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Introduction: SOD1 was the first gene associated with both familial and sporadic 
forms of amyotrophic lateral sclerosis (ALS) and is the second most mutated gene 
in Caucasian ALS patients. Given their high clinical and molecular heterogeneity, a 
detailed characterization of SOD1-ALS patients could improve knowledge about 
the natural history of this disease. Here, the authors aimed to provide a clinical 
and molecular description of a monocentric cohort of SOD1-ALS patients.

Methods: Amyotrophic lateral sclerosis (ALS) patients referring to the neurology 
unit of our center between 2008 and 2021 were clinically assessed and underwent 
molecular testing for SOD1. Segregation studies in available family members and 
in silico analysis were performed to sustain the pathogenicity of the identified 
SOD1 variants.

Results: Among the 576 patients in our cohort, we  identified 19 individuals 
harboring a mutation in SOD1 (3.3%), including 15 (78.9%) with a familial and four 
(21.1%) with a sporadic form. The spinal onset of the disease was observed in 
all patients, and survival was extremely variable, ranging from 8 months to over 
30 years. Twelve different SOD1 missense variants were identified in our cohort, 
including one novel mutation (p.Pro67Leu).

Discussion: In the present series, we provided the first description of an Italian 
monocentric cohort of SOD1-ALS patients, and we expanded the repertoire of 
SOD1 mutations. Our cohort presents several remarkable features, including 
variable expressivity in the same family, atypical presentation (ataxia, cognitive 
impairment, and other extra-motor symptoms), and different modes of inheritance 
of a given mutation in the same family. Given the recent authorization of SOD1-
directed antisense oligonucleotide for use in SOD1-ALS patients, we recommend 
prompt screening for SOD1 mutations in novel ALS patients with familiar or 
sporadic presentations.
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1. Introduction

SOD1, encoding the copper–zinc superoxide dismutase, was the 
first gene to be associated with amyotrophic lateral sclerosis (ALS) (1), 
and it is currently the second most common genetic cause of ALS, 
after the C9ORF72 expansion, in Caucasian patients (2). Thus far, 
more than 200 pathogenic mutations in SOD1 have been identified in 
patients with ALS123 (3) and, overall, they account for up to 20% of 
familial forms (fALS) and 1%–2% of sporadic cases (sALS) (4). Most 
of them are heterozygous dominantly inherited variants, expected to 
exert their pathogenetic effect through a toxic gain of function 
mechanism. Indeed, several in vitro and in vivo studies have shown 
that the pathogenicity of SOD1 mutations is due to misfolded 
cytoplasmic accumulation, resulting in intracellular aggregates (5–7). 
Conversely, the loss of function of the SOD1 protein is not associated 
with a neuromuscular phenotype in the transgenic SOD1-mouse 
model (8), and its contribution to disease pathogenesis is still 
debated (9).

Seven SOD1 mutations (p.Leu85Phe, p.N87Ser, p.Asp91Ala, 
p.Leu118Val, p.Leu127Ser, p.Leu145Ser, and p.Gly28delGGACCA) 
have been described in a homozygous state, but only a few of them 
produce a recessive pattern of inheritance (9, 10). The p.Asp91Ala 
variant, the most common SOD1 mutation worldwide, is inherited as 
a recessive trait in Scandinavians, while it displays a dominant pattern 
in other populations, although its pathogenic role in heterozygosis is 
still debated (10).

Clinical phenotype in SOD1-related ALS (SOD1-ALS) is 
heterogenous, but it is frequently associated with the spinal onset and 
lower limb involvement, rare cognitive impairment, and slow 
progression. Familial and sporadic forms are 
clinically indistinguishable.

Describing the natural history of ALS patients harboring a 
mutation in one ALS causative gene is particularly relevant given the 
advent of new therapeutic approaches based on gene modulation, 
such as antisense oligonucleotides (ASOs) (11–13). The intrathecal 
administration of the SOD1-targeting ASO Tofersen has yielded 
promising results in phase-3 clinical studies, which have led to the 
authorization of an ongoing early access program for the use of 
Tofersen in all individuals with SOD1-ALS (14, 15).

Here, we describe the findings relative to our monocentric cohort 
of patients with genetically confirmed SOD1-ALS, focusing on the 
most atypical forms. Among these, we  report a novel variant 
(p.Pro67Leu), causing an extremely slow-progressing lower motor 
neuron (LMN) involvement, and the coexistence of ALS and atypical 
presentation (i.e., ataxia and cognitive impairment) in the same family.

2. Materials and methods

2.1. Data collection

We enrolled patients referred to the Neurology Unit of Fondazione 
IRCCS Ca′ Granda Ospedale Maggiore Policlinico of Milan between 

1 http://www.hgmd.cf.ac.uk

2 https://alsod.ac.uk/

3 http://databrowser.projectmine.com/

2008 and 2021 with a diagnosis of possible, probable, or definite ALS 
according to Awaji-Shima criteria (16) and who tested positive for a 
mutation in SOD1. Gender, age and site of onset, family history of 
ALS, disease duration until death, presence of bulbar and respiratory 
involvement, and presence of extra-motor features were collected.

2.2. Genetic analysis

Genomic DNA was extracted from peripheral blood samples 
according to standard procedures (Flexi Gene DNA Handbook, 
Qiagen). Coding regions of SOD1 (NM_000454.4) were analyzed by 
PCR analysis followed by direct sequencing on an ABI Prism 3130 
instrument in the patients included in this study (primers are listed in 
Supplementary Table  1). SOD1 mutations were also analyzed in 
available family members by direct sequencing.

2.3. In silico analysis and clinical prediction

To predict the deleterious effects of all SOD1 variants identified in 
our cohort, we employed the meta-predictor tool REVEL (17). The 
classification of the identified variants (“pathogenic,” “likely 
pathogenic,” “uncertain significance,” “likely benign,” and “benign”) 
was performed according to the American College of Medical 
Genetics and Genomics (ACMG) criteria (18).

3. Results

3.1. Description of the SOD1-ALS cohort

Five hundred and seventy-six patients with ALS, of whom 69 fALS 
(12%), were referred to our center during the inclusion period and 
were all tested for SOD1 mutations. We identified 19 SOD1-ALS cases 
(9 male patients and 10 female patients) from 15 independent families 
(3.3%), including 15 fALS (21.7% of all familial forms and 78.9% of 
SOD1-ALS) and four sALS cases (0.8% of all sporadic forms and 
21.1% of SOD1-ALS). All patients with SOD1-ALS were negative for 
pathogenic expansion in the C9ORF72 gene and for variants in 
TARDBP and FUS mutational hotspots (exon 6 of TARDBP and exons 
13-14-15 of FUS).

Demographic and clinical features of SOD1-ALS patients are 
listed in Table 1. The median age at onset was 50 years (ranging 
from 18 to 74 years). Spinal onset was observed in all patients: a 
total of 14 individuals started with lower limb disturbances, while 
five presented with upper limb symptoms. Six patients developed 
bulbar symptoms during the disease course. Respiratory 
involvement was detected in six patients. Disease duration is not 
available for all patients but is extremely variable, ranging from 
8 months to more than 30 years.

Twelve SOD1 missense variants were identified in our cohort 
(Table 1; Figure 1). All but one (p.Pro67Leu) have been previously 
reported in association with ALS. Most variants were dominantly 
inherited. One of them (p.Leu145Ser) occurred both in heterozygous 
and homozygous states in the same family, as previously described 
(30). The pathogenic allele p.Leu118Val has been described in 
homozygosis (26). The variant p.Glu22Gly, carried by a woman with 
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TABLE 1 Clinical and molecular description of the SOD1-ALS cohort.

Patient Variant Base change Zygosity First 
description

fALS Sex Native 
country

Age at 
onset 
(ys)

Site of 
onset

Disease 
duration 

(ys)

Bulbar/
respira 

tory

Extramotor 
features

1.1 p.Gly13Arg c.37G > C Het Penco et al. (19) + M Macedonia 30 LL >10–alive +/+ −

1.2 p.Gly13Arg c.37G > C Het Penco et al. (19) + M Macedonia 55 LL >6–alive +/−

Gait ataxia, extrapiramidal 

symptoms (rigidity and 

bradykinesia), cognitive 

impairment, apraxia, and 

depression

2 p.Glu22Gly c.65A > G Het Syriani et al. (20) − F Switzerland 38 UL >30 +/+ −

3 p.Gln23Arg c.68A > G Het Corti et al. (21) + M Bangladesh 38 LL >6 +/− −

4 p.Pro67Leu c.200C > T Het Present study − F Italy 35 LL >21–alive −/−
Subjective balance 

impairment

5 p.Pro67Ser c.199C > T Het Keckarevic et al. (22) + M Switzerland 74 UL 8 months −/+ −

6 p.Asp91Ala c.272A > C Het
Robberecht et al. 

(23)
− F Italy 52 LL >14–alive −/− Lower limb dysestesia

7 p.Asp91Ala c.272A > C Het
Robberecht et al. 

(23)
− M Italy 47 UL >16–alive +/+ −

8 p.Ala96Thr c.286G > A Het Gellera et al. (24) + F Italy 59 LL >4–alive −/− Presymptomatic iperckemia

9 p.Leu107Val c.319C > G Het Juneja et al. (25) + F Macedonia 33 UL n.a. n.a. n.a.

10 p.Leu118Val c.352C > G Hom Synofkiz et al. (26) + M Syria 44 LL 9 −/+ Muscle pain

11.1 p.Glu122Gly c.365A > G Het

Canosa et al. (27) 

and Dangoumau 

et al. (28)

+ M Italy 50 LL 9 −/−
Sensory disturbance, 

sphincteric dysfunction

11.2 p.Glu122Gly c.365A > G Het

Canosa et al. (27) 

and Dangoumau 

et al. (28)

+ M Italy 54 UL > 5–alive −/− −

12 p.Leu145Phe c.435G > C Het Masè et al. (29) + F Italy 66 LL. n.a. n.a. −

13 p.Leu145Phe c.435G > C Het Masè et al. (29) + F Italy 51 LL n.a. n.a. −

14.1 p.Leu145Ser c.434 T > C Hom Gagliardi et al. (30) + F Iran 33 LL 2 +/+
Toe paresthesia, muscle 

pain

14.2* p.Leu145Ser c.434 T > C Hom Gagliardi et al. (30) + M Iran 18 LL 9 +/+ −

14.3# p.Leu145Ser c.434 T > C Het Sapp et al. (31) + F Iran 64 LL >1–alive −/−
Ataxia and lower limb 

numbness

15 p.Leu145Phe c.435G > C Het Deng et al. (32) + F Bulgaria 62 LL n.a. −/− −

ALS, amyotrophic lateral sclerosis; fALS, familial ALS; Het, heterozygous; Hom, homozygous; LL, lower limb; UL, upper limb. Variants are classified according to the nomenclature NM_000454 for the cDNA and NP_000445.1 for the protein. *, brother of 14.1; #, 
mother of 14.1. ° , brother of 11.1; §, father of 1.1.

https://doi.org/10.3389/fneur.2023.1169689
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Gagliardi et al. 10.3389/fneur.2023.1169689

Frontiers in Neurology 04 frontiersin.org

a disease duration higher than 30 years, has been already associated 
with a long survival time (20).

American College of Medical Genetics and Genomics criteria 
classified the variants as pathogenic or likely pathogenic with the 
exceptions of p.Asp91Ala and p.Leu118Val which were classified as 
variants of uncertain significance (Supplementary Table 2).

Clinical and molecular findings of selected probands, presenting 
atypical features, are described below.

3.2. Patient 4 (p.Pro67Leu)

A 52-year-old woman presented with a 17-year history of a 
gradual gait disturbance starting from the right lower limb and 
increasingly progressing to the left lower limb. The symptoms were 
followed by loss of dexterity and fine hand movement impairment due 
to a progressive distal upper limb weakness. Muscle cramping and 
fasciculation in the four limbs were noted. By the age of 48 years, she 
complained about difficulty in climbing stairs.

Family history was negative for neuromuscular disorders 
(Figure 2A). The proband is the fourth of five siblings, the patient’s 
father died at 43 years of age due to leukemia, and the patient’s mother 
is 88 years and in good health.

The patient’s neurological evaluation showed limb weakness with 
a distal to proximal gradient, diffuse muscle wasting, and hyperreflexia 
in the four limbs. Bulbar and respiratory functions were normal. Brain 
and spinal cord magnetic resonance imaging (MRI) were 
unremarkable. Electromyography (EMG) showed moderate 
neurogenic changes in the four limbs and the dorsal paraspinal 
muscles and acute denervation in the lumbar and cervical regions, 
consistent with a diagnosis of ALS. The patient was started with 
riluzole. Presently, at the age of 56 years, she walks with assistance and 
does not demonstrate bulbar or respiratory involvement.

Molecular analysis of the SOD1 gene in this patient revealed the 
heterozygous substitution c.200C > T in the exon 3, resulting in the 
amino acid change p.Pro67Leu (Figures  2B,C). The first-degree 
relatives of the patients are currently in good health and refused to 
undergo the genetic testing.

To the best of our knowledge, this variant has never been 
described before, and it is not reported in genomic databases 
(gnomAD, 1000GP, ExAC).

Proline residue at codon 67 is highly conserved among various 
species. A different substitution in the same amino acid position 
(p.Pro67Ser) has been reported in seven ALS cases, of whom four 
were familial, with a heterogenous age at onset (21–72 years) and 

survival between 6 and 48 months (12, 22, 33–36). Similarly, 
p.Pro67Ala and p.Pro67Arg have been associated with a slow 
progression and a long disease duration (37–39). Recently, a 
compound heterozygous p.Pro67Ser/Asp91Ala was found in a 
69-year-old ALS patient with a facial onset and slow progression (40). 
We also identified the p.Pro67Ser change in the patient (patient 5) 
presenting at 75 years of age with an 8-month history of progressive 
weakness in the four limbs and a positive family history of 
neuromuscular disorder in his grandfather and his sister, who died at 
the age of 50 and 68, respectively. Pulmonary evaluation detected a 
restrictive respiratory failure. The death occurred after 8 months from 
symptom onset due to a cardiac attack.

3.3. Patient 8 (p.Ala96Thr)

A 61-year-old woman, with a 10-year history of increased creatine 
kinase (CK) level (mean value 500 U/L), developed a gradual and 
progressive gait disturbance characterized by fatigability, paraparesis 
with difficulty in climbing stairs, and cramps. After 2 years, she noticed 
increasing distal weakness in the upper limbs. One of her older 
brothers was diagnosed with asymptomatic hyperCKemia and 
underwent a muscle biopsy, which was unremarkable. He died for 
unrelated causes prior to patient’s presentation to medical attention 
(Figure 2D). Five of her siblings died in childhood of unknown causes.

Neurological examination revealed reduced deep tendon reflexes 
(DTRs) and more distal than proximal weakness in the four limbs, 
without pyramidal signs. EMG showed chronic neurogenic changes 
with acute denervation in upper and lower limb muscles and 
paraspinal muscles. Motor-evoked potentials (MEPs) at the lower limb 
showed an absent cortical response. Brain and spinal cord MRI ruled 
out other diseases. Neurogenic alterations were found at muscle 
biopsy, compatible with a slow-progressing form of motor neuron 
disease (MND). The heterozygous change c.286G > A, resulting in the 
substitution of alanine with threonine in position 96, was found in 
SOD1 gene (Figures 2E,F).

The p.Ala96Thr variant in SOD1 has been previously found in two 
unrelated Italian ALS patients with a sporadic presentation (24, 41), 
but its role in causing the disease has been debated. The first mutation 
was found in a 26-year-old man with upper limb presentation and a 
slow-progressing disease (24). The same missense mutation was also 
detected in the unaffected mother and in two unaffected siblings, 
arguing against a pathogenic role in the proband. However, incomplete 
penetrance or the contribution of other genetic modifiers cannot 
be excluded, as shown in other SOD1 mutations (42). The second 

FIGURE 1

Scheme of SOD1: the mutations identified in our cohort of ALS patients are indicated.
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patient is a 45-year-old woman with an extremely slow-progressing 
disease, which had started in lower limbs and is still not involving the 
bulbar district after 20 years (41).

Here, we  described the third report of a p.Ala96Thr SOD1 
mutation in an Italian patient with a spinal onset and slow-progressing 
ALS. Although the genetic analysis on the proband’s parents cannot 
be performed, this finding increases the likelihood that p.Ala96Thr 
might be a disease-associated mutation and opens the path to further 
studies to characterize this variant.

3.4. Patients 11.1 and 11.2 (p.Glu122Gly)

A 49-year-old man came to medical attention for a slowly 
progressive gait disorder, characterized by lower limb stiffness, 
followed by a burning sensation. He  was investigated for chronic 
inflammatory demyelinating polyneuropathy, but cerebrospinal fluid 
(CSF) analysis and muscle biopsy resulted normal. By the age of 
52 years, he  gradually developed tactile and thermal hypoesthesia 
below level D10; neurological evaluation showed lower limb mild 
proximal weakness, absent bilateral ankle and patellar DTRs, and 
bilateral Babinski reflexes. He underwent a spinal cord MRI, lumbar 
puncture, and spinal angiography to rule out a spinal cord pathology. 
EMG showed neurogenic alterations in lower limbs, while MEPs 
proved a pathological central motor conduction time. Over the 
following years, he  developed urinary incontinence, upper limb 
weakness, and progressive gait disturbance until paraplegia.

Despite presenting extra-motor symptoms at onset (sensory and 
sphincteric symptoms), neurophysiological findings were consistent 

with a slowly progressive MND. Molecular analysis for SOD1 
identified a point mutation (c.365A > G) at codon 122, leading to the 
substitution of glutamic acid with glutamine. The proband’s father 
died at 40 years of gastric cancer, while his healthy mother tested 
negative. His 54-year-old brother with a recent onset of left-hand 
weakness and muscle wasting was found to carry the same mutation 
identified in the proband.

The p.Glu122Gly mutation was first described in two independent 
sporadic patients: an Italian man with a 14-year disease course and a 
prevalent lower motor neuron involvement at lower limbs (27) and a 
woman with slowly progressing gait disturbance, followed by bulbar 
impairment (28). Symptoms started at 70 years of age in both patients.

The localization of Glu122 residue next to histidine which is 
involved in the interaction with copper suggests a possible pathogenic 
role, supported by the findings from in silico analysis. Moreover, 
SOD1-E122G-expressing NSC34 and the primary culture of mouse 
MNs showed the presence of aggregates positive for SOD1 and 
ubiquitin and reduced cell viability under oxidative stress (28), 
proving a pathogenic link between ALS and this variant.

3.5. Patients 1.1 and 1.2 (p.Gly13Arg)

A Macedonian 30-year-old athletic man presented to medical 
attention for the occurrence of cramps and fasciculations in the lower 
limbs. He  became unable to run and climb stairs within 1 year. 
Neurological examination showed diffuse fasciculations, mild distal 
weakness in lower limbs, increased DTRs, and bilateral Babinski signs. 
EMG showed spontaneous activity (fibrillations and fasciculations) in 

FIGURE 2

Pedigree and molecular findings of four selected ALS cases. (A,D,G,J) Pedigrees of the families carrying the missense mutations in the SOD1 gene. 
Roman and Arab numbers are used to indicate the generation and the subject within each generation. The arrow indicates the proband, carrier of the 
missense mutation in the SOD1 gene. Black symbols indicate disease status (diagnosis of ALS); gray symbol indicates the presence of a disabling 
neuromuscular disease without a confirmed clinical and genetic diagnosis of ALS. (B,E,H,K) Electropherograms showing SOD1 variants (red arrows) 
c.200\u00B0C > T (p.Pro67Leu), c.286 G > A (p.Ala96Thr), c.365A > G (p.Glu122Gly), and c.37 G > C (p.Gly13Arg) as detected in patients (top) compared to 
control individuals (bottom). (C,F,I,L) Conservation of the amino acid positions affected by mutations across different species.
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three regions (cervical, brachial, and lumbosacral) with bulbar 
sparing. MEPs showed increased central conduction time and 
dispersed responses with reduced amplitude. Brain MRI (T2-weighted 
sequences) showed mild hyperintensity of the bilateral corticospinal 
tract. The genetic test for spinal bulbar muscular atrophy (SBMA) was 
negative. The patient was therefore diagnosed with ALS.

The family tree (Figure 2J) suggested an autosomal-dominant 
neuromuscular disease. His grandfather and his uncle developed leg 
weakness by the age of 55 years, became wheelchair-bound by 60 years, 
and died at nearly 65 years of age of pneumonia and respiratory 
failure. The genetic analysis revealed a glycine–arginine substitution 
(p.Gly13Arg) in exon 1 of the SOD1 gene (Figures 2K,L). The patient 
became wheelchair-dependent by 36 years and developed bulbar and 
respiratory symptoms (mild orthopnea, dysarthria) by the age of 
40 years. In March 2022, he started treatment with Tofersen.

The proband’s father was hospitalized several years later for a 
history of unexplained and repeated falls, by the age of 55 years. 
Neurological examination showed occasional fasciculations in the 
calves (confirmed by EMG), with normal muscle strength and 
trophism and normal DTRs and flexor plantar responses. However, 
the patient was unable to walk without assistance due to a notable gait 
ataxia. The pull test was positive, and finger-to-nose and heel-to-knee 
tests were impaired. Mild bradykinesia and axial rigidity were present. 
His family members described behavioral changes occurring in the 
last years. Detailed neuropsychological evaluation evidenced severe, 
multidomain cognitive deficits, with ideomotor apraxia and reduced 
verbal fluency and comprehension despite relatively preserved short-
term memory. CSF examination, including dosage of tau, phospho-tau, 
and Aβ-42, was normal, and serum and CSF anti-onconeural and 
anti-GAD antibodies were negative. Brain MRI displayed thinning of 
the sulci in the bilateral parietal cortex. Finally, the genetic test 
revealed the same mutation in the SOD1 gene detected in his son.

This variant was previously reported in one Italian family and 
associated with an extremely slow rate of progression (19, 24) with 
onset at nearly 60 years and with the involvement of the distal muscles 
of the lower limbs, resulting in gait disturbance. The most peculiar 
finding in this family was the clinical presentation of ataxia and 
cognitive deficits without overt signs of MND in the proband’s father. 
The ataxic gait with repeated falls has been reported in a patient with 
fALS and a p.Glu100Lys variant in SOD1 (43). Early cognitive 
dysfunction, together with bulbar involvement, has been recently 
described in two unrelated families harboring a p.N66Thr mutation 
in SOD1 (44) and has been considered an exceptional finding in 
SOD1-ALS so far.

4. Discussion

In the present series, we provide the first description of an Italian 
monocentric cohort of SOD1-ALS patients, and we added a novel 
variant (p.Pro67Leu) to the repertoire of SOD1 variants associated 
with ALS. Patient 4 presented with early-onset lower motor neuron 
syndrome, main lower limb involvement, and slow progression, 
similar to the clinical phenotype reported in p.Pro67Ala, p.Pro67Arg, 
and p.Pro67Ser carriers. Moreover, in silico analysis predicted this 
amino acid change to be deleterious, in accordance with the high 
conservation of proline in position 67 across species. These remarks 
suggest that p.Pro67Leu represents a novel pathogenic SOD1 variant.

Moreover, we provided the third report of a p.Ala96Thr variant in 
an Italian carrier with signs and symptoms compatible with a slowly 
progressing MND. Despite the occurrence of the same variant in 
asymptomatic individuals in previous reports and the lack of evidence 
of a proven pathogenic effect, in silico tools predicted this change as 
potentially pathogenic. Unfortunately, the segregation of this variant 
in the family of patient 8 cannot be verified, but functional studies 
might be warranted to assess its biological implication.

The natural history of SOD1-ALS has been described in a 
retrospective study on a cohort of 175 patients from North America 
with genetically confirmed SOD1 mutations (45). The mean age of 
disease onset was 49.7 years, with a median disease survival of 
2.7 years. As expected (46), ALS patients with the p.Ala5Val variant 
presented lower disease duration, decreased ALS Functioning Rating 
Scale-Revised (ALSFRS-R), and higher forced vital capacity decline 
compared to patients without p.Ala5Val variant (45). A clinical and 
molecular description of a European cohort of 20 SOD1-ALS French 
patients has been recently reported by Bernard et al. (47). In addition, 
Chen et al. provided the natural history and mutational spectrum of 
an ALS cohort from China, where SOD1 mutations represent the main 
genetic cause of ALS (33).

Our cohort presents some peculiar features, including extreme 
heterogeneity of clinical manifestations (ataxia with cognitive 
impairment and ALS) in family members harboring the same 
variation in SOD1, disease onset with extra-motor symptoms, and 
presence of a mutation in both heterozygous and homozygous state in 
the same family, and the latter was associated with an earlier age at 
onset and a more aggressive disease course (30).

The prevalence of SOD1 mutation carriers is 3.3% in our cohort, 
consistent with the findings raised from previous studies led on 
European populations (2, 48). Although most cases presented a 
familial transmission, four out of 15 patients had a sporadic disease, 
representing the 0.8% of all sALS forms. Moreover, the mean age at 
the onset of the disease in sporadic forms in our cohort is 43 years, 
which is significantly lower than the mean age at the onset of sporadic 
disease in the general population.

SOD1-mutated ALS cases may have a broad clinical variability 
(49, 50) within the same family, with different ages of onset and 
disease progression among different members. Extra-motor system 
symptoms in families harboring SOD1 mutations were frequently 
reported in a large Scandinavian series (49): several patients 
demonstrated signs of autonomic, bladder, cerebellar, and/or sensory 
involvement, suggesting that the disease is not confined to the 
voluntary motor system.

Early cognitive impairment is extremely rare in SOD1-mutation 
carriers, and it is mainly reported in the late stages of the disease (51). 
Indeed, patients with SOD1-ALS usually have early age at onset and 
lower motor neuron involvement and display a sparing of cognitive 
circuits at structural and functional neuroimaging (52). However, the 
common notion of “cognitively spared” ALS patients has been recently 
called into question by several pieces of evidence from case reports 
and case series (53).

Despite some exceptions, cognitive dysfunction in SOD1 carriers 
is mainly characterized by frontal lobar involvement, encompassing 
the features of ALS/frontotemporal dementia (FTD).

Patient 1.2 presented with a multidomain cognitive impairment, 
associated with behavioral deficits (apathy and depression) and 
extrapyramidal motor symptoms, and with relative memory 
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preservation. The most peculiar finding in this patient is the 
concomitant presentation of cognitive impairment and ataxia without 
overt signs of MND. Conversely, the proband (patient 1.1) had a lower 
motor neuron presentation without atypical signs and symptoms, 
pointing to variable expressivity of p.Gly13Arg SOD1 mutation in the 
same family. We hypothesize that extra-motor symptoms might be at 
least partially explained by the presence of other genetic factors in the 
proband’s father which are able to modulate phenotypic expression.

Given that the expression of SOD1 is not limited to motor 
neurons, it is not altogether surprising that some patients may present 
at onset non-motor symptoms and signs outside the corticospinal tract.

Our findings should potentially prompt an active screening for 
SOD1 mutations in all individuals with a new ALS diagnosis, including 
patients with an apparently sporadic disease presentation, especially 
after the recent authorization of Tofersen as an early access program 
to all ALS patients with SOD1 mutations. Indeed, the sporadic disease 
might be due to several factors, including reduced penetrance, missing 
diagnosis in previous generations, incomplete family history, or 
occurrence of de novo mutations.

Tofersen has been tested vs. placebo in a phase III randomized, 
double-blind, placebo-controlled trial (VALOR NCT02623699) (15) 
and is currently under investigation in an open-label extension (OLE) 
study (NCT03070119) in SOD1-ALS patients. Despite failing the 
primary endpoint (a 48-point measure of physical function at 28 weeks 
measured based on ALSFRS-R score) in the VALOR trial (54), robust 
and significant differences between patients treated with Tofersen vs. 
placebo were detectable in secondary endpoints and in the explorative 
clinical measures, as well as in the intermediate findings from the OLE 
study. Although not significant, the OLE trial detected a gap between 
early- and late-treated patients among SOD1-ALS fast progressors, 
highlighting the importance of a precocious therapeutic window in 
neurodegenerative disorders.

In this regard, the importance to offer genetic testing at least for 
the most common ALS causative genes both to sporadic patients and 
to ALS patients’ relatives should be pointed out. In particular, the high 
frequency in Caucasian ALS patients, the wide phenotypic 
heterogeneity associated with its mutations, the availability of a quick 
and relatively simple diagnostic test, and the recent therapeutic 
advances in the field make SOD1, alongside C9ORF72, the first 
candidate gene to be sought in patients with an MND and require that 
its mutations should be ruled out before pursuing next-generation 
sequencing (NGS) approaches.

Data availability statement

The original contributions presented in the study are included in 
the article/Supplementary material, further inquiries can be directed 
to the corresponding author.

Ethics statement

The studies involving human participants were reviewed and 
approved by Comitato Etico Milano Area 2. The patients/
participants provided their written informed consent to participate 
in this study.

Author contributions

DG: conceptualization, data curation, investigation, visualization, 
and writing—original draft preparation. PR: data curation, 
investigation, and writing—original draft preparation. MM: data 
curation and investigation. RB: investigation, methodology, and 
visualization. SA: investigation and methodology. GC, CG, NT, and 
VS: supervision and writing—reviewing and editing. AR: writing—
reviewing and editing. DR: conceptualization, visualization, 
supervision, and writing—reviewing and editing. SC: data curation, 
supervision, and writing—reviewing and editing. All authors 
contributed to the article and approved the submitted version.

Funding

The work was supported by Italian Ministry of Health Ricerca 
Corrente 2022 to GC and NT.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fneur.2023.1169689/
full#supplementary-material

References
 1. Rosen DR, Siddique T, Patterson D, Figlewicz DA, Sapp P, Hentati A, et al. 

Mutations in cu/Zn superoxide dismutase gene are associated with familial amyotrophic 
lateral sclerosis. Nature. (1993) 362:59–62. doi: 10.1038/362059a0

 2. Zou Z-Y, Zhou Z-R, Che C-H, Liu C-Y, He R-L, Huang H-P. Genetic epidemiology 
of amyotrophic lateral sclerosis: a systematic review and meta-analysis. J Neurol 
Neurosurg Psychiatry. (2017) 88:540–9. doi: 10.1136/jnnp-2016-315018

 3. Raa VDS, Van Rheenen W, SL P, KP K, LH VDB, JH V. The project MinE 
databrowser: bringing large-scale whole-genome sequencing in ALS to researchers and 
the public. Amyotroph Lateral Scler Frontotemporal Degener. (2019) 20:432–40. doi: 
10.1080/21678421.2019.1606244

 4. Li H-F, Wu Z-Y. Genotype-phenotype correlations of amyotrophic lateral sclerosis. 
Transl Neurodegener. (2016) 5:3. doi: 10.1186/s40035-016-0050-8

https://doi.org/10.3389/fneur.2023.1169689
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fneur.2023.1169689/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fneur.2023.1169689/full#supplementary-material
https://doi.org/10.1038/362059a0
https://doi.org/10.1136/jnnp-2016-315018
https://doi.org/10.1080/21678421.2019.1606244
https://doi.org/10.1186/s40035-016-0050-8


Gagliardi et al. 10.3389/fneur.2023.1169689

Frontiers in Neurology 08 frontiersin.org

 5. Culik RM, Sekhar A, Nagesh J, Deol H, Rumfeldt JAO, Meiering EM, et al. Effects 
of maturation on the conformational free-energy landscape of SOD1. Proc Natl Acad Sci 
U S A. (2018) 115:E2546–55. doi: 10.1073/pnas.1721022115

 6. Trist BG, Genoud S, Roudeau S, Rookyard A, Abdeen A, Cottam V, et al. Altered 
SOD1 maturation and post-translational modification in amyotrophic lateral sclerosis 
spinal cord. Brain. (2022) 145:3108–30. doi: 10.1093/brain/awac165

 7. Tafuri F, Ronchi D, Magri F, Comi GP, Corti S. SOD1 misplacing and mitochondrial 
dysfunction in amyotrophic lateral sclerosis pathogenesis. Front Cell Neurosci. (2015) 
9:336. doi: 10.3389/fncel.2015.00336

 8. Gurney ME, Pu H, Chiu AY, Dal Canto MC, Polchow CY, Alexander DD, et al. 
Motor neuron degeneration in mice that express a human cu, Zn superoxide dismutase 
mutation. Science. (1994) 264:1772–5. doi: 10.1126/science.8209258

 9. Saccon RA, Bunton-Stasyshyn RKA, Fisher EMC, Fratta P. Is SOD1 loss of function 
involved in amyotrophic lateral sclerosis? Brain. (2013) 136:2342–58. doi: 10.1093/brain/
awt097

 10. Jonsson PA, Bäckstrand A, Andersen PM, Jacobsson J, Parton M, Shaw C, et al. 
CuZn-superoxide dismutase in D90A heterozygotes from recessive and dominant ALS 
pedigrees. Neurobiol Dis. (2002) 10:327–33. doi: 10.1006/nbdi.2002.0508

 11. Riboldi G, Zanetta C, Ranieri M, Nizzardo M, Simone C, Magri F, et al. Antisense 
oligonucleotide therapy for the treatment of C9ORF72 ALS/FTD diseases. Mol 
Neurobiol. (2014) 50:721–32. doi: 10.1007/s12035-014-8724-7

 12. Miller TM, Pestronk A, David W, Rothstein J, Simpson E, Appel SH, et al. An 
antisense oligonucleotide against SOD1 delivered intrathecally for patients with SOD1 
familial amyotrophic lateral sclerosis: a phase 1, randomised, first-in-man study. Lancet 
Neurol. (2013) 12:435–42. doi: 10.1016/S1474-4422(13)70061-9

 13. Miller T, Cudkowicz M, Shaw PJ, Andersen PM, Atassi N, Bucelli RC, et al. Phase 
1-2 trial of antisense oligonucleotide Tofersen for SOD1 ALS. N Engl J Med. (2020) 
383:109–19. doi: 10.1056/NEJMoa2003715

 14. Biogen. Biogen announces topline results from the Tofersen phase 3 study and its 
open-label extension in SOD1-ALS. (2022). Available at: https://investors.biogen.com/
news-releases/news-release-details/biogen-announces-topline-results-tofersen-phase-3-
study-and-its (Accessed 9 February 2022).

 15. Miller TM, Cudkowicz ME, Genge A, Shaw PJ, Sobue G, Bucelli RC, et al. Trial of 
antisense oligonucleotide Tofersen for SOD1 ALS. N Engl J Med. (2022) 387:1099–110. 
doi: 10.1056/NEJMoa2204705

 16. de Carvalho M, Dengler R, Eisen A, England JD, Kaji R, Kimura J, et al. 
Electrodiagnostic criteria for diagnosis of ALS. Clin Neurophysiol. (2008) 119:497–503. 
doi: 10.1016/j.clinph.2007.09.143

 17. Ioannidis NM, Rothstein JH, Pejaver V, Middha S, McDonnell SK, Baheti S, et al. 
REVEL: an ensemble method for predicting the pathogenicity of rare missense variants. 
Am J Hum Genet. (2016) 99:877–85. doi: 10.1016/j.ajhg.2016.08.016

 18. Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, et al. Standards and 
guidelines for the interpretation of sequence variants: a joint consensus recommendation 
of the American College of Medical Genetics and Genomics and the Association for 
Molecular Pathology. Genet Med. (2015) 17:405–24. doi: 10.1038/gim.2015.30

 19. Penco S, Schenone A, Bordo D, Bolognesi M, Abbruzzese M, Bugiani O, et al. A 
SOD1 gene mutation in a patient with slowly progressing familial ALS. Neurology. 
(1999) 53:404–6. doi: 10.1212/wnl.53.2.404

 20. Syriani E, Morales M, Gamez J. The p.E22G mutation in the cu/Zn superoxide-
dismutase gene predicts a long survival time: clinical and genetic characterization of a 
seven-generation ALS1 Spanish pedigree. J Neurol Sci. (2009) 285:46–53. doi: 10.1016/j.
jns.2009.05.011

 21. Corti S, Donadoni C, Ronchi D, Bordoni A, Fortunato F, Santoro D, et al. 
Amyotrophic lateral sclerosis linked to a novel SOD1 mutation with muscle 
mitochondrial dysfunction. J Neurol Sci. (2009) 276:170–4. doi: 10.1016/j.jns.2008.09.030

 22. Keckarević D, Stević Z, Keckarević-Marković M, Kecmanović M, Romac S. A novel 
P66S mutation in exon 3 of the SOD1 gene with early onset and rapid progression. 
Amyotroph Lateral Scler. (2012) 13:237–40. doi: 10.3109/17482968.2011.627588

 23. Robberecht W, Aguirre T, Van den Bosch L, Tilkin P, Cassiman JJ, Matthijs G. 
D90A heterozygosity in the SOD1 gene is associated with familial and apparently 
sporadic amyotrophic lateral sclerosis. Neurology. (1996) 47:1336–9. doi: 10.1212/
wnl.47.5.1336

 24. Gellera C. Genetics of ALS in Italian families. Amyotroph Lateral Scler Other Motor 
Neuron Disord. (2001) 2:S43–6. doi: 10.1080/14660820152415735

 25. Juneja T, Pericak-Vance MA, Laing NG, Dave S, Siddique T. Prognosis in familial 
amyotrophic lateral sclerosis: progression and survival in patients with glu100gly and 
ala4val mutations in cu,Zn superoxide dismutase. Neurology. (1997) 48:55–7. doi: 
10.1212/wnl.48.1.55

 26. Synofzik M, Ronchi D, Keskin I, Basak AN, Wilhelm C, Gobbi C, et al. Mutant 
superoxide dismutase-1 indistinguishable from wild-type causes ALS. Hum Mol Genet. 
(2012) 21:3568–74. doi: 10.1093/hmg/dds188

 27. Canosa A, Calvo A, Moglia C, Barberis M, Brunetti M, Cammarosano S, et al. A 
novel p.E121G heterozygous missense mutation of SOD1 in an apparently sporadic ALS 
case with a 14-year course. Amyotroph Lateral Scler Frontotemporal Degener. (2015) 
16:127–8. doi: 10.3109/21678421.2014.966312

 28. Dangoumau A, Deschamps R, Veyrat-Durebex C, Pettmann B, Corcia P, Andres 
CR, et al. A novel p.E121G SOD1 mutation in slowly progressive form of amyotrophic 
lateral sclerosis induces cytoplasmic aggregates in cultured motor neurons and reduces 
cell viability. Amyotroph Lateral Scler Frontotemporal Degener. (2015) 16:131–4. doi: 
10.3109/21678421.2014.965179

 29. Masè G, Ros S, Gemma A, Bonfigli L, Carraro N, Cazzato G, et al. ALS with 
variable phenotypes in a six-generation family caused by leu144phe mutation in the 
SOD1 gene. J Neurol Sci. (2001) 191:11–8. doi: 10.1016/s0022-510x(01)00625-6

 30. Gagliardi D, Ahmadinejad M, Del Bo R, Meneri M, Comi GP, Corti S, et al. 
Homozygous SOD1 variation L144S produces a severe form of amyotrophic lateral 
sclerosis in an Iranian family. Neurol Genet. (2022) 8:e645. doi: 10.1212/
NXG.0000000000000645

 31. Sapp PC, Rosen DR, Hosler BA, Esteban J, McKenna-Yasek D, O’regan JP, et al. 
Identification of three novel mutations in the gene for CuZn superoxide dismutase in 
patients with familial amyotrophic lateral sclerosis. Neuromuscul Disord. (1995) 5:353–7. 
doi: 10.1016/0960-8966(95)00007-A

 32. Deng H-X, Hentati A, Tainer JA, Iqbal Z, Cayabyab A, Hung W-Y, et al. 
Amyotrophic lateral Ssclerosis and structural defects in cu,Zn superoxide dismutase. 
Science. (1993) 261:1047–51. doi: 10.1126/science.8351519

 33. Chen L-X, Xu H-F, Wang P-S, Yang X-X, Wu Z-Y, Li H-F. SOD1 mutation 
Spectrum and natural history of ALS patients in a 15-year cohort in southeastern China. 
Front Genet. (2021) 12:746060. doi: 10.3389/fgene.2021.746060

 34. Baek W, Koh S-H, Kim YS, Kim HY, Kwon M-J, Ki C-S, et al. A novel exon 3 
mutation (P66S) in the SOD1 gene in familial ALS. Can J Neurol Sci. (2012) 39:245–6. 
doi: 10.1017/s0317167100013329

 35. Kwon M-J, Baek W, Ki C-S, Kim HY, Koh S-H, Kim J-W, et al. Screening of the 
SOD1, FUS, TARDBP, ANG, and OPTN mutations in Korean patients with familial 
and sporadic ALS. Neurobiol Aging. (2012) 33:1017.e17–23. doi: 10.1016/j.
neurobiolaging.2011.12.003

 36. Wei Q, Zhou Q, Chen Y, Ou R, Cao B, Xu Y, et al. Analysis of SOD1 mutations in 
a Chinese population with amyotrophic lateral sclerosis: a case-control study and 
literature review. Sci Rep. (2017) 7:44606. doi: 10.1038/srep44606

 37. Ruffo P, Perrone B, Conforti FL. SOD-1 variants in amyotrophic lateral sclerosis: 
systematic re-evaluation according to ACMG-AMP guidelines. Genes. (2022) 13:537. 
doi: 10.3390/genes13030537

 38. Chen Y-P, Yu S-H, Wei Q-Q, Cao B, Gu X-J, Chen X-P, et al. Role of genetics in 
amyotrophic lateral sclerosis: a large cohort study in Chinese mainland population. J 
Med Genet. (2022) 59:840–9. doi: 10.1136/jmedgenet-2021-107965

 39. Millecamps S, Salachas F, Cazeneuve C, Gordon P, Bricka B, Camuzat A, et al. 
SOD1, ANG, VAPB, TARDBP, and FUS mutations in familial amyotrophic lateral 
sclerosis: genotype-phenotype correlations. J Med Genet. (2010) 47:554–60. doi: 10.1136/
jmg.2010.077180

 40. De La Cruz E, Guissart C, Esselin F, Polge A, Pageot N, Taieb G, et al. Compound 
heterozygous P67S/D91A SOD1 mutations in an ALS family with apparently sporadic 
case. Amyotroph Lateral Scler Frontotemporal Degener. (2021) 23:458–61. doi: 
10.1080/21678421.2021.1990344

 41. Corrado L, D’Alfonso S, Bergamaschi L, Testa L, Leone M, Nasuelli N, et al. SOD1 
gene mutations in Italian patients with sporadic amyotrophic lateral sclerosis (ALS). 
Neuromuscul Disord. (2006) 16:800–4. doi: 10.1016/j.nmd.2006.07.004

 42. Conforti FL, Barone R, Fermo SL, Giliberto C, Patti F, Gambardella A, et al. 
Sporadic motor neuron disease in a familial novel SOD1 mutation: incomplete 
penetrance or chance association? Amyotroph Lateral Scler. (2011) 12:220–2. doi: 
10.3109/17482968.2010.545951

 43. Yasser S, Fecto F, Siddique T, Sheikh KA, Athar P. An unusual case of familial ALS 
and cerebellar ataxia. Amyotroph Lateral Scler. (2010) 11:568–70. doi: 
10.3109/17482961003636874

 44. Martinelli I, Zucchi E, Gessani A, Fini N, Chiò A, Pecoraro V, et al. A novel p.N66T 
mutation in exon 3 of the SOD1 gene: report of two families of ALS patients with early 
cognitive impairment. Amyotroph Lateral Scler Frontotemporal Degener. (2020) 
21:296–300. doi: 10.1080/21678421.2020.1746344

 45. Bali T, Self W, Liu J, Siddique T, Wang LH, Bird TD, et al. Defining SOD1 ALS 
natural history to guide therapeutic clinical trial design. J Neurol Neurosurg Psychiatry. 
(2017) 88:99–105. doi: 10.1136/jnnp-2016-313521

 46. Renton AE, Chiò A, Traynor BJ. State of play in amyotrophic lateral sclerosis 
genetics. Nat Neurosci. (2014) 17:17–23. doi: 10.1038/nn.3584

 47. Bernard E, Pegat A, Svahn J, Bouhour F, Leblanc P, Millecamps S, et al. Clinical 
and molecular landscape of ALS patients with SOD1 mutations: novel pathogenic 
variants and novel phenotypes. A single ALS center study. Int J Mol Sci. (2020) 21:E6807. 
doi: 10.3390/ijms21186807

 48. Gromicho M, Pinto S, Gisca E, Pronto-Laborinho AC, Andersen PM, de Carvalho 
M. Frequency of C9orf72 hexanucleotide repeat expansion and SOD1 mutations in 
Portuguese patients with amyotrophic lateral sclerosis. Neurobiol Aging. (2018) 70:325.
e7–325.e15. doi: 10.1016/j.neurobiolaging.2018.05.009

 49. Andersen PM, Nilsson P, Keränen ML, Forsgren L, Hägglund J, Karlsborg M, et al. 
Phenotypic heterogeneity in motor neuron disease patients with CuZn-superoxide 

https://doi.org/10.3389/fneur.2023.1169689
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1073/pnas.1721022115
https://doi.org/10.1093/brain/awac165
https://doi.org/10.3389/fncel.2015.00336
https://doi.org/10.1126/science.8209258
https://doi.org/10.1093/brain/awt097
https://doi.org/10.1093/brain/awt097
https://doi.org/10.1006/nbdi.2002.0508
https://doi.org/10.1007/s12035-014-8724-7
https://doi.org/10.1016/S1474-4422(13)70061-9
https://doi.org/10.1056/NEJMoa2003715
https://investors.biogen.com/news-releases/news-release-details/biogen-announces-topline-results-tofersen-phase-3-study-and-its
https://investors.biogen.com/news-releases/news-release-details/biogen-announces-topline-results-tofersen-phase-3-study-and-its
https://investors.biogen.com/news-releases/news-release-details/biogen-announces-topline-results-tofersen-phase-3-study-and-its
https://doi.org/10.1056/NEJMoa2204705
https://doi.org/10.1016/j.clinph.2007.09.143
https://doi.org/10.1016/j.ajhg.2016.08.016
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1212/wnl.53.2.404
https://doi.org/10.1016/j.jns.2009.05.011
https://doi.org/10.1016/j.jns.2009.05.011
https://doi.org/10.1016/j.jns.2008.09.030
https://doi.org/10.3109/17482968.2011.627588
https://doi.org/10.1212/wnl.47.5.1336
https://doi.org/10.1212/wnl.47.5.1336
https://doi.org/10.1080/14660820152415735
https://doi.org/10.1212/wnl.48.1.55
https://doi.org/10.1093/hmg/dds188
https://doi.org/10.3109/21678421.2014.966312
https://doi.org/10.3109/21678421.2014.965179
https://doi.org/10.1016/s0022-510x(01)00625-6
https://doi.org/10.1212/NXG.0000000000000645
https://doi.org/10.1212/NXG.0000000000000645
https://doi.org/10.1016/0960-8966(95)00007-A
https://doi.org/10.1126/science.8351519
https://doi.org/10.3389/fgene.2021.746060
https://doi.org/10.1017/s0317167100013329
https://doi.org/10.1016/j.neurobiolaging.2011.12.003
https://doi.org/10.1016/j.neurobiolaging.2011.12.003
https://doi.org/10.1038/srep44606
https://doi.org/10.3390/genes13030537
https://doi.org/10.1136/jmedgenet-2021-107965
https://doi.org/10.1136/jmg.2010.077180
https://doi.org/10.1136/jmg.2010.077180
https://doi.org/10.1080/21678421.2021.1990344
https://doi.org/10.1016/j.nmd.2006.07.004
https://doi.org/10.3109/17482968.2010.545951
https://doi.org/10.3109/17482961003636874
https://doi.org/10.1080/21678421.2020.1746344
https://doi.org/10.1136/jnnp-2016-313521
https://doi.org/10.1038/nn.3584
https://doi.org/10.3390/ijms21186807
https://doi.org/10.1016/j.neurobiolaging.2018.05.009


Gagliardi et al. 10.3389/fneur.2023.1169689

Frontiers in Neurology 09 frontiersin.org

dismutase mutations in Scandinavia. Brain. (1997) 120:1723–37. doi: 10.1093/
brain/120.10.1723

 50. Penco S, Lunetta C, Mosca L, Maestri E, Avemaria F, Tarlarini C, et al. 
Phenotypic heterogeneity in a SOD1 G93D Italian ALS family: an example of 
human model to study a complex disease. J Mol Neurosci. (2011) 44:25–30. doi: 
10.1007/s12031-010-9480-4

 51. Wicks P, Abrahams S, Papps B, Al-Chalabi A, Shaw CE, Leigh PN, et al. SOD1 and 
cognitive dysfunction in familial amyotrophic lateral sclerosis. J Neurol. (2009) 
256:234–41. doi: 10.1007/s00415-009-0078-0

 52. Agosta F, Spinelli EG, Marjanovic IV, Stevic Z, Pagani E, Valsasina P, et al. 
Unraveling ALS due to SOD1 mutation through the combination of brain and 
cervical cord MRI. Neurology. (2018) 90:e707–16. doi: 10.1212/
WNL.0000000000005002

 53. Martinelli I, Zucchi E, Simonini C, Gianferrari G, Zamboni G, Pinti M, et al. The 
landscape of cognitive impairment in superoxide dismutase 1-amyotrophic lateral sclerosis. 
Neural Regen Res. (2023) 18:1427–33. doi: 10.4103/1673-5374.361535

 54. Mullard A. ALS antisense drug falters in phase III. Nat Rev Drug Discov. (2021) 
20:883–5. doi: 10.1038/D41573-021-00181-W

https://doi.org/10.3389/fneur.2023.1169689
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1093/brain/120.10.1723
https://doi.org/10.1093/brain/120.10.1723
https://doi.org/10.1007/s12031-010-9480-4
https://doi.org/10.1007/s00415-009-0078-0
https://doi.org/10.1212/WNL.0000000000005002
https://doi.org/10.1212/WNL.0000000000005002
https://doi.org/10.4103/1673-5374.361535
https://doi.org/10.1038/D41573-021-00181-W

	Clinical and molecular features of patients with amyotrophic lateral sclerosis and SOD1 mutations: a monocentric study
	1. Introduction
	2. Materials and methods
	2.1. Data collection
	2.2. Genetic analysis
	2.3. In silico analysis and clinical prediction

	3. Results
	3.1. Description of the SOD1-ALS cohort
	3.2. Patient 4 (p.Pro67Leu)
	3.3. Patient 8 (p.Ala96Thr)
	3.4. Patients 11.1 and 11.2 (p.Glu122Gly)
	3.5. Patients 1.1 and 1.2 (p.Gly13Arg)

	4. Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material

	References

