosurg
Psychiatry 2013;84:943—4.

Kuijpers M, Yu KL, Teuling E, Akhmanova A, Jaarsma D, Hoogenraad CC. The ALS8
protein VAPB interacts with the ER-Golgi recycling protein YIF1A and regulates
membrane delivery into dendrites. EMBO ] 2013;32:2056—72.

Kumar R. Role of androgen receptor polyQ chain elongation in Kennedy’s disease
and use of natural osmolytes as potential therapeutic targets. IUBMB Life
2012;64:879—84.

Kunze A, Lengacher S, Dirren E, Aebischer P, Magistretti P], Renaud P. Astrocyte-
neuron co-culture on microchips based on the model of SOD mutation to mimic
ALS. Integ Biol (Camb) 2013;5:964—75.

Kuzma-Kozakiewicz M, Chudy A, Kazmierczak B, Dziewulska D, Usarek E, Bar-
anczyk-Kuzma A. Dynactin Deficiency in the CNS of humans with sporadic ALS
and mice with genetically determined motor neuron degeneration. Neurochem
Res; 2013 (in press).

Lamarca NH, Golden L, John RM, Naini A, Vivo DC, Sproule DM. Diabetic ketoaci-
dosis in an adult patient with spinal muscular atrophy type II: further evidence
of extraneural pathology due to survival motor neuron 1 mutation? ] Child
Neurol 2013;28:1517—20.

Lattante S, Conte A, Zollino M, et al. Contribution of major amyotrophic lateral
sclerosis genes to the etiology of sporadic disease. Neurology 2012;79:66—72.

Maiti D, Bhattacharya M, Yadav S. Isolated exon 8 deletion in type 1 spinal muscular
atrophy with bilateral optic atrophy: unusual genetic mutation leading to un-
usual manifestation? J Postgrad Med 2012;58:294—5.

Martin LJ, Wong M. Aberrant regulation of DNA methylation in amyotrophic lateral
sclerosis: a new target of disease mechanisms. Neurotherapeutics 2013;10:722—
33.

Mentula HK, Tuovinen L, Penttild S, Suominen T, Udd B, Palmio J. TARDBP mu-
tations are not a frequent cause of ALS in Finnish patients. Acta Myol
2012;31:134-8.

Minamiyama M, Katsuno M, Adachi H, Doi H, Kondo N, lida M, et al. Naratriptan
mitigates CGRP1-associated motor neuron degeneration caused by an
expanded polyglutamine repeat tract. Nat Med 2012;18:1531-8.

Mori K, Lammich S, Mackenzie IR, Forné I, Zilow S, Kretzschmar H, et al. hnRNP A3
binds to GGGGCC repeats and is a constituent of p62-positive/TDP43-negative
inclusions in the hippocampus of patients with C9orf72 mutations. Acta Neu-
ropathol 2013;125:413-23.

Mori K, Weng SM, Arzberger T, May S, Rentzsch K, Kremmer E, et al. The C9orf72
GGGGCC repeat is translated into aggregating dipeptide-repeat proteins in
FTLD/ALS. Science 2013;339:1335—8.

Murray ME, Bieniek KF, Banks Greenberg M, Dejesus-Hernandez M, Rutherford NJ,
van Blitterswijk M, et al. Progressive amnestic dementia, hippocampal sclerosis,
and mutation in C90RF72. Acta Neuropathol 2013;126:545—54.

Niu C, Zhang ], Gao F, Yang L, Jia M, Zhu H, et al. FUS-NLS/Transportin 1 complex
structure provides insights into the nuclear targeting mechanism of FUS and
the implications in ALS. PLoS One 2012;7:e47056. http://dx.doi.org/10.1371/
journal.pone.0047056.

Orlacchio A, Babalini C, Borreca A, Patrono C, Massa R, Basaran S, et al. SPATACSIN
mutations cause autosomal recessive juvenile amyotrophic lateral sclerosis.
Brain 2010;133:591-8.

Padhi AK, Jayaram B, Gomes ]. Prediction of functional loss of human angiogenin
mutants associated with ALS by molecular dynamics simulations. Sci Rep
2013;3:1225.

Padhi AK, Vasaikar SV, Jayaram B, Gomes ]J. Fast prediction of deleterious
angiogenin mutations causing amyotrophic lateral sclerosis. FEBS Lett
2013;587:1762—6.

Pamphlett R, Cheong PL, Trent R], Yu B. Can ALS-associated C9orf72 repeat ex-
pansions be diagnosed on a blood DNA test alone? PLoS One 2013 Jul 19;8(7):
e70007. http://dx.doi.org/10.1371/journal.pone.0070007.

Paul P, de Belleroche J. The role of D-amino acids in amyotrophic lateral sclerosis
pathogenesis: a review. Amino Acids 2012;43:1823—-31.

Peeters K, Litvinenko I, Asselbergh B, Almeida-Souza L, Chamova T, Geuens T,
et al. Molecular Defects in the motor adaptor BICD2 cause proximal spinal
muscular atrophy with autosomal-dominant inheritance. Am ] Hum Genet;
2013 May 7. http://dx.doi.org/10.1016/j.ajhg.2013.04.013. pii: S0002-9297(13)
00174-2.

Piazzon N, Schlotter F, Lefebvre S, Dodré M, Méreau A, Soret J, et al. Implication of
the SMN complex in the biogenesis and steady state level of the signal recog-
nition particle. Nucleic Acids Res 2013;41:1255—72.

Pierson TM, Torres PA, Zeng BJ, Glanzman AM, Adams D, Finkel RS, et al. Juvenile-
onset motor neuron disease caused by novel mutations in f-hexosaminidase.
Mol Genet Metab 2013;108:65—9.

Prause ], Goswami A, Katona I, Roos A, Schnizler M, Bushuven E, et al. Altered
localization, abnormal modification and loss of function of sigma receptor-1 in
amyotrophic lateral sclerosis. Hum Mol Genet 2013;22:1581—-600.

Qin H, Wang W, Song J. ALS-causing P56S mutation and splicing variation on the
hVAPB MSP domain transform its -sandwich fold into lipid-interacting helical
conformations. Biochem Biophys Res Commun 2013;431:398—403.

Ratti A, Corrado L, Castellotti B, Del Bo R, Fogh I, Cereda C, et al. C9ORF72 repeat
expansion in a large Italian ALS cohort: evidence of a founder effect. Neurobiol
Aging 2012;33:2528.e7—2528.e14.

Ravits ], Appel S, Baloh RH, Barohn R, Brooks BR, Elman L, et al. Deciphering
amyotrophic lateral sclerosis: what phenotype, neuropathology and genetics
are telling us about pathogenesis. Amyotroph Lateral Scler Front Degener
2013;14(suppl 1):5-18.

Reddy K, Zamiri B, Stanley SY, Macgregor Jr RB, Pearson CE. The disease-associated
r(GGGGCC)n repeat from the C9orf72 gene forms tract length-dependent uni-
and multimolecular RNA G-quadruplex structures. ] Biol Chem 2013;288:
9860—6.

Richardson K, Allen SP, Mortiboys H, Grierson AJ, Wharton SB, Ince PG, et al. The
effect of SOD1 mutation on cellular bioenergetic profile and viability in
response to oxidative stress and influence of mutation-type. PLoS One
2013;8(6):68256. http://dx.doi.org/10.1371/journal.pone.0068256.

Robberecht W, Philips T. The changing scene of amyotrophic lateral sclerosis. Nat
Rev Neurosci 2013;14:248—64.

Roberts BL, Patel K, Brown HH, Borchelt DR. Role of disulfide cross-linking of mutant
SOD1 in the formation of inclusion-body-like structures. PLoS One 2012;7:
e47838. http://dx.doi.org/10.1371/journal.pone.0047838.

Sédbado J, Casanovas A, Hernandez S, Piedrafita L, Hereu M, Esquerda JE. Inmuno-
detection of disease-associated conformers of mutant cu/zn superoxide dis-
mutase 1 selectively expressed in degenerating neurons in amyotrophic lateral
sclerosis. ] Neuropathol Exp Neurol 2013;72:646—61.

Sabatelli M, Conte A, Zollino M. Clinical and genetic heterogeneity of amyotrophic
lateral sclerosis. Clin. Genet. 2013;83:408—16.

Scaramuzzino C, Monaghan ], Milioto C, Lanson Jr NA, Maltare A, Aggarwal T, et al.
Protein arginine methyltransferase 1 and 8 interact with FUS to modify its sub-
cellular distribution and toxicity in vitro and in vivo. PLoS One 2013;8:e61576.
http://dx.doi.org/10.1371/journal.pone.0061576.

Seo ], Howell MD, Singh NN, Singh RN. Spinal muscular atrophy: an update on
therapeutic progress. Biochim Biophys Acta 2013;1832:2180—90.

Simpson CL, Al-Chalabi A. Amyotrophic lateral sclerosis as a complex genetic dis-
ease. Biochim Byophys Acta 2006;1762:973—85.

Takada LT, Sha SJ. Neuropsychiatric features of C9orf72-associated behavioral
variant frontotemporal dementia and frontotemporal dementia with motor
neuron disease. Alzheimers Res Ther 2012;4:38.


http://refhub.elsevier.com/S1769-7212(14)00020-2/sref36
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref36
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref36
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref37
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref37
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref37
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref37
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref38
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref38
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref38
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref38
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref39
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref39
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref39
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref39
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref40
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref40
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref40
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref40
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref41
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref41
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref41
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref41
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref42
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref42
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref42
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref42
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref42
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref43
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref43
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref43
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref44
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref44
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref44
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref45
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref45
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref45
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref45
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref45
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref46
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref46
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref46
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref46
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref46
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref47
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref47
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref47
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref47
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref47
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref48
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref48
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref48
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref48
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref48
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref48
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref48
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref49
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref49
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref49
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref49
http://dx.doi.org/10.1111/neup.12051
http://dx.doi.org/10.1111/neup.12051
http://dx.doi.org/10.1186/1750-1172-8-104
http://dx.doi.org/10.1186/1750-1172-8-104
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref52
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref52
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref52
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref52
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref53
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref53
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref53
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref53
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref54
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref54
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref54
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref54
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref55
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref55
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref55
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref55
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref56
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref56
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref56
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref56
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref57
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref57
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref57
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref57
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref57
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref57
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref57
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref57
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref58
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref58
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref58
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref58
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref58
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref59
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref59
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref59
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref60
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref60
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref60
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref60
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref61
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref61
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref61
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref62
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref62
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref62
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref62
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref63
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref63
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref63
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref63
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref64
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref64
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref64
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref64
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref64
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref65
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref65
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref65
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref65
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref66
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref66
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref66
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref66
http://dx.doi.org/10.1371/journal.pone.0047056
http://dx.doi.org/10.1371/journal.pone.0047056
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref68
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref68
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref68
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref68
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref69
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref69
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref69
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref70
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref70
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref70
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref70
http://dx.doi.org/10.1371/journal.pone.0070007
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref72
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref72
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref72
http://dx.doi.org/10.1016/j.ajhg.2013.04.013
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref74
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref74
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref74
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref74
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref75
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref75
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref75
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref75
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref76
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref76
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref76
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref76
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref77
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref77
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref77
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref77
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref78
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref78
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref78
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref78
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref79
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref79
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref79
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref79
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref79
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref80
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref80
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref80
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref80
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref80
http://dx.doi.org/10.1371/journal.pone.0068256
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref82
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref82
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref82
http://dx.doi.org/10.1371/journal.pone.0047838
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref84
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref84
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref84
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref84
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref84
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref85
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref85
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref85
http://dx.doi.org/10.1371/journal.pone.0061576
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref87
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref87
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref87
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref88
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref88
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref88
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref89
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref89
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref89

112 J. Finsterer, J.-M. Burgunder / European Journal of Medical Genetics 57 (2014) 103—112

Takahashi Y, Fukuda Y, Yoshimura J, Toyoda A, Kurppa K, Moritoyo H, et al. ERBB4
mutations that Disrupt the neuregulin-ErbB4 pathway cause amyotrophic
lateral sclerosis type 19. Am ] Hum Genet; 2013 Oct 8. http://dx.doi.org/10.1016/
j.ajhg.2013.09.008. pii: S0002-9297(13)00421-7.

Tan W, Naniche N, Bogush A, Pedrini S, Trotti D, Pasinelli P. Small peptides against
the mutant SOD1/Bcl-2 toxic mitochondrial complex restore mitochondrial
function and cell viability in mutant SOD1-mediated ALS. ] Neurosci 2013;33:
11588—-98.

Tanaka F, Sone ], Atsuta N, Nakamura R, Doi H, Koyano S, et al. Personal genome
analysis in amyotrophic lateral sclerosis. Brain Nerve 2013;65:257—65.

Teyssou E, Takeda T, Lebon V, Boillée S, Doukouré B, Bataillon G, et al. Mutations in
SQSTM1 encoding p62 in amyotrophic lateral sclerosis: genetics and neuropa-
thology. Acta Neuropathol 2013;125:511-22.

Thiyagarajan N, Ferguson R, Subramanian V, Acharya KR. Structural and molecular
insights into the mechanism of action of human angiogenin-ALS variants in
neurons. Nat Commun 2012;3:1121. http://dx.doi.org/10.1038/ncomms2126.

Tiloca C, Ticozzi N, Pensato V, Corrado L, Del Bo R, Bertolin C, et al. Screening of the
PFN1 gene in sporadic amyotrophic lateral sclerosis and in frontotemporal
dementia. Neurobiol Aging 2013;34:1517.e9—1517.e10.

Toichi K, Yamanaka K, Furukawa Y. Disulfide scrambling describes the oligomer
formation of superoxide dismutase (SOD1) proteins in the familial form of
amyotrophic lateral sclerosis. ] Biol Chem 2013;288:4970—80.

Tortelli R, Conforti FL, Cortese R, D’Errico E, Distaso E, Mazzei R, et al. Amyotrophic
lateral sclerosis: a new missense mutation in the SOD1 gene. Neurobiol Aging
2013;34:1709.e3—5.

Trippier PC, Benmohammed R, Kirsch DR, Silverman RB. Substituted pyrazolones
require N2 hydrogen bond donating ability to protect against cytotoxicity from
protein aggregation of mutant superoxide dismutase 1. Bioorg Med Chem Lett
2012;22:6647-50.

van Blitterswijk M, DeJesus-Hernandez M, Rademakers R. How do C90ORF72 repeat
expansions cause amyotrophic lateral sclerosis and frontotemporal dementia:
can we learn from other noncoding repeat expansion disorders? Curr Opin
Neurol 2012a;25:689—700.

van Blitterswijk M, Vlam L, van Es MA, van der Pol WL, Hennekam EA, Dooijes D,
et al. Genetic overlap between apparently sporadic motor neuron diseases. PLoS
One 2012b;7(11):e48983. http://dx.doi.org/10.1371/journal.pone.0048983.

van Es MA, Veldink JH, Saris CG, Blauw HM, van Vught PW, Birve A, et al.
Genome-wide association study identifies 19p13.3 (UNC13A) and 9p21.2 as
susceptibility loci for sporadic amyotrophic lateral sclerosis. Nat Genet
2009;41:1083—7.

Vengoechea ], David MP, Yaghi SR, Carpenter L, Rudnicki SA. Clinical variability and
female penetrance in X-linked familial FTD/ALS caused by a P506S mutation in
UBQLN2. Amyotroph Lateral Scler Front Degener 2013;14:615—9.

Verma A, Tandan R. RNA quality control and protein aggregates in amyotrophic
lateral sclerosis: a review. Muscle Nerve 2013;47:330—8.

Watanabe S, Kaneko K, Yamanaka K. Accelerated disease onset with stabilized fa-
milial amyotrophic lateral sclerosis (ALS)-linked mutant TDP-43 proteins. ] Biol
Chem 2013;288:3641-54.

Weishaupt JH, Waibel S, Birve A, Volk AE, Mayer B, Meyer T, et al. A novel optineurin
truncating mutation and three glaucoma-associated missense variants in pa-
tients with familial amyotrophic lateral sclerosis in Germany. Neurobiol Aging
2013;34:1516.e9—1516.e15.

Williams KL, Fifita JA, Vucic S, Durnall JC, Kiernan MC, Blair IP, et al. Pathophysio-
logical insights into ALS with C9ORF72 expansions. ] Neurol Neurosurg Psy-
chiatry 2013;84:931-5.

Xu M, Zhu L, Liu J, Yang Y, Wu JY, Wang C. Characterization of f-domains in C-
terminal fragments of TDP-43 by scanning tunneling microscopy. J Struct Biol
2013;181:11-6.

Yamada K, Takado Y, Kato YS, Yamada Y, Ishiguro H, Wakamatsu N. Characterization
of the mutant B-subunit of B-hexosaminidase for dimer formation responsible
for the adult form of Sandhoff disease with the motor neuron disease pheno-
type. ] Biochem 2013;153:111-9.

Yokoyama ]S, Rosen HJ. Neuroimaging features of C9ORF72 expansion. Alzheimers
Res Ther 2012;4:45.

Zou ZY, Liu MS, Li XG, Cui LY. Screening of VCP mutations in Chinese amyotrophic
lateral sclerosis patients. Neurobiol Aging 2013;34:1519.e3—4.


http://dx.doi.org/10.1016/j.ajhg.2013.09.008
http://dx.doi.org/10.1016/j.ajhg.2013.09.008
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref91
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref91
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref91
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref91
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref91
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref92
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref92
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref92
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref93
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref93
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref93
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref93
http://dx.doi.org/10.1038/ncomms2126
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref95
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref95
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref95
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref95
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref96
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref96
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref96
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref96
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref97
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref97
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref97
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref97
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref98
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref98
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref98
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref98
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref98
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref99
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref99
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref99
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref99
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref99
http://dx.doi.org/10.1371/journal.pone.0048983
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref101
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref101
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref101
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref101
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref101
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref102
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref102
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref102
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref102
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref103
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref103
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref103
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref104
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref104
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref104
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref104
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref105
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref105
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref105
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref105
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref105
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref106
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref106
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref106
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref106
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref107
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref107
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref107
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref107
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref108
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref108
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref108
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref108
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref108
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref109
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref109
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref110
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref110
http://refhub.elsevier.com/S1769-7212(14)00020-2/sref110

	Recent progress in the genetics of motor neuron disease
	1 Introduction
	2 Methods
	3 Results
	3.1 Amyotrophic lateral sclerosis (ALS)
	3.1.1 sALS
	3.1.2 SOD1 (fALS1)
	3.1.3 ALS2 (fALS2)
	3.1.4 SETX (fALS4)
	3.1.5 SPG11 (fALS5)
	3.1.6 FUS (fALS6)
	3.1.7 VAPB (fALS8)
	3.1.8 ANG (fALS9)
	3.1.9 TARDBP (fALS10)
	3.1.10 FIG4 (fALS11)
	3.1.11 OPTN (fALS12)
	3.1.12 VCP (fALS14)
	3.1.13 UBQLN2 (fALS15)
	3.1.14 SIGMAR1 (fALS16)
	3.1.15 PFN1 (fALS18)
	3.1.16 ERBB4 (fALS19)
	3.1.17 C9orf72
	3.1.18 DAO
	3.1.19 GRN
	3.1.20 Dynactin
	3.1.21 SQSTM1
	3.1.22 hnRNPA1
	3.1.23 Erlin2
	3.1.24 UNC13A
	3.1.25 ATXN2

	3.2 Spinal muscular atrophy (SMA)
	3.2.1 5q-SMA
	3.2.2 Non-5q-SMA
	3.2.2.1 Motor adaptor BICD2 SMA


	3.3 Bulbospinal muscular atrophy (BSMA)
	3.4 Unclassified MNDs
	3.4.1 Sandhoff disease
	3.4.2 Triple-A-syndrome
	3.4.3 Brown–Vialetto–Van Lare syndrome


	4 Discussion
	5 Conclusions
	Conflict of interest
	References


