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Abstract 

Amyotrophic lateral sclerosis (ALS) is characterized by adult-onset degeneration of upper and lower motor 

neurons. Symptoms begin focally in one muscle and then spread contiguously, resulting in progressive 

paralysis and death from respiratory failure. Hexanucleotide repeat expansion in C9ORF72 is the most 

common genetic cause, however, mutations in SOD1 were the first identified and are found in 1-9% of 

patients. Misfolded SOD1 aggregates in the CNS are hallmarks of ALS associated with SOD1 mutations. 

However, accumulation of misfolded or aggregated SOD1 protein has also been reported in sporadic and 

familial ALS without SOD1 mutations, suggesting that wild-type SOD1 could play a role in ALS pathology in 

general. 

The aims of this thesis are: 1) To describe the resulting disease phenotype and specific characteristics of 

the SOD1 protein carrying the stable disease- associated mutation L117V. 2) To set up cell-based in vitro 

models to study the mechanisms of SOD1 misfolding and aggregation under physiologically relevant 

expression levels. 3) To compare SOD1 activity in patient-derived samples and screen for underlying causes of 

deviant SOD1 activities in individuals lacking SOD1 mutations. 

1) We identified a novel L117V SOD1 mutant in two families of Syrian origin that co-segregated with the 

disease. This mutation was associated with slow disease progression, reduced penetrance and a uniform 

phenotype. The L117V mutant protein was indistinguishable from wild-type SOD1 in terms of stability, 

dismutation activity and misfolding in patient-derived cell lines. 

2) We established patient-derived fibroblast and iPSC-MN lines expressing mutant SOD1 at physiological 

levels as in vitro models to study misfolding and aggregation of SOD1. We investigated the effects of several 

cellular pathway disturbances on SOD1 misfolding. Misfolded SOD1 was increased by inhibition of the 

ubiquitin-proteasome pathway in fibroblasts derived from both patients and controls. An age-related decline 

in proteasome activity could contribute to the late onset of ALS. 

Next, we studied the effects of low oxygen tension on misfolding and aggregation of SOD1 in patient-

derived cells. Low O2 tensions were found to markedly increase C57-C146 disulphide reduction, misfolding 

and aggregation of SOD1. Importantly, the largest effects were detected in iPSC-MNs. This suggests that 

motor neurons are specifically vulnerable to misfolding and aggregation of SOD1 under low O2 tension. 

3) We compared the enzymatic activity of SOD1 in blood samples from a large number of ALS patients and 

controls. We screened for potential underlying causes of deviant SOD1 activities in individuals lacking SOD1 

mutations. No aberrations in copy number, other large structural changes in introns and exons or intronic 

mutations in the 30-50 bp flanking the exons were found in the 142 outliers, with either very low or very high 

SOD1 dismutation activities. However, hemoglobinopathies, including thalassemias and iron deficiency 

anemia, were associated with high SOD1/mg Hb ratios. Erythrocytes from patients with destabilizing SOD1 

mutations showed half the normal activity. There were no significant differences in SOD1 activity between 

control individuals and ALS patients without a coding SOD1 mutation, or carriers of TBK1 mutations or the 

hexanucleotide repeat expansion in C9ORF72. Our result suggests that SOD1 enzymatic activity is not 

associated with the disease in non-SOD1 mutation ALS. 

 

Key words: ALS, SOD1, misfolded species, proteasome, low oxygen tension, induced pluripotent stem cell-

derived motor neurons, enzymatic activity, erythrocytes 
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Sammanfattning på svenska 

Amyotrofisk lateralskleros (ALS) är en sjukdom som oftast debuterar i vuxen 

ålder och som kännetecknas av degenerering av övre och nedre 

motorneuron. Symtomen börjar som regel i en muskel och sprids sedan till 

angränsande muskler, vilket resulterar i att patienten gradvis förlamas och 

slutligen dör pga. andningssvikt när andningsmuskulaturen påverkas.  

Den, idag kända, vanligaste genetiska orsaken till sjukdomen är en 

expansion av ett hexanukleotid-repeat (HRE) i genen chromosome 9 open 

reading fram 72 (C9ORF72), som ca 20 % av patienterna bär på. Mutationer 

i genen superoxide dismutase-1 (SOD1) är också en vanlig orsak och de 

återfinns i upp till 9 % av patienterna. SOD1 var också den första gen som 

associerades med ALS. Detta var 1993 och sedan dess har 197 ALS-

associerade mutationer identifierats i genen. Majoriteten av dessa är 

missense-mutationer, men det finns också ett antal nonsensmutationer som 

ger förkortade proteiner samt frame-shift-mutationer som orsakats av små 

deletioner eller insertioner vilka förändrar läsramen och introducerar nya 

aminosyror och prematura stoppkodon. Eftersom både missense- och 

trunkerande mutationer orsakar ALS men inte null-mutationer (där inget 

protein uttrycks) så verkar det som om dessa två grupper har en gemensam 

cytotoxisk mekanism som är förknippad med ALS-patogenesen. Denna 

mekanism anses vara att SOD1 proteinet hindras från att anta sin naturliga 

veckning och i stället antar en felveckad aggregationsbenägen form. 

Förekomst av felveckat SOD1 och aggregat av proteinet i CNS är också 

kännetecken för ALS orsakat av SOD1-mutationer. Men SOD1-aggregat har 

även hittats i CNS hos patienter där inte SOD1-genen varit muterad. Något 

som tyder på att också vildtyps-SOD1 kan spela en roll i den generella ALS 

patologin. 

Syftet med studierna i den här avhandlingen har varit att; 1) beskriva 

sjukdomsfenotyp och specifika karaktärsdrag hos det sjukdomsassocierade 

mutanta SOD1-proteinet L117V, 2) etablera cell-baserade in vitro modeller 

för att studera mekanismerna bakom felveckning och aggregering av SOD1-

proteinet där det uttrycks i fysiologiskt relevanta nivåer, 3) jämföra SOD1-

aktivitet i patientprover och försöka hitta förklaringar till varför vissa 

individer har avvikande (låg eller hög) SOD1-enzymaktivitet trots att ingen 

mutation hittats i SOD1-genen. 

1) Vi identifierade en ny mutation, L117V, i två familjer med syriskt 

ursprung. Mutationen nedärvs tillsammans med sjukdomen och är med stor 

sannolikhet sjukdomsorsakande. Sjukdomsallelen har ofullständig penetrans 

och är associerad med ovanligt långsamt sjukdomsförlopp och med enhetlig 

sjukdomsfenotyp hos bärarna. L117V-mutantproteinet skiljde sig inte från 
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vildtyps-SOD1-proteinet vad gäller stabilitet, enzymaktivitet och mängd 

felveckat protein.  

2) Vi undersökte effekterna av olika störningar i cellulära system och 

studerade nivåerna av felveckat SOD1 i fibroblaster som uttrycker SOD1 på 

en fysiologisk normal nivå. I några av dessa system som är relaterade till ALS 

och åldrande t.ex. autofagi, mitokondrier och endoplasmatiskt nätverk, 

påverkades inte nivåerna av felveckat och aggregerat SOD1 medan däremot 

en störning av ubiquitin-proteasom-systemet minskade mängden felveckat 

SOD1 effektivt i fibroblastceller som härstammade både från patienter och 

kontroller. En åldersrelaterad försämring av detta system skulle kunna vara 

en orsak bakom sent debuterande ALS. I fibroblaster och motorneuron 

(inducerade från pluripotenta stamceller) som härstammade från ALS 

patienter med mutationer i en ALS-associerad gen och från friska kontroller 

utan någon mutation i dessa gener, studerade vi om låga 

syrekoncentrationer hade någon effekt på felveckat och aggregerat SOD1 

protein samt på stabiliteten av disulfid-bindningen mellan cystein 57 och 146 

i proteinet. De låga syrekoncentrationerna visade sig markant minska 

disulfid-bindningen samt öka mängden felveckat och aggregerat SOD1 i båda 

dessa celltyper. En mer påtaglig ökning konstaterades i motorneuronen än i 

fibroblasterna, vilket tyder på att motorneuron, som är den celltyp som är 

påverkad vid ALS, var särskilt sårbara. 

3) Vi jämförde SOD1-enzymaktiviteten i erytrocyter hos kontrollindivider 

och ALS-patienter samt sökte efter en förklaring till den avvikande (höga 

eller låga) enzymaktivitet som fanns i ett antal (142) individer trots att de 

saknade identifierad mutation i SOD1-genen. Mutationer som orsakar att 

inget protein uttrycks eller att det uttryckta proteinet inte fungerar, medför 

halv enzymaktivitet. Detta då bara den ena genen (vildtypsallelen) ger ett 

fungerande protein. Den standardmetod vi använder för att hitta mutationer 

är inte fullständig utan missar större genetiska förändringar. Vi gjorde därför 

en djupare undersökning av SOD1-generna hos de 142 individerna men inga 

stora avvikelser som deletioner eller duplikationer kunde hittas som kan 

förklara avvikelserna i enzymaktivitet. Däremot fann vi att 

hemoglobinopatier som olika former av thalassemi och järnbristanemi var 

förknippade med hög SOD1-aktivitet. Detta då enzymaktiviteten relateras till 

mängden hemoglobin. Vi karaktäriserade också stabiliteten av de mutanta 

SOD1-proteinerna i blod från 4072 individer. Dessa bestod av patienter, 

deras släktingar och kontroll-individer. Mutationer som orsakar 

destabilisering av SOD1 visade sig genom att bäraren hade hälften av normal 

enzymaktivitet. Mutationen kan göra att det protein som bildas får störande 

strukturella förändringar som leder till att det destabiliseras och/eller 

felveckas. Några mutationer hade normal enzymaktivitet men de flesta hade 

låg. Vi hittade ingen signifikant skillnad mellan kontroll-individer och ALS-

patienter utan SOD1-mutation och bärare av mutationer i generna TBK1 
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eller C9ORF72HRE. Vi drar därför slutsatsen att SOD1-enzymaktiviteten inte 

är associerad med sjukdomen i de fall patienterna inte har någon SOD1-

mutation.  

Sammanfattningsvis kan man säga att fibroblaster och motorneuron, 

härstammande från patienter som uttrycker mutant SOD1 på en fysiologisk 

normal nivå är en värdefull modell för att studera ALS-relaterade cellulära 

system och felveckning av SOD1-proteinet. 
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Introduction 

Amyotrophic lateral sclerosis  

General description and clinical features  
Amyotrophic lateral sclerosis (ALS) is an adult-onset neurodegenerative 

disease first described in 1869 by Charcot (Charcot, 1873; Charcot and 

Joffroy, 1869). It is characterized by degeneration of upper motor neurons 

(UMNs) in the motor cortex and the associated corticospinal tracts, as well 

as the lower motor neurons (LMNs) in the brainstem and the spinal anterior 

horns. The disease begins focally and then spreads contiguously, resulting in 

progressive paralysis and inevitably death from respiratory failure when the 

respiratory muscles become affected. ALS is no longer considered a single 

disease with a homogenous clinical presentation. It is either a single disease 

with wide phenotypic variability or a complex syndrome with heterogeneous 

causes. Clinical, genetic and post-mortem studies show that ALS is a disease 

with a variable phenotypic expression including parameters such as the age 

of onset, survival time, site of onset, familial inheritance, the involvement of 

UMNs and/or LMNs and cognitive involvement as in the case of ALS-FTD. 

The site of onset is one of the main contributors to the phenotypic 

heterogeneity of ALS. Classical (Charcot type) ALS is the most common form 

of the disease and is usually presented with initial asymmetric weakness in 

the limbs and involves both UMNs and LMNs, it is also known as spinal-

onset ALS. The clinical symptoms of UMNs degeneration of the lateral 

corticospinal tract and its cortical origins are spasticity, positive Babinski’s 

sign, brisk reflexes, clonus and weakness. Degeneration of the LMNs results 

in fasciculations, muscle atrophy, hyporeflexia and weakness. Classical ALS 

accounts for about 70-90% of the cases. The disease usually starts as a focal 

process in discrete body regions, and propagates to proximate anatomical 

regions, and then spreads throughout all the motor system during 

propagation of the disease according to the degree of UMNs and LMNs 

involvement (Ravits et al., 2007; Ravits and La Spada, 2009). In 

approximately 20% of cases, ALS starts by first affecting the bulbar muscles 

of speech and swallowing due to degeneration of LMNs in the brainstem 

(bulbar nuclei) before limb symptoms occur. This is referred to as bulbar-

onset ALS or PBP. This form of ALS has a worse prognosis compared to 

spinal-onset of ALS and has a mean survival around 2 years. Bulbar-onset 

ALS was originally known as progressive bulbar palsy (PBP) rather than ALS 

(Duchenne, 1860).   

The degree of involvement of the UMNs and LMNs contribute to the 

heterogeneity in clinical phenotypes. Progressive muscular atrophy (PMA) is 

caused by the selective degeneration of the LMNs without any UMNs signs, 
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although some PMA patients may develop UMNs signs at a later stage. PMA 

accounts for about 5% of motor neuron disease (MND) cases (Rowland, 

2010). Another 5% of MND patients only develop signs of UMNs 

degeneration and are termed primary lateral sclerosis (PLS) (D'Amico et al., 

2013). Whether PLS is a distinct entity or a variant of the clinical spectrum of 

ALS is still under debate. The diagnosis of PLS can only be set after an 

extended period of observation because of long disease duration. In some 

studies about 20% of PLS patients eventually develop LMNs signs (and 

accordingly fulfils criteria for having ALS) (Gordon et al., 2006). In about 3-

5% of the ALS patients, weakness starts in the respiratory muscles and the 

mean survival is around 1.4 years (Chio et al., 2011a; Shoesmith et al., 2007). 

In many patients, the motor neurons in Onuf’s nuclei, controlling the 

urethral sphincter and the ocular motor nuclei, controlling the extraocular 

muscles (EOMs) are usually spared from involvement in ALS, although 

spinal, bulbar and cortical neurons are selectively degenerated. However, 

dysfunction of the oculomotor neurons has been reported in ALS patients 

with long-term respiratory support and a long survival (Jacobs et al., 1981; 

Mizutani et al., 1990). Urinary bladder disturbances are observed in ALS 

patients carrying the SOD1 D90A mutation (Andersen and Al-Chalabi, 2011; 

Andersen et al., 1996). 

Diagnosis  
The diagnosis of ALS such as in the classical type requires the involvement of 

both UMN and LMN degeneration, and this has been incorporated in the El 

Escorial criteria. The World Federation of Neurology (WFN) established the 

El Escorial research criteria for the diagnosis of ALS in 1994 (Brooks, 1994) 

and the revised Airlie House criteria in 2000 (Brooks et al., 2000). The 

diagnosis is based on clinical examination and electrophysiological and 

neuroimaging examinations. In the revised El Escorial diagnostic criteria, 

the diagnostic certainty is classified into four categories as definite, probable, 

possible and suspected ALS, respectively, by the degree of clinical and 

neurophysiological involvement of UMNs and/or LMNs. The El Escorial 

criteria are inclusion and exclusion criteria to reduce the risk of misdiagnosis 

in clinical drug trials and are not for use in clinical practice. The European 

Federation of Neurological Societies task force on the management of ALS 

has established guidelines for the diagnosis of ALS, called the EFNS MALS 

Consensus Criteria (Andersen et al., 2012; Andersen et al., 2005). Due to the 

wide phenotypic variability of ALS, detailed examination should include 

clinical and familial history, a number of tests (collection of blood, urine and 

cerebrospinal fluid samples to perform a broad variety of laboratory tests), 

electrophysiological (electromyography), motor and sensory nerve 

conduction studies, motor unit number estimation, neuroimaging (magnetic 

resonance imaging, MRI) of the brain and spinal cord, and in difficult cases 
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muscle biopsy and neuropathological investigations may be performed as 

well. It is important to exclude a number of ALS mimicking syndromes (e.g. 

Kennedy’s disease, spinal muscular atrophy, hereditary spastic paraplegia, 

multifocal motor neuropathy, muscular dystrophies, multiple sclerosis) 

(Vucic et al., 2014). Currently, there is no specific biochemical diagnostic 

marker available for ALS. 

 

Treatment   
Despite many clinical trials and efforts to elucidate novel disease 

mechanisms to target, riluzole (Rilutek) still remains the only drug, alas with 

only modest efficacy. Riluzole was approved by the US Food and Drug 

Administration (FDA) in late 1995 and in Sweden in August 1996, but the 

exact mechanism of action is still unknown. Riluzole is an anti-glutamatergic 

effect, which decreases the release of glutamate from pre-synaptic terminals 

with effects on AMPA or NMDA receptors (Cheah et al., 2010). It is reported 

that riluzole modulates neuronal voltage-gated Na+ channels as well (Cheah 

et al., 2010; Vucic et al., 2013). In the two first randomized placebo-

controlled trials, riluzole prolongs survival by 3 to 6 months (Bensimon et 

al., 1994; Lacomblez et al., 1996) but it should be noted that these first 

studies were performed in severely affected patients. In fact, it is remarkable 

that it was possible at all to measure a definite life-prolonging effect of 

riluzole in patients with such an advanced disease. Two later phase-III and 5 

phase-IV studies showed that when medication is started early, the life- 

prolonging effect is in the order of 12-21 months. The drug is considered well 

tolerated with minor adverse effects including nausea, asthenia and rarely 

some liver dysfunction (Miller et al., 2007). It may be more efficient in 

bulbar-onset patients (Miller et al., 2007; Zoccolella et al., 2007). Studies on 

the SOD1-mouse models of ALS demonstrated that riluzole delayed the 

disease onset and preserved motor function longer (Gurney et al., 1998). 

Riluzole shows higher efficacy for prolonging survival when it was 

administrated in an early disease stage (Andersen et al., 2007).  

The management of ALS is focused on alleviating symptoms and 

improving the quality of life of ALS patients. Non-invasive ventilation (NIV) 

and percutaneous endoscopic gastrostomy (PEG) may be used. 

 

Epidemiology  
The incidence rate of ALS is estimated to be around 2-3 new cases per 

100,000 person per year according to population-based studies in Europe 

(Alonso et al., 2009; Beghi et al., 2007; Chio et al., 2013; Forbes et al., 2007; 

Logroscino et al., 2005; Logroscino et al., 2008; Logroscino et al., 2010; 

Piemonte et al., 2001; Roman, 1996; Traynor et al., 1999). The incidence of 

ALS is relatively uniform in western populations. However, a high incidence 

and prevalence of ALS have been reported in the Kii peninsula of Japan and 
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the Guam island of Western New Guinea (Kurland and Mulder, 1954). The 

incidence is 9.54 per 100,000 person-years and the prevalence is 47.7 per 

100,000 people in the Kii Peninsula of Japan (Yoshida et al., 1998). Patients 

in these regions show combined phenotypic characteristics of ALS, 

parkinsonism and dementia (ALS-PDC) (Kuzuhara et al., 2001). About 20% 

of patients from the Kii peninsula carry a hexanucleotide repeat expansion in 

the chromosome 9 open reading frame 72 (C9ORF72) gene (Dombroski et 

al., 2013; Ishiura et al., 2012). This partly explains the high incidence and 

prevalence of ALS-PDC in the Kii peninsula.  

The incidence rate in Sweden is reported to have increased from 2.32 to 

2.98 per 100,000 person-years between 1991-1993 and 2003-2005 (Fang et 

al., 2009). An increasing incidence rate has also been reported in other 

Western countries (Cima et al., 2009; Govoni et al., 2005; Maasilta et al., 

2001; Murphy et al., 2008; Neilson et al., 1994a; Neilson et al., 1994b; 

Neilson et al., 1994c; Pugliatti et al., 2013; Seljeseth et al., 2000; Stallones et 

al., 1989). The claimed rise in incidence may be linked to an aging 

population, use of stringent diagnostic procedures and possibly 

environmental risk factors. 

The mean age of onset varies between 58-63 years with a median age of 

onset of 64 years for sporadic ALS (SALS) in six European population-based 

registries (Logroscino et al., 2010). The mean age of onset for familial ALS 

(FALS) varies between 45-52 years (Cudkowicz et al., 1997; Juneja et al., 

1997; Li et al., 1988). However, 5% of the patients develop ALS before the 

age of 25 years and are defined as a juvenile ALS that predominantly has 

UMNs involvement and a slow progression (Haverkamp et al., 1995; Pupillo 

et al., 2014; Sabatelli et al., 2008). The incidence rate of SALS increases 

sharply above the age of 40 years, peaks between 65-74 years, and thereafter 

decreases (Logroscino et al., 2010). 

The lifetime risk for ALS is about 1:400 for women and 1:350 for men 

(Alonso et al., 2009). Below age 65 years, ALS is more common (about 2:1) 

among males than females, but above 70 years there is roughly gender 

equality. The prevalence of ALS is 4-6 per 100,000 (Abhinav et al., 2007; 

Chio et al., 2013; Guidetti et al., 1996; Johnston et al., 2006; Traynor et al., 

1999). 

 

Neuropathology of ALS 

The main histopathological findings of ALS are degeneration of UMN of the 

motor cortex, the corticospinal tract and brainstem as well as the LMN of the 

spinal anterior horns and brainstem nuclei. This is accompanied by reactive 

astrogliosis due to activation of astrocytes (Ekblom et al., 1994; Kawamata et 

al., 1992; Schiffer et al., 1996). A distinctive feature of ALS is that there is 

mono-synaptic transmission between the UMN’s and LMN’s that are lost, 

while motor neurons that have polysynaptic cortical transmission are 
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relatively spared: The motor neurons in Onuf’s nuclei (controlling the 

urethral sphincter) and in the ocular motor nuclei in the brainstem 

(controlling the extraocular muscles (EOMs)) was recognized already by J-M 

Charcot to be relatively spared in most types of ALS (Charcot, 1869).  

Several cytoplasmic neuronal inclusions, which are found in the motor 

neurons and in their surrounding astrocytes, are associated with ALS. Lewy 

body-like hyaline inclusions (LBHI) are present in the cytoplasm of the 

motor neurons. They stain positive for ubiquitin and SOD1 in patients 

carrying a SOD1 mutation (Kato et al., 2000). Skein-like inclusions are 

intracytoplasmic and are found in the motor neurons of both FALS and SALS 

patients. They stain positive for ubiquitin, p62 and TDP-43 (Hirano, 1996). 

Interestingly, Forsberg et al. identified SOD1-immunoreactive inclusions in 

the motor neurons and nuclei of glial cells in the spinal cords of SALS and 

FALS patients lacking SOD1 mutations (Forsberg et al., 2011; Forsberg et al., 

2010).  

 
 
Genetics of ALS 
When ALS was first described in 1869 by Charcot, it was reported to be a 

non-hereditary condition (Charcot, 1873; Charcot and Joffroy, 1869). In 

1993, identification of the first genetic cause of ALS, missense mutations in 

the gene SOD1, changed the view in the ALS field (Rosen et al., 1993). Since 

then, several genes and loci associated with the disease have been identified. 

Over the last decade, advances in genotyping and sequencing technology 

have revolutionized gene discovery. ALS is traditionally classified into two 

categories, FALS and sporadic ALS. About 1-10% of the patients have the 

family history of the disease and are denoted FALS. A criterion for 

diagnosing a patient with FALS is a documented family history with the 

presence of first- and/or second-degree relatives with ALS. The remaining 

patients, with no known family history, are referred to as sporadic, SALS, or 

isolated cases (Andersen and Al-Chalabi, 2011). Today, FALS is associated 

with mutations in over 34 genes (overviewed in Table 1). The putative 

protein function of some ALS genes is presented in Table 2.  
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Table 1. Major genes associated with causing ALS  

 

Gene 

symbol 

Location Protein Function Major 

pathogenic 

features 

Principal 

references 

SOD1 21q22.11 Cu/Zn 

superoxide 

dismutase  

Cytosolic antioxidant 

Transcription factor 

 

 

Cytoplasmic 

inclusions of 

SOD1, ubiquitin 

and p62 but not 

TDP-43 

(Rosen et 

al., 1993) 

 

VEGF 6p21.1  

 

 

Vascular 

endothelial 

growth factor 

(VEGF) 

Angiogenic, vascular, 

growth 

 

Not known (Lambrecht

s et al., 

2003) 

ANG 14q11.1 Angiogenin - rRNA transcription  

- Stress granule 

formation 

TDP43 

aggregates 

 

(Greenway 

et al., 2006) 

TARDBP 1p36.22 TAR DNA 

binding 

protein 43 

(TDP-43) 

- Transcription and 

pre-mRNA splicing 

regulation 

- RNA transport and 

stabilization  

- microRNA biogenesis 

Inclusions of 

ubiquitin, p62 

and TDP-43  

 

(Sreedharan 

et al., 2008) 

(Kabashi et 

al., 2008b) 

 

FUS 16p11.2 Fused in 

sarcoma 

(FUS) 

- Altered RNA 

processing 

- Transcription and 

pre-mRNA splicing 

regulation 

- mRNA stabilization  

- microRNA processing 

Inclusions of 

FUS, but not 

TDP-43 

(Vance et 

al., 2009) 

(Kwiatkows

ki et al., 

2009) 

 

GLE1 9q3411 GLE1 RNA metabolism Not known (Kaneb et 

al., 2015) 

MATR3 5q31.2 Matrin 3 - RNA processing 

- Stabilizing mRNAs 

- Gene silencing 

- Chromatin 

organization 

- Neuronal 

cytoplasmic 

inclusions 

↑ interaction 

with TDP-43 

(Johnson et 

al., 2014) 

 

TAF15 17q12 TAF15 RNA-binding protein 

similar to FUS 

 

Neuron and glial 

FUS inclusions 

in FTD 

(Ticozzi et 

al., 2011) 
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hnRNPA1 12q13 hnRNPA1 mRNA processing, 

metabolism & transport 

Neuronal 

cytoplasmic 

inclusions 

(Kim et al., 

2013) 

 

hnRNPA2

B1 

7p15 hnRNPA2/B1 mRNA processing, 

metabolism & transport 

Neuronal 

cytoplasmic 

inclusions 

(Kim et al., 

2013) 

SETX 9q34.13 Senataxin DNA/ RNA processing ↓ neuronal 

differentiation 

↓ neurite growth 

(Chen et al., 

2004) 

 

ATXN2 12q24 Ataxin-2 - RNA processing 

- regulation of receptor 

tyrosine kinase 

endocytosis 

 

- Ubiquitin and 

p62 positive 

aggregates 

↑ interaction 

with TDP-43 

(Elden et 

al., 2010) 

 

C9ORF72 9p21.3 C9ORF72 - Transcription & pre-

mRNA splicing 

regulation 

- Membrane trafficking 

via Rab GTPase family 

 

- Intranuclear 

RNA foci (sense, 

antisense) 

- Cytoplasmic 

RNA peptide 

aggregates 

(DeJesus-

Hernandez 

et al., 2011) 

(Renton et 

al., 2011) 

NEFH 22q12.2 NEFH / NF-H Neurofilament 

accumulation and 

axonal degeneration 

↑ Neurofilament 

aggregates 

(Al-Chalabi 

et al., 1999) 

(Tomkins et 

al., 1998) 

SPG11 15q21.1 Spatascin - Axonal transport 

- Involved in synaptic 

vesicles 

Disrupted 

axonal transport 

(Hentati et 

al., 1998) 

 

DCTN1 2p13 Dynactin - Axonal transport 

- ER-to-golgi transport 

Increase SOD1 

aggregates 

(Munch et 

al., 2004) 

PFN1 17p13.3 Profilin 1 Disruption of 

cytoskeletal pathways 

 

Co-aggregation 

with TDP-43 

 

(Wu et al., 

2012) 

(Chen et al., 

2013) 

TUBA4A 2q35 Tubulin α4A - Main component of 

microtubules 

- Neuronal cell skeleton 

↓ Microtubule 

repolymerization 

- Destabilized 

microtubule 

(Smith et 

al., 2014) 

 

NEK1 4q32.3 

 

NEK1 - Microtubule stability 

DNA-damage response, 

neuronal morphology 

and axonal polarity, 

Not known (Brenner et 

al., 2016) 

(Kenna et 

al., 2016) 
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cilia formation 

 

(van 

Rheenen et 

al., 2016) 

PRPH 12q13 Peripherin - Cytoskeletal protein 

- Axonal regeneration 

after injury 

- Regulates neurite 

elongation during 

development  

 

↑ Ubiquitinated 

inclusions 

↓ Capability of 

neurofilament 

network 

assembly 

- Co-aggregates 

with mutSOD1 

(Corrado et 

al., 2011) 

 

ALS2 2q33.2 Alsin - Endosome fusion 

- Membrane trafficking 

↓ Axonal growth 

↓ p62 

↓ LC3-II 

(Hadano et 

al., 2001) 

 

VAPB 20q13.3 Vesicle-

associated 

membrane 

protein 

(VAMP) 

- Vesicle trafficking 

- Regulation of ER-

golgi transport and 

secretion 

TDP43 

aggregates 

(Nishimura 

et al., 2004) 

(Landers et 

al., 2008) 

 

FIG4 6q21 FIG4 - Endosomal trafficking Not known (Chow et al., 

2009) 

 

CHMP2B 3p11.2 CHMP2B - Multivesicular bodies 

formation 

-Protein traffic 

between the plasma 

membrane and trans-

Golgi network 

↑ TDP-43, p62 

and ubiquitin 

inclusions 

 

(Skibinski et 

al., 2005) 

 

OPTN 10p13 Optineurin - Golgi maintenance 

- Membrane trafficking 

– Exocytosis 

- Vesicle trafficking 

- Autophagy process 

Ubiquitin, p62, 

optineurin and 

TDP-43 positive 

aggregates 

 

 

 

 

(Maruyama 

et al., 2010) 

 

TBK1 12q14.2 TANK-binding 

kinase 1 

(TBK1) 

Involved in immune 

response, 

inflammation, 

autophagy, cell 

proliferation and 

insulin signalling 

Mutations in 

ALS/FTD 

patents 

(Freischmid

t et al., 

2015) 

(Cirulli et 

al., 2015) 
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- Phosphorylates OPTN 

and p62 to increase 

autophagy 

SQSTM1 5q35 p62 or 

sequestosome

-1 

- Protein degradation 

via  ubiquitin-

proteasome system 

UPS and autophagy  

- NF-κB signalling 

regulator  

↓ mutSOD1 

autophagic 

degradation 

(Hocking et 

al., 2002) 

(Laurin et 

al., 2002) 

VCP 9p13.3 Valosin-

containing 

protein (VCP) 

- Protein degradation 

via UPS and autophagy,  

- Endosomal trafficking 

↑ TDP-43 

aggregates 

↓ stress granules 

clearance 

(Johnson et 

al., 2010) 

(Haubenber

ger et al., 

2005) 

UBQLN2 Xp11.21 Ubiquilin-2 - Protein degradation 

via UPS 

 

 

Ubiquilin-2 

aggregates, 

positive for 

ubiquitin, p62, 

TDP-43 and FUS 

inclusions 

(Deng et al., 

2011) 

 

UNC13A 19p13 Unc-13 

homolog A 

- Synaptic 

neurotransmission 

- Regulates neurite 

outgrowth  

↓ Synaptogenesis 

at 

neuromuscular 

junction 

(van Es et 

al., 2009) 

 

ERBB4 2q34 ERBB4 - Tyrosine-kinase 

receptor  

- Neuronal cell 

differentiation 

Not known (Takahashi 

et al., 2013) 

 

CREST 20q13.3 SS18L1 Ca2+-dependent 

transcriptional 

activator 

↑ interaction 

with FUS  

↓ dendrite 

outgrowth 

(Chesi et al., 

2013) 

 

EWSR1 22q12.2 EWSR1 Transcriptional 

repressor 

not known (Couthouis 

et al., 2012) 

 

SIGMAR1 9p13.3 SIGMAR1 - Lipid transports 

through ER 

BDNF and EGF 

signalling 

↑ Apoptosis 

induced by ER 

stress 

 

(Al-Saif et 

al., 2011) 

 

 

 



 

10 

Table 2. Putative function(s) of proteins encoded by genes associated with causing 

ALS 

 

RNA 

metabolism 

Autophagy 

regulation 

Proteas

ome 

Cytoskeletal 

dynamics 

Vesicle 

trafficking 

Angiog

enesis 

Structu

ral 

Others 

TARDBP 

FUS 

ANG 

TAF15 

SETX 

C9ORF72 

GLE1 

MATR3 

hnRNPA1 

hnRNPA2B1 

ATXN2 

OPTN 

SQSTM1  

TBK1 

VCP 

 

UBQLN2 

VCP 

SQSTM1 

PFN1 

NEFH 

SPG11 

DCTN1 

PFN1 

TUBA4A 

PRPH 

VCP 

OPTN 

C9ORF72 

VAPB 

ALS2 

FIG4 

CHMP2B 

 

VEGF 

ANG 

NEFH 

PRPH 

 

SOD1 

UNC13A 

ERBB4 

CREST 

EWSR1 

SIGMAR1 

NEK1 

 

The pattern of inheritance of FALS varies depending on the causative 

gene and its represented mutation. The most common modes of inheritance 

are Mendelian dominant inheritance with complete penetrance, dominant 

inheritance with incomplete penetrance and recessive inheritance (Andersen 

and Al-Chalabi, 2011; Andersen et al., 1997). For example the SOD1 mutation 

A4V has dominant inheritance with almost complete penetrance by age 70 

while the mutations C6S and D101N have dominant inheritance with 

incomplete penetrance also at high ages. The mutation D90A shows a 

recessive inheritance pattern. It is likely that the incomplete penetrance for 

many of the mutations together with the high age at onset for the disease 

causes many of the mutant cases to be misdiagnosed as having sporadic ALS 

(Andersen and Al-Chalabi, 2011; Andersen et al., 1997). De novo mutations 

in FUS and SOD1 have been reported in a few SALS cases (Alexander et al., 

2002; Chio et al., 2011b; DeJesus-Hernandez et al., 2010). There are also 

reports of mutations in two ALS-associated genes in the same patient (Chio 

et al., 2012; van Blitterswijk et al., 2012). This phenomenon might be 

observed due to oligogenic inheritance, suggesting more than one genetic 

factor is needed to cause disease in some cases (threshold effect). Moreover, 

epigenetic and environmental factors might also be involved in ALS 

pathogenesis.   

Whether all ALS-associated SOD1 mutations are pathogenic and disease 

causing is still unclear. Felbecker et al. described four familial ALS pedigrees 

discordant for D90A and E100K SOD1 mutation. In all pedigrees, some of 

the affected patients carried two wild-type alleles, and some unaffected 

members of the families carried SOD1 mutations (Felbecker et al., 2010). It 

is well established that D90A SOD1 mutation is pathogenic and disease 
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causing (Andersen et al., 1996; Andersen et al., 1995; Jonsson et al., 2009), 

whereas the presence of affected individuals without the E100K allele found 

in other affected family members, raises the question if the allele is 

pathogenic or not, or if among patients in the same family there could be 

different causes of ALS (Felbecker et al., 2010). Traditionally, co-segregation 

of a mutated allele in all affected members and absence of the mutated allele 

in old unaffected members of the same family is the most valid way to 

demonstrate that a certain mutation is a disease causing. However, some 

SOD1 mutations have only been found in single individuals or in one or two 

small pedigrees, making it difficult if not impossible to establish 

pathogenicity. Also, since the disease has a mid-to-high age of onset it is not 

possible to exclude that a mutant carrier may become affected later in life. 

Pathogenicity (disease causation) of mutations can be ascertained based on 

direct and indirect evidence: linkage analysis by LOD (logarithm of odds) 

score, co-segregation evidence (existence of several ALS patients with same 

mutation in one big or many small pedigrees, and absence in unaffected 

members and control individuals with the same ethnic background), 

transgenic mouse models (overexpression of mutant protein causes ALS-like 

phenotype) and hot spot evidence (many mutations located in same 

codon/area of a gene) (Felbecker et al., 2010). 

There are many factors affecting the clear distinction between FALS and 

SALS. FALS patients may for several reasons be underdiagnosed: insufficient 

family history, reduced disease penetrance, misdiagnosis of relatives, small 

family size with relatively lower chance to inherit disease and non-paternity. 

Many patients diagnosed with ‘apparently SALS’ may actually represent 

FALS with incomplete disease penetrance (Andersen et al., 1997). Several 

cases diagnosed with SALS have a family history and are misdiagnosed due 

to non-informative family history. FALS and SALS are clinically 

indistinguishable in individual cases (Andersen and Al-Chalabi, 2011), 

however FALS has a lower average age of onset compared to SALS 

(Cudkowicz et al., 1997; Juneja et al., 1997; Li et al., 1988; Logroscino et al., 

2010). The majority of genes associated with FALS have also been identified 

in SALS cases (Andersen and Al-Chalabi, 2011). The first-degree relatives of 

patients with SALS have an eight-fold increased risk of ALS suggesting that 

there is a small but definite increased risk for relatives of SALS patients 

(Hanby et al., 2011). A twin study suggested a role of the genetic contribution 

to SALS; it was shown that the heritability of SALS was estimated to be 0.61 

(0.38 to 0.78 with 95% CI) (Al-Chalabi et al., 2010). These findings suggest 

that there is a genetic contribution in SALS cases. Furthermore, a few de 

novo mutations, i.e. in FUS and SOD1, have been identified in SALS patients 

(Akimoto et al., 2014; Alexander et al., 2002; Chio et al., 2011b; DeJesus-

Hernandez et al., 2010). These factors point out the importance of a detailed 

investigation of family members. 



 

12 

C9ORF72 (Chromosome 9 open reading frame 72) 

The hexanucleotide repeat expansion (HRE) in the first intron of the 

C9ORF72 (Chromosome 9 open reading frame 72) gene is the most common 

genetic cause of ALS and FTD (DeJesus-Hernandez et al., 2011; Renton et 

al., 2011). The GGGGCC hexanucleotide repeat sequence is located in the 

intron between the non-coding exons 1a and 1b of C9ORF72 and the disease 

associated expansion reaches up to hundreds or thousands repeats 

(DeJesus-Hernandez et al., 2011; Renton et al., 2011). The function of the 

C9orf72 protein – which has three known transcripts expressed in the CNS - 

and the pathogenic mechanism of the HRE are largely unknown, but several 

hypotheses have been proposed. It has been reported that C9ORF72 is 

involved in endosomal trafficking (Farg et al., 2014). Potential loss of 

function due to reduced transcription has been suggested in the disease 

mechanism (DeJesus-Hernandez et al., 2011; Gijselinck et al., 2012; Renton 

et al., 2011), but recent in vivo studies showed that haploinsufficiency is 

unlikely to be the pathogenic mechanism in C9ORF72-related ALS as no 

motor neuron degeneration was detected in loss-of-function transgenic 

mouse models (Atanasio et al., 2016; Koppers et al., 2015; O'Rourke et al., 

2016). Further studies are needed to address whether haploinsufficiency 

over a long time is part of the disease mechanism. Secondly, accumulation of 

RNA transcripts containing C9ORF72 HRE in intranuclear RNA foci has 

been found in the frontal cortex and spinal cords of patients (DeJesus-

Hernandez et al., 2011). Consequently, a toxic “RNA gain of function” 

mechanism has been proposed as a potential pathogenic mechanism. 

Thirdly, expression of dipeptide repeat (DPR) proteins produced by 

unconventional repeat-associated non-ATG translation (RAN translation) of 

the C9ORF72 GGGGCC repeats expansion has been shown to form 

intraneuronal inclusions (Ash et al., 2013; Mori et al., 2013). Thus, toxic 

dipeptide aggregates have also been proposed as the disease mechanism. 

 

Major RNA-binding genes: TAR DNA-binding protein 43 

(TARDBP) and fused in sarcoma (FUS) 

TAR DNA-binding protein 43 (TDP-43) is the major component of the 

ubiquitin-positive neuronal cytoplasmic inclusions that is the pathological 

hallmark of both ALS and frontotemporal dementia (FTD) (Neumann et al., 

2006). Following this discovery, mutations in the TARDBP gene, which 

encodes the TDP-43 protein, have been identified in both FALS and SALS 

patients (Kabashi et al., 2008b; Sreedharan et al., 2008). TDP-43 consists of 

two RNA-recognition motifs, a glycine-rich C-terminal domain (putative 

prion-like domain) and a nuclear localization motif. Mutations in TARDBP 

are commonly located in the glycine-rich C-terminal domain. Under normal 

conditions, it is localized to the nucleus and involved in DNA/RNA binding, 

splicing, RNA transport and transcription. In ALS and FTLD, 
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hyperphosphorylated and cleaved TDP-43 is translocated from the nucleus 

to cytoplasm, accumulates diffusely in the neurons and forms ubiquitinated 

inclusions in the cytoplasm of the neurons (Arai et al., 2006; Neumann et al., 

2006). It has been proposed that TDP-43-mediated toxicity arises from 

either its loss of function in the nucleus or its gain of function in the 

cytoplasm or both. 

Shortly after the identification of TARDBP, a second RNA-binding 

protein was discovered. Missense mutations were identified in the gene FUS 

RNA binding protein (FUS) located on chromosome 16 as the cause of FALS 

(Kwiatkowski et al., 2009; Vance et al., 2009). FUS protein shares functional 

homology to TDP-43. Under normal conditions, FUS is  localized to the 

nucleus, like TDP-43, where it is involved in DNA and RNA metabolism, 

transcription, splicing and RNA transport, but in ALS, FUS is mislocated 

from the nucleus to the cytoplasm (Kwiatkowski et al., 2009; Vance et al., 

2009).  

 

TANK-binding kinase 1 (TBK1) 

Heterozygosity for loss-of-function (LoF) mutations in the gene encoding 

TANK-binding kinase 1 (TBK1) was recently described as a cause for ALS 

and FTD (Cirulli et al., 2015; Freischmidt et al., 2015). TBK1 is a 

multifunctional kinase protein consisting of N-terminal serine/threonine 

protein kinase domain, the ubiquitin-like domain and the two C-terminal 

coiled-coil (CCD2) domains. TBK1 modulates inflammation, innate immune 

response, autophagy, cell growth and proliferation and cell signalling 

(Helgason et al., 2013). Its kinase activity has a role in modulation of the 

immune system, its ubiquitin-like domain is involved in autophagy and its 

CCD2 domain mediates interaction with optineurin that is encoded by OPTN 

(Freischmidt et al., 2015). The autophagy adaptor proteins optineurin and 

p62 (encoded by SQSTM1) are substrates for TBK1 (Pilli et al., 2012; Wild et 

al., 2011) and mutations in the genes encoding these proteins are also 

associated with causing ALS (Fecto et al., 2011; Maruyama et al., 2010). ALS-

associated OPTN and p62 proteins are linked by TBK1 and these interactions 

suggest a common pathogenic pathway involving dysfunction of autophagy 

regulation. Haploinsufficiency of TBK1 or loss of interaction with the 

autophagy adaptor protein optineurin due to mutations in the CCD2 domain 

of TBK1 has been proposed for the disease mechanism behind ALS and FTD 

(Freischmidt et al., 2015). Haploinsufficiency of TBK1 has been proposed to 

be disease causing regardless of the type of mutation, consequently,  

demonstrating co-segregation in the family will be required to determine the 

causative effect for other mutations in TBK1  (Freischmidt et al., 2016 in 

press).   
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Fronto-temporal dementia 
Fronto-temporal dementia (FTD) is the second most common cause of 

dementia after Alzheimer’s disease and is also known as frontotemporal 

lobar degeneration (FTLD). It is characterized by the progressive 

degeneration of the frontal and temporal lobes and clinically characterized 

by the progressive dysfunction in behaviour, personality and language (Van 

Langenhove et al., 2012). ALS and FTD are clinically and pathologically 

related. It is estimated that 15% of FTD patients develop ALS and up to 15% 

of ALS patients develop symptoms compatible with FTD (Lomen-Hoerth et 

al., 2002; Neary et al., 2000; Ringholz et al., 2005; Wheaton et al., 2007). 

TDP-43-positive neuronal cytoplasmic inclusions are the overlapping 

neuropathology between FTD and ALS (Neumann et al., 2006). Mutations in 

several genes including FUS (Kwiatkowski et al., 2009; Vance et al., 2009), 

TARDBP (Kabashi et al., 2008b; Sreedharan et al., 2008), C9ORF72 

(DeJesus-Hernandez et al., 2011; Renton et al., 2011), VCP (Johnson et al., 

2010) and TBK1 (Cirulli et al., 2015; Freischmidt et al., 2015) can cause both 

ALS and FTD.  

 

Superoxide dismutases 

Reactive oxygen species  
Oxygen (O2) is required for mitochondrial energy production, but in this 

process toxic reactive oxygen species (ROS), including the superoxide radical 

(O2
•−) are formed. O2

•− is a free radical formed by an addition of one electron 

to an O2 molecule. Early components of the mitochondrial electron transport 

chain such as complexes I and III in the inner mitochondrial membrane leak 

electrons to molecular oxygen during oxidative phosphorylation which 

generates high amounts of ROS including O2
•− and hydrogen peroxide 

(H2O2) (Murphy, 2009) (Figure 1). Cytochrome oxidase, the terminal oxidase 

in mitochondrial electron transport chain, does not cause ROS production. 

The mitochondria are the major sites for O2
•− formation since around 1-3% of 

O2 is reduced to O2
•− in the mitochondrial electron transport chain. 

Superoxide is also formed by many enzymes such as NADPH oxidases 

(NOX), xanthine oxidase, nitric oxide synthase (NOS) and cytochrome p450 

monooxygenase. In addition, FMNH2, FADH2, glyceraldehyde, adrenalin, 

noradrenalin, L-DOPA and thiol compounds such as cysteine can be oxidized 

by O2, called auto-oxidation reactions, which results in superoxide 

production. O2
•− is less radical with one unpaired electron compared to 

molecular O2 with two unpaired electrons (Halliwell and Gutteridge, 2007).  
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Figure 1. Mechanisms of reactive oxygen species (ROS) and antioxidant defence: a summary. 

Modified from (Fukai and Ushio-Fukai, 2011).  

 

Even though it is called ‘super’, O2
•− is relatively unreactive; however, it 

can directly damage proteins that contain iron-sulfur (Fe-S) clusters or cause 

lipid peroxidation through its protonated form (HO2
•). Superoxide radicals 

oxidize Fe-S clusters in proteins and thereby form hydrogen peroxide and 

releases Fe2+ that promotes Fenton chemistry (Reactions 1, 2 and 3). The 

final product is the highly reactive hydroxyl radical (OH•) which can react 

with all types of biomolecules (Halliwell and Gutteridge, 2007).  

 

[4Fe – 4S]2+ + O2
•− + 2H+  → [4Fe ‒ 4S]3+ + H2O2

                                           (1) 

[4Fe – 4S]3+ + O2
•− → [3Fe ‒ 4S] + Fe2+ + O2

                                                    (2) 

Fe2+ + H2O2 → Fe3+ + OH- + OH•                                         Fenton reaction (3) 

 

Superoxide-linked damage to cells can be direct or by generating other 

reactive species. Free radicals react with each other easily by forming 

covalent bonds between their unpaired electrons. O2
•− can quickly react with 

nitric oxide radical (NO•), which is produced by nitric oxide synthases 

(NOS), to form the strong oxidant peroxynitrite (ONOO−) that causes 

cellular damage (Reaction 4).  

 

NO• + O2
•− → ONOO−                                                                                             (4) 

 

Both peroxynitrite (ONOO-) and hydroxyl radical (OH•) are highly reactive 

and oxidize lipids, proteins and DNAs. 
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However, similar to superoxide, oxidative stress is caused by its reactive 

intermediate hydroxyl radical (OH•) rather than superoxide itself. Hydrogen 

peroxide (H2O2) forms highly reactive hydroxyl radical (OH•) in the presence 

of reduced transition metal ions such as Fe2+ (or Cu+). Hydrogen peroxide 

oxidizes Fe2+ and produces hydroxyl radical (OH•) and hydroxide (OH−), 

known as the Fenton reaction (Reaction 5). O2
•− reduces the oxidized Fe3+ 

that is released from the Fenton reaction (Reaction 6). The net reaction is 

called as the Haber–Weiss reaction (Reaction 7) (Halliwell and Gutteridge, 

2007).  

 

Fe2+ + H2O2 → Fe3+ + OH- + OH•                                         Fenton reaction (5) 

Fe3+ + O2
•− → Fe2+ + O2                                                                                       (6) 

        ————————————————————————————— 

O2
•− + H2O2 → O2 + OH- + OH•                                  Haber-Weiss reaction (7) 

 

Antioxidant defence mechanisms     
Aerobic organisms have evolved antioxidant defence mechanisms to cope 

with harmful oxygen species. The major cellular defence against superoxide 

radical (O2
•−) and its reactive intermediates such as peroxynitrite (ONOO-) 

and hydroxyl radical (OH•) are the superoxide dismutases (SOD). 

Dismutation of O2
•− by superoxide dismutase generates hydrogen peroxide 

(H2O2), which is a weak oxidizing agent. 

Via the Fenton reaction it can form the hydroxyl radical (OH•), which is 

extremely reactive, and can attack everything around it. Thus, hydrogen 

peroxide (H2O2) is removed by three types of enzymes: catalase, glutathione 

peroxidases (GPx) and peroxiredoxins (Prx). 

Catalase is located in peroxisomes and directly decomposes hydrogen 

peroxide (H2O2) to H2O and O2 (Reaction 8).  

 

2H2O2 → 2H2O + O2                                                                      (by catalase) (8) 

 

Glutathione peroxidases (GPx) catalyse the removal of hydrogen peroxide 

(H2O2) by coupling its reduction to H2O with oxidation of thiol-containing 

reduced glutathione (GSH) (Reaction 9). The oxidized glutathione disulfide 

(GSSG) is regenerated to reduced glutathione (GSH) by glutathione 

reductase which uses NADPH as an electron donor to maintain a high 

GSH/GSSG ratio (Reaction 10) (Halliwell and Gutteridge, 2007; Schafer and 

Buettner, 2001).   

 

H2O2 + 2GSH → GSSG + 2H2O                       (by glutathione peroxidase) (9) 

GSSG + NADPH +H+ → 2GSH + NADP+
     (by glutathione reductase) (10) 

 



 

17 

Peroxiredoxins (Prx) remove hydrogen peroxide (H2O2) with oxidation of 

a thiol-containing residue in Prx subunits (Reaction 11). The oxidized Prx is 

regenerated to its reduced form via donation of electrons from reduced 

thioredoxin (Trx) by thioredoxin reductase (Halliwell and Gutteridge, 2007).   

 

H2O2 +2Prx-SH → Prx-S-S-Prx + 2H2O                      (by peroxiredoxin) (11) 

Prx-S-S-Prx + Trxreduced → 2Prx-SH + Trxoxidized      (through thioredoxin) (12) 

 

History, definition and enzymatic function of superoxide 
dismutases 
In 1938, Mann and Keilin isolated a blue-green copper-binding protein from 

bovine erythrocytes, without any known function and they named it 

haemocuprein (Mann and Keilin, 1938). Later it was purified from human 

erythrocytes and called erythrocuprein (Kimmel et al., 1959; Markowitz et 

al., 1959). In 1969, McCord and Fridovich defined the catalytic function and 

enzymatic dismutation activity of this protein, and renamed it superoxide 

dismutase. Superoxide dismutase (SOD, EC 1.15.1.1) catalyses the 

dismutation of superoxide anion radical (O2
•−) to molecular oxygen (O2) and 

hydrogen peroxide (H2O2) (McCord and Fridovich, 1969). 

Human cells contain three different isoforms of SOD: Copper zinc 

superoxide dismutase (CuZnSOD or SOD1), manganese superoxide 

dismutase (MnSOD or SOD2), and extracellular superoxide dismutase 

(ecSOD or SOD3). All SOD isoforms catalyse the dismutation of superoxide 

though they have different subcellular localizations. SOD1 and SOD3 

catalyze the dismutation of superoxide via alternate reduction and oxidation 

of copper (Cu2+), however, SOD2 catalyzes the reaction through manganese 

(Mn3+).  

 

SOD2 (MnSOD)  
SOD2 is a 96 kDa homotetramer and uses a manganese (Mn) in the active 

site as a redox active transition metal to dismute O2
•− to O2 and H2O2. It is 

localized to the mitochondrial matrix (Weisiger and Fridovich, 1973a, b). 

SOD1 and SOD3 are very sensitive to cyanide, and are rapidly inactivated by 

H2O2 and diethyldithiocarbamate. SOD2, however, is not inhibited by 

cyanide and can thus easily be separated from cyanide-sensitive isoforms 

(Marklund, 1982, 1984b). SOD2 shares no structural or sequence homology 

with SOD1 and SOD3, however, it shows some structural similarity to FeSOD 

which is found in prokaryotes (Borgstahl et al., 1992). SOD2 is synthesized in 

the cytosol and transported to the mitochondrial matrix via a signal peptide 

where it contacts with Mn to reach its active form (Wispe et al., 1989). It was 

shown that SOD2 deletion is lethal in mice indicating the essential role of 

SOD2 for survival in aerobic environments by the protection of 

mitochondrial enzymes from ROS (Lebovitz et al., 1996; Li et al., 1995). 
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SOD3 (ecSOD)           
SOD3 is a 135 kDa homotetrameric Cu and Zn containing glycoprotein, and 

is found in the extracellular space and extracellular fluids such as plasma 

and cerebrospinal fluid (Marklund, 1982; Marklund et al., 1982). It is 

synthesized by vascular smooth muscle cells and fibroblasts, and the level of 

SOD3 is markedly high in blood vessels walls (Stralin et al., 1995). Similar to 

SOD1, SOD3 catalyses the dismutation of superoxide via an alternate 

reduction and oxidation of Cu. It also shows high homology and structural 

similarity to SOD1 including for the metal-binding sites (Antonyuk et al., 

2009; Hjalmarsson et al., 1987). It was shown that SOD1 and SOD3 share no 

antigenic similarity regardless of common structural properties (Marklund, 

1984b). SOD3 contains structural elements different from SOD1, such as an 

N-terminal signal peptide that helps secretion from the cell, an N-linked 

glycosylation site at residue Asn89, and a heparin binding domain which is 

important for binding to the extracellular matrix (Hjalmarsson et al., 1987). 

SOD3 binds to the endothelial cell surface and extracellular matrix through 

heparan sulfate proteoglycans (Fukai et al., 2002). The protein is secreted 

into the extracellular space through the endoplasmic reticulum-Golgi 

pathway, therefore Cu is delivered via a secretory pathway unlike for SOD1 

where Cu is delivered via Cu chaperone for SOD1 (CCS) in the cytosol. Cu 

chaperone Antioxidant-1 (Atox1) delivers Cu to SOD3 via CuATPase copper 

transporting alpha (ATP7A or Menkes ATPase) in the trans-Golgi network 

(Jeney et al., 2005; Qin et al., 2006).  

Many studies have screened for potential genetic alterations in SOD2 and 

SOD3 in association to ALS. However, there is no evidence found to link 

SOD2 and SOD3 to ALS pathogenesis (Parboosingh et al., 1995; Tomblyn et 

al., 1998; Tomiyama et al., 2008; Tomkins et al., 2001).  

 

 

SOD1 (CuZnSOD)       

Enzymatic function 
The copper ion (Cu2+) in SOD1 catalyses dismutation via alternate reduction 

and oxidation of copper in a two-steps reaction. In the first step Cu2+ is 

reduced to Cu+ by O2
•− and O2 is produced (Reaction 13); in the second step 

Cu+ is oxidized to Cu2+ again by O2
•− and H2O2 is produced (Reaction 14).   

 

 

SOD1―Cu2+ + O2
•− → SOD1―Cu+ + O2                                             reduction (13)                    

SOD1―Cu+ + O2
•− + 2H+ → SOD1―Cu2+ + H2O2                             oxidation (14) 

—————————————————————————————————————————— 

O2
•− + O2

•− + 2H+ → O2 + H2O2                                                       net reaction (15) 
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Subcellular distribution 
SOD1 is primarily located in the cytosol (Crapo et al., 1992; Weisiger and 

Fridovich, 1973b), however, a minor fraction of total SOD1, less than 5%,  is 

found in the intermembrane space (IMS) of the mitochondria (Higgins et al., 

2002; Kira et al., 2002; Okado-Matsumoto and Fridovich, 2001; Weisiger 

and Fridovich, 1973a). The mitochondria also contain SOD2, which is 

localized to the mitochondrial matrix (Weisiger and Fridovich, 1973a, b). The 

mitochondrial electron transport chain, located in the inner mitochondrial 

membrane (IMM), releases large amounts of O2•− to both sides of the 

membrane. Therefore dismutation of O2
•− by SOD is required both inside the 

mitochondrial matrix (SOD2) and in the IMS of mitochondria (SOD1).  

SOD1 is also localized, although less abundantly, in the lysosome (Chang 

et al., 1988; Geller and Winge, 1982; Okado-Matsumoto and Fridovich, 

2001), the peroxisome (Chang et al., 1988; Crapo et al., 1992; Kira et al., 

2002; Okado-Matsumoto and Fridovich, 2001), and in the nucleus (Chang et 

al., 1988; Crapo et al., 1992; Pardo et al., 1995).  

 

 

Expression of SOD1 
The human SOD1 gene is located on chromosome 21, at position 21q22.11. It 

is 11 kb long and contains five exons. Two protein coding mRNAs are 

transcribed from SOD1. They are 966 and 865 bp long, respectively. Several 

positive and negative regulatory elements (Milani et al., 2011; Minc et al., 

1999) have been identified in the promoter involved in the regulation of 

SOD1 gene expression. SOD1 is essentially constitutively and ubiquitously 

expressed and is often considered as a housekeeping gene. However, its 

expression levels widely differ between tissues and cell types (Marklund, 

1984a, 1992; Stralin and Marklund, 1994, 2000). SOD1 is expressed at 

moderate levels, at around 0.1% of the total proteins in the CNS (Jonsson et 

al., 2009). The highest expression of SOD1 has been detected in peripheral 

organs, primarily in the liver followed by the kidneys. Studies in human and 

mice show its expression to be relatively scarce in the spinal cord and brain 

(Jonsson et al., 2004; Jonsson et al., 2009; Marklund, 1984a). With 

immunocytochemistry the distribution of SOD1 in the spinal cord has been 

studied (Pardo et al., 1995). SOD1 immunoreactivity is particularly present 

in motor neurons in the ventral horn of the human spinal cord, and it is also 

present in the neurons in the pyriform cortex, the neocortex and the 

amygdala, as well as in the pyramidal neurons of the hippocampus (Pardo et 

al., 1995). The abundance of SOD1 is not correlated with the selective 

vulnerability to the motor neurons in ALS (Jonsson et al., 2009). 
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Structure 
The first complete three-dimensional structure of SOD1 was reported in 

1982 following purification of the protein from bovine erythrocytes (Tainer 

et al., 1982; Tainer et al., 1983). Soon, the crystallographic structure of 

human SOD1 was solved (Parge et al., 1992). The amino acid sequence and 

quaternary structure of SOD1 are very similar in many animals and highly 

conserved among eukaryotes. 

SOD1 is a 32 kDa homodimeric protein and each subunit contains 153 

amino acid residues, plus one zinc and one copper ion. Its ellipsoidal 

dimensions are around 30 x 40 x 70 Å (Halliwell and Gutteridge, 2007). 

Each of two subunits consists of a β-barrel arranged in a Greek key motif and 

is formed by eight anti-parallel β-strands connected by seven external loops. 

Hydrophobic residues are buried inside and form the core of β-barrel. Loop 

III (between β3/β4) and loop VI (between β6/β7) form the Greek key 

connections (Figures 2-4).    

 

 
Figure 2. Crystal structure of dimeric human SOD1 with ligated metals and 

oxidized intrasubunit Cys57-Cys146 disulphide bond (S-S bond). It is modelled 

(Protein Data Bank Code: 1HL5) using the MolSoft Browser (San Diego, CA). Key structural 

elements are color-coded: the β-sheets are green, the loops are gray, the α-helix is red, and 

cysteins 57 and 146 are yellow. Copper and zinc ions are shown as dark yellow and gray spheres, 

respectively. Courtesy of Dr. Per Zetterström.   

 

The sites for copper and zinc are located in the active site channel. The 

catalytic copper ion is held at the active site and is coordinated by four 

histidines (H46, H48, H63 and H120), whereas the zinc ion is coordinated 

by three histidines (H63, H71 and H80) as well as by one aspartic acid 

residue (D83), of which all four residues are located in the zinc-binding loop 



 

21 

IV (Roberts et al., 1991) (Figures 2-4). In the oxidized (Cu2+) state, the 

imidazole group of H63 bridges the copper (Cu2+) and zinc (Zn2+) binding 

sites that are located in close proximity. When Cu2+ is reduced to the Cu+ 

state, the imidazole bridge is broken and the coordination of H63 is lost. In 

the oxidized (Cu2+) state, copper is bound to H46, H48, H63 and H120 in a 

distorted tetrahedral geometry, whereas in the reduced (Cu+) state it is 

bound to H46, H48 and H120 in a distorted trigonal planar geometry. After 

reduction, the zinc ion is retained to bind to the imidazole ring of H63 and 

keeps its tetrahedral geometry (Tainer et al., 1982). While copper 

coordination is the key element for the catalysis function, the main role of 

zinc is structural and not enzymatic, and it contributes to the stability of the 

enzyme. Zinc is important for stabilizing the Zn-binding loop IV and removal 

of the metals that cause disordered loops. 
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Figure 3. The tertiary structure of human SOD1. Key structural elements are color-

coded: the β-sheets are yellow, the α-helix is orange. Residues involved in the C57-C146 

disulphide bond are represented with blue spheres. Copper and zinc ligands are indicated by 

purple and green spheres, respectively. Modified from (Tafuri et al., 2015).  

 

The active site of SOD1 consists of the Zn-binding loop IV (between 

β4/β5) and the electrostatic loop VII (between β7/β8) (Tainer et al., 1982) 

(Figures 2-4). The Zn-binding loop IV holds the dimer interface with the 

active site Zn, and contains Cys57, which forms an intrasubunit disulphide 

bond. The electrostatic loop VII plays a role in the electrostatic guidance of 

O2
•− to the active site (Getzoff et al., 1983; Tainer et al., 1982). The Zn loop 
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and the electrostatic loop form a narrow wall of an active site channel, where 

a negatively charged superoxide radical anion is guided by an electrostatic 

field gradient to the positively charged active binding site contains the 

copper ion (Getzoff et al., 1983). 

 

 

Figure 4. The amino acid sequence and secondary structural elements of human 

SOD1, with the ALS-associated mutations analysed in this thesis indicated. Key 

structural elements are color-coded: the β-sheets and loops are black squares, the α-helix is a 

black sphere, and cysteins 57 and 146 are orange, copper and zinc binding residues are shown as 

blue and red, respectively. Missense and truncated SOD1 mutations studied in the thesis are 

shown.  

 

 

Each subunit contains four cysteine residues (Cys6, Cys57, Cys111 and 

Cys146). A stabilizing intrasubunit disulphide bond is formed between Cys57 

in the Zn-binding loop IV and Cys146 in the β8 (Figures 2-4). The disulphide 

bond is highly conserved in eukaryotic SODs, indicating its functional 

importance (Bannister et al., 1991). The disulphide bond stabilizes the dimer 

interface and tertiary structure of SOD1. The disulphide bond restricts the 

movements of loop IV and keeps it in position with the metal ions; therefore 

hydrophobic residues buried inside are not exposed.   
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Copper chaperone for SOD1: Post-translational activation 
of SOD1 
The nascent SOD1 polypeptide reaches its active, remarkably stable and 

mature SOD1 homodimer form through several posttranslational 

modifications including zinc and copper acquisition, as well as the formation 

of the intramolecular disulphide bond between Cys 57 and Cys 146 

(Arnesano et al., 2004). The SOD1 activation, which is copper binding and 

formation of the disulphide bond, is facilitated by the SOD1-specific 

chaperone protein, copper chaperone for SOD1 (CCS) (Culotta et al., 1997; 

Furukawa et al., 2004; Leitch et al., 2009).  

CCS is a 28 kDa protein and consists of three distinct domains. It is 

ubiquitously expressed in various tissues and its cellular distribution shows 

similarity to SOD1 (Rothstein et al., 1999). CCS is expressed ~12-30-fold less 

than SOD1 (Rothstein et al., 1999). The human CCS N-terminal domain 1 

shows similar structure to the copper chaperone Atox1, for secretory 

pathways and contains the MXCXXC copper-binding motif, which is 

necessary for copper loading to SOD1 (Banci et al., 2012; Schmidt et al., 

1999). Domain 2 of CCS is highly homologous to SOD1 and essential for the 

CCS-SOD1 interaction (Schmidt et al., 1999). Domain 3 of CCS (C-terminal) 

is involved in copper binding and CCS-dependent SOD1 activation (Banci et 

al., 2012; Schmidt et al., 1999). 

CCS-dependent SOD1 activation requires an interaction of CCS with 

disulphide-reduced and Zn2+ bound SOD1 (E,Zn-SOD1SH monomer) and 

results in an active, mature and dimeric SOD1 (Cu,Zn-SOD1S-S) in an oxygen-

dependent manner. According to an in vitro study using electrospray 

ionization mass spectrometry (ESI-MS) and nuclear magnetic resonance 

(NMR) methods, a step-wise model for CCS-dependent SOD1 maturation 

has been proposed (Banci et al., 2012). In the first step the Zn2+ ion is 

incorporated into the nascent and disulphide-reduced SOD1 polypeptide 

(E,E-SOD1SH) from an unknown source with unknown mechanism. In the 

next step, zinc-bound E,Zn-SOD1SH monomer forms a heterodimer with  

domain 2 of CCS, and Cu1+ is transferred from CCS to SOD1 (Banci et al., 

2012; Furukawa and O'Halloran, 2006; Furukawa et al., 2004). The 

intramolecular disulphide bond between Cys57-Cys146 is formed following 

the intermolecular disulphide bond between CCS Cys244 and SOD1 Cys57 

(Banci et al., 2012; Furukawa and O'Halloran, 2006; Furukawa et al., 2004). 

The formation of the disulphide bond results in the mature monomeric SOD1 

(Cu,Zn-SOD1S-S) and thermodynamic preferences favours the active and 

dimeric state (Banci et al., 2012; Furukawa and O'Halloran, 2006; Furukawa 

et al., 2004). CCS-dependent posttranslational activation of SOD1 requires 

oxygen in vitro before intramolecular disulphide bond formation between 

Cys57-Cys146, however, it is still unknown in which step (Banci et al., 2012; 

Brown et al., 2004; Furukawa et al., 2004).  
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CCS null (CCS-/-) mice retain around 10-20% of normal SOD1 activity, 

suggesting a presence of a CCS-independent activation of SOD1 in 

mammalian cells (Subramaniam et al., 2002; Wong et al., 2000).  

 

 

Stability of SOD1 
As a result of the posttranslational modifications described in the previous 

section SOD1 is an extremely stable protein. Its thermodynamic and kinetic 

stabilities are remarkable. The melting temperature of the fully metallated 

and disulphide oxidized wild-type SOD1 is above 90oC (Stathopulos et al., 

2006). Holo SOD1 is also resistant to high concentrations of strong chemical 

denaturants such as 3.6 M guanidinium chloride (GdmCI) (Lindberg et al., 

2002), 10 M urea and 4% sodium dodecyl sulphate (SDS) (Forman and 

Fridovich, 1973).  

The hydrophobic dimer interface in the β-barrel core, the main β-barrel 

fold, the intrasubunit disulphide bond between Cys57 and Cys146, and 

coordination of zinc and copper ion all contribute to the structural stability 

of SOD1. The biggest contribution to the stability is the coordination of zinc 

and copper ions (Nordlund and Oliveberg, 2008), however, the zinc ion has 

a bigger effect on the thermodynamic stability (Kayatekin et al., 2010). 

Reduction of the stabilizing Cys57-Cys146 intrasubunit disulphide bond and 

removal of metals destabilizes the protein and causes a reduction in the 

melting temperature (Furukawa and O'Halloran, 2005). A reduction of the 

disulphide bond in apo-SOD1 causes a shift in monomer-dimer equilibrium 

that favours the monomeric species. Oxidation of the disulphide bond or 

addition of the zinc ion favours the dimeric state in the equilibrium in vitro. 

A disulphide reduced apo-SOD1 favours the monomeric state (Hornberg et 

al., 2007; Lindberg et al., 2004). 

 

 

SOD1 in ALS 

Mutations in SOD1 
In 1991, a genetic linkage analysis study of 23 pedigrees with FALS patients 

revealed a genetic linkage between FALS and a locus on chromosome 21,  

21q22.1–22.2 (Siddique et al., 1991). Two years later, in 1993, Rosen et al. 

reported the identification of 11 missense mutations in the SOD1 gene 

located on chromosome 21q22.11 in 13 different FALS pedigrees (Rosen et 

al., 1993). Since 1993, 197 coding mutations distributed widely over all five 

exons of SOD1 have been associated with ALS in 1-9% of patients  (Andersen 

and Al-Chalabi, 2011), however, pathogenicity has not been ascertained for 

all mutations (Felbecker et al., 2010). The majority of the SOD1 mutations 

are missense, but some of them are nonsense or frameshift mutations that 
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introduce new amino acids and premature stop codons. These mutations 

result in truncations predominantly located in the C-terminal part of the 

protein (http://alsod.iop.kcl.ac.uk/) (Wroe et al., 2008) and cause disruptive 

changes affecting the native folding of the protein (Andersen et al., 2003; 

Birve et al., 2010; Sapp et al., 1995; Valdmanis et al., 2009; Zinman et al., 

2009). SOD1 mutations are usually inherited in a dominant trait, the only 

exception being the most prevalent mutation D90A, that has been found to 

be inherited both as a dominant and recessive trait in different pedigrees 

(Andersen et al., 1996; Andersen et al., 1995; Andersen et al., 2003). In 

inbred families, patients that are homozygous for dominant SOD1-mutant-

alleles have been observed. These rare homozygous patients that have been 

found in families with the SOD1 mutations N86S, L126S and L84F, show 

more aggressive phenotype, earlier onset and rapid disease progression 

compared to affected heterozygous relatives with a milder phenotype (Alavi 

et al., 2013; Hayward et al., 1998; Kato et al., 2001). This suggests that there 

is a pathogenic gene dosage effect in ALS patients with SOD1 mutations. A 

strong gene dosage affect is also observed in many transgenic mouse models 

overexpressing mutant human SOD1. More rapid progression has been 

observed in homozygous mice compared to hemizygotes (Jaarsma et al., 

2000; Jonsson et al., 2004). 

The majority of the SOD1 mutations reduce SOD1 enzymatic activity in 

erythrocytes (Andersen et al., 1997; Saccon et al., 2013), however C6S, D90A 

and L117V mutations in SOD1 result in normal SOD1 activity (Andersen et 

al., 1995; Brotherton et al., 2011; Synofzik et al., 2012). Erythrocytes are 

easily accessible and are a useful tool to study the stability of mutated 

proteins. They have only the SOD1 isoenzyme, they actively degrade 

misfolded proteins with a cooperated protein quality control system, they 

lack synthesis of new proteins and their lifespan is long at around 120 days 

(Fagan et al., 1986; Khandros et al., 2012). Therefore, unstable SOD1 mutant 

proteins in erythrocytes will be degraded which results in low levels of 

mutant protein (Bowling et al., 1995; Jonsson et al., 2006a; Sato et al., 

2005). The SOD1 activity of mutant proteins is expected to be normal when 

the SOD1 protein can be in its active, stable and mature homodimer form 

(Furukawa and O'Halloran, 2005; Furukawa et al., 2004; Lindberg et al., 

2004). Therefore, SOD1 activity in erythrocytes is a good indicator of the 

stability and amount of mutant SOD1 protein. 

D90A is the most prevalent SOD1 mutation in the world, and is usually 

inherited as a recessive trait in Scandinavia (Andersen and Al-Chalabi, 2011; 

Andersen et al., 1996; Andersen et al., 1995; Andersen et al., 1997). Patients 

homozygous for the recessive  D90A SOD1 mutation show onset in the lower 

limb with slow progression and long survival ranging from 10 to >2o years 

(Andersen et al., 1996; Andersen et al., 2003). In the recessive pedigrees, 

D90A heterozygous individuals do not develop the symptomatic disease 
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(Andersen et al., 1996). Homozygous D90A carriers have a close to normal 

SOD1 enzymatic activity in erythrocytes (Andersen et al., 1995) and in the 

CNS (Jonsson et al., 2009). Also the mutation causes a wild-type like stable 

SOD1 protein (Jonsson et al., 2009). There are few cases of patients 

heterozygous for the D90A SOD1 mutation and it is frequently associated 

with a more aggressive phenotype than what is observed in D90A 

homozygous individuals (Andersen et al., 1995; Robberecht et al., 1996). 

Why D90A heterozygous ALS is more aggressive than homozygous D90A is 

unexplained and a paradox. 

A4V is the most common SOD1 mutation in the USA and patients develop 

a highly aggressive disease phenotype, with a mean survival time of 1 year 

(Andersen and Al-Chalabi, 2011; Andersen et al., 2003; Robberecht et al., 

1996).  

 

 

Mechanisms of SOD1 toxicity in ALS 

In 1993, when SOD1 mutations had been identified in ALS patients, loss of 

function was initially suggested as a disease mechanism (Deng et al., 1993; 

Rosen et al., 1993). Since SOD1 is the major cellular defence against ROS, 

oxidative stress was a plausible disease mechanism due to loss of SOD1 

dismutase activity (Deng et al., 1993; Rosen et al., 1993). However, evidence 

for a gain of function mechanism quickly came to light from a study showing 

that transgenic mouse models overexpressing mutant human G93A SOD1 

develop a motor neuron disease (Gurney et al., 1994). Several lines of 

evidence showed that the loss of function is not an underlying mechanism 

for ALS pathogenesis. Patients carrying homozygous D90A mutations and 

heterozygous L117V mutations in SOD1 develop ALS despite having a normal 

SOD1 activity in erythrocytes (Andersen et al., 1995; Synofzik et al., 2012) 

and in the CNS (Jonsson et al., 2009). In addition, there is no correlation 

between disease severity in the patients and SOD1 dismutase activity 

(Andersen et al., 1997; Prudencio et al., 2009). SOD1-/- (null) mice develop 

normally without a sign of neurodegeneration (Reaume et al., 1996), 

however, they are susceptible to axonal injury (Reaume et al., 1996)and 

cerebral ischaemia-reperfusion injury (Kondo et al., 1997). Transgenic 

mouse models that overexpress mutant human SOD1 develop an ALS-like 

phenotype despite having a normal or even increased SOD1 enzymatic 

activity (Gurney et al., 1994; Jonsson et al., 2006b; Wong et al., 1995).  

Even though the loss of SOD1 function is not considered to be the 

underlying mechanism for ALS pathogenesis, several lines of evidence 

suggest that it affects the motor system, and therefore might play a 

modifying or a secondary role in disease (Saccon et al., 2013). Although 

SOD1 null mice generally develop without signs of neurodegeneration, they 

develop a gradually progressing motor deficit involving the motor neuron 
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axons and neuromuscular junctions, and as a secondary effect they develop 

denervation of the muscle. These bodies of evidence suggest that motor 

neurons are vulnerable to the complete loss of SOD1 (Saccon et al., 2013). 

Several lines of evidence have led to the conclusion that mutations in 

SOD1 cause ALS via a cytotoxic gain of toxic function of unknown character 

to the protein. The exact mechanism of SOD1 cytotoxicity in ALS 

pathogenesis and particular susceptibility of motor neurons in the CNS have 

remained unknown despite more than two decades of research on FALS in 

vitro and in vivo. Proposed mechanisms for SOD1 cytotoxicity in ALS 

pathogenesis are reviewed briefly in the following section.   

 

Misfolded SOD1 and aggregation in ALS 

There is increasing evidence suggesting that the cytotoxic gain of toxic 

function causing ALS arises from SOD1 misfolding. Misfolded SOD1 is 

further assembled into insoluble pathological aggregates or inclusions at the 

end stage of the disease. 

The first evidence in the field about misfolding and aggregation 

associated with ALS pathogenesis emerges from the end-stage insoluble 

aggregates and inclusions. Cytoplasmic neuronal inclusions of SOD1 

aggregates have been found in human post-mortem CNS tissues and in 

transgenic mouse models overexpressing human mutant SOD1 (Kato et al., 

2000) and is considered a pathological hallmark of ALS. Detergent-insoluble 

aggregates of mutant SOD1 were found in induced pluripotent stem cell-

derived motor neurons (iPSC-MNs) (Chen et al., 2014; Kiskinis et al., 2014) 

and in cells overexpressing human mutant SOD1 (Durham et al., 1997b; 

Kabuta et al., 2006; Prudencio et al., 2009).  

The majority of the 197 SOD1 mutations are missense, but there are also a 

number of mutations that cause deletions or insertions of amino acids as 

well as frameshifts that result in neopeptide sequence and/or premature stop 

codons (http://alsod.iop.kcl.ac.uk/) (Andersen et al., 2003; Birve et al., 

2010; Sapp et al., 1995; Valdmanis et al., 2009; Zinman et al., 2009). These 

truncated proteins (the ones identified are mainly in the in C-terminal part 

of the protein) are likely to result in disruptive changes that affect native 

folding of the protein. 

Several of the truncated SOD1 mutants lack Cys146 residue, which is 

essential for the formation of the stabilizing Cys57-Cys146 intrasubunit 

disulphide bond. Therefore, some truncated variants cannot adapt native 

folding, are highly unstable and thus rapidly degraded. D90A and L117V 

SOD1 mutations are structurally stable and present in an amount similar to 

wild-type SOD1 in the CNS of the patients. Cells with these mutants contain 

mainly natively folded and enzymatically active subfractions of SOD1 which 

are not the relevant cytotoxic pathogenic species for ALS (Andersen et al., 

1995; Synofzik et al., 2012). Minute quantities of misfolded SOD1 are 
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detected in the spinal cord and brain of patients and transgenic mouse 

models carrying C-terminal truncated G127X SOD1 mutation (Jonsson et al., 

2004). In addition, the clinical phenotypes, including the age of onset, 

progression and post-mortem pathology, do not differ between patients 

carrying missense or truncated SOD1 mutations (Andersen et al., 1997; 

Andersen et al., 2003; Jonsson et al., 2004). Together, this evidence suggests 

that there is a common cytotoxic mechanism in the ALS pathogenesis 

associated with both missense and truncated SOD1 mutations. Since 

truncated SOD1 mutants cannot adapt native folding, minute subfractions of 

misfolded/unfolded/disordered and Cys57-Cys146 disulphide reduced SOD1 

mutants could represent the common cytotoxic pathogenic species that 

cause ALS. Soluble misfolded SOD1 identified with hydrophobic interaction 

chromatography (HIC) are indeed present in the spinal cord of transgenic 

mouse models through their lifetime and the HIC-binding misfolded SOD1 is 

disulphide-reduced (Zetterström et al., 2007).  

The generation of conformation-specific anti-SOD1 peptide antibodies 

has offered opportunities for exploration of the nature of misfolded SOD1. 

Many conformation specific antibodies have been developed to date and are 

reviewed by Rotunno and Bosco (Rotunno and Bosco, 2013). These 

antibodies react selectively with misfolded SOD1, which can adapt to the 

antigen-binding sites and lack affinity for the rigid native SOD1 (Forsberg et 

al., 2011; Forsberg et al., 2010). The corresponding peptide segments in the 

natively folded rigid protein are unable to adapt and/or are hidden. Peptide 

segments that are buried in the native SOD1 are exposed to the surface 

because of misfolding (Bergh et al., 2015). Using such antibodies Zetterstrom 

et al. have previously developed a specific ELISA (misELISA), which allows 

analysis of minute amounts of misfolded SOD1 (Zetterström et al., 2011; 

Zetterström et al., 2013). 

Destabilization of the mutant SOD1 protein and impairment in the 

protein degradation pathways of misfolded and aggregated SOD1 clearance 

may cause misfolded SOD1 accumulation and aggregation in ALS 

(Ciechanover and Kwon, 2015). There are several factors contributing to 

aggregation of SOD1 in ALS in vivo, e.g. structural stability, net repulsive 

charge and intrinsic sequence stickiness (hydrophobicity of the polypeptide) 

of the SOD1; this was reviewed by Nordlund and Oliveberg 2008 (Nordlund 

and Oliveberg, 2008). It has been reported that mutations in SOD1 cause a 

decrease in the structural stability and a reduction in the net repulsive 

charge since proteins carry a net repulsive charge to maintain solubility 

(Sandelin et al., 2007). Mutations in SOD1 or oxidation of wild-type SOD1 

cause modifications of normal posttranslational modifications including 

reduction of the stabilizing Cys57-Cys146 intrasubunit disulphide bond, 

demetallation and monomerization. Either of these effects destabilizes the 

SOD1 protein and decreases the melting temperature (Furukawa and 
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O'Halloran, 2005). Aggregation propensities of SOD1 mutants associated 

with FALS have been examined in cell culture assays. This study found that 

more aggregation-prone mutations were associated with shorter survival 

time in patients (Prudencio et al., 2009).  

SOD1 is primarily located in the cytosol (Crapo et al., 1992; Weisiger and 

Fridovich, 1973b). The cytosol has a strongly reducing environment and the 

occurrence of the stabilizing Cys57-Cys146 intrasubunit disulphide 

formation is an unusual property in an intracellular protein. The disulphide 

bond could be an evolution-related Achilles heel of eukaryotic SOD1 that 

makes the protein more prone to unfolding and neurotoxic misfolding in the 

cytosol. The reduction of disulphide bond and demetallation promotes 

nucleation and growth of SOD1 aggregation in vitro (Chattopadhyay et al., 

2008; Furukawa et al., 2008; Lang et al., 2012). SOD1 aggregates formed in 

the transgenic mouse models are composed of C57-C146 disulphide-reduced 

monomeric SOD1 (Bergemalm et al., 2010; Karch et al., 2009). Zetterstrom 

et al. reported that soluble misfolded SOD1 in the CNS of transgenic mice 

overexpressing human SOD1 identified with both HIC and antibodies that 

react selectively with misfolded SOD1 is composed of disordered apo SOD1 

monomers lacking the stabilizing C57-C146 disulphide bond. Moreover, the 

concentrations were highest in the vulnerable spinal cord (Zetterström et al., 

2013; Zetterström et al., 2007). Globally unfolded and disulphide reduced 

human SOD1 monomers promote aggregation in vitro and in vivo, and 

trigger templated prion growth (Lang et al., 2012; Lang et al., 2015).  

 

Prion-like transmission of SOD1 aggregation in ALS 

The role of aggregation in mutant SOD1-induced ALS has, until recently, not 

been understood. Another unresolved question has been the nature of the 

spreading character of the disease. It has been known that misfolding of 

hSOD1 is able to spread from cell to cell in vitro (Grad et al., 2014; Munch et 

al., 2011). Moreover, whole extracts of spinal cords from end-stage hSOD1 

transgenic mice are able to transmit the disease to mice that express a YFP-

conjugated mutant hSOD1 (Ayers et al., 2014; Ayers et al., 2016). These 

findings suggested that hSOD1 aggregates might spread the disease in a 

prion-like fashion in the CNS.  

Using a novel binary epitope mapping method, Bergh and co-workers 

recently found that 2 different strains of hSOD1 aggregates can arise in mice 

that express hSOD1 variants: type A (in wild type, G85R and G93A Tg mice) 

and type B (in D90A Tg mice) (Bergh et al., 2015). Aggregates characterized 

in vivo were structurally different from hSOD1 aggregates generated under a 

variety of conditions in vitro, suggesting that aggregates formed in vivo in 

the CNS have a distinct structure. The kinetics of SOD1 aggregation in mice 

was compatible with a prion-like spreading mechanism (Bergh et al., 2015). 
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To explore the SOD1 prion hypothesis, Bidhendi and co-workers 

inoculated minute amounts of type A and B hSOD1 aggregates into lumbar 

spinal cords of mice expressing an hSOD1 transgene (Bidhendi et al., 2016). 

This resulted in exponential growth and spread of type A and B SOD1 

aggregation throughout the spinal cord and brain stem, and a premature 

ALS-like disease. The disease phenotypes induced by the type A and B 

strains were found to differ. Thus, SOD1 aggregate strains A and B are ALS-

transmitting prions. These findings suggest that spreading, templated SOD1 

aggregation could be the core pathogenic mechanism in SOD1-induced ALS 

(Bidhendi et al., 2016). 

 

Wild-type SOD1 in SALS pathogenesis 

FALS and SALS are essentially clinically indistinguishable. There is 

emerging evidence that wild-type SOD1 could play a role in SALS 

pathogenesis. The introduction of aberrant posttranslational modifications 

such as oxidation (i.e. H2O2-induced) to wild-type SOD1 is toxic to cells in 

vitro (Ezzi et al., 2007; Kabashi et al., 2007). Alterations of the normal SOD1 

posttranslational modifications in wild-type SOD1 resulting in a reduction of 

the stabilizing Cys57-Cys146 intrasubunit disulphide bond, demetallation 

and monomerization, affect the conformation of wild-type SOD1, destabilize 

the protein, and cause misfolding and aggregation (Furukawa and 

O'Halloran, 2005; Lindberg et al., 2004). 

Evidence based on in vivo studies support that aberrantly modified wild-

type SOD1 and mutant SOD1 might share common pathogenic mechanisms 

associated with ALS, and wild-type SOD1 could be a potential common link 

between FALS and SALS. Inclusions containing misfolded SOD1 have been 

detected in the motor neurons and nuclei of glial cells in the spinal cords of 

SALS and FALS patients lacking SOD1 mutations by conformation specific 

antibodies selective for misfolded SOD1 (Bosco et al., 2010; Forsberg et al., 

2011; Forsberg et al., 2010; Pokrishevsky et al., 2012). Haidet-Phillips et al. 

reported that astrocytes derived from the spinal cord of SALS patients are 

cytotoxic to co-cultured motor neurons and FALS astrocytes, and 

suppression of wild-type SOD1 in the SALS astrocytes ameliorated the effect 

(Haidet-Phillips et al., 2011). Graffmo et al. generated a transgenic mouse 

model that overexpresses human wild-type SOD1 at high levels which 

develop an ALS-like disease similar to, that caused by mutant human SOD1. 

These mice develop aggregates in the spinal cord and a shortened life span of 

around 370 days (Graffmo et al., 2013). The emerging evidence thus 

supports wild-type SOD1 might be involved SALS pathogenesis.  

 

Dysfunction of the ubiquitin-proteasome system  

Soluble misfolded proteins are efficiently degraded by the ubiquitin-

proteasome system (UPS), in which misfolded proteins are tagged with 
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several ubiquitin molecules. This serves to target them to the 26S 

proteasome, where they degraded (Ciechanover and Kwon, 2015). The 26S 

proteasome is composed of the proteolytic 20S core complex and 19S 

regulatory complexes at either end of the 20S core. The 20S core contains a 

chymotrypsin-like (β5 subunit), a caspase-like (β1 subunit) and a trypsin-like 

(β2 subunit) site that cleaves polypeptide chains (Ciechanover and Kwon, 

2015). It has recently been shown that the proteasome also exerts an 

important role in clearance of protein aggregates aided by a deaggregating 

activity of a complex involving ubiquilin-2, HSP70 and HSP110 (Hjerpe et 

al., 2016). 

Aging is one of the major risk factors that is strongly associated with ALS. 

It correlates with a progressive decline in cellular proteostasis including 

proteasome activity, and the capacity to degrade misfolded proteins and  

could thereby lead to an accumulation of aggregates (Bishop et al., 2010; 

Lopez-Otin et al., 2013; Saez and Vilchez, 2014).  

Mutant SOD1 is primarily degraded by the chymotrypsin and/or caspase-

like activities of the proteasome (Hoffman et al., 1996; Keskin et al., 2016). 

Inhibition of the proteasome leads to increased levels of total mutant 

SOD1 in cells overexpressing mutant human SOD1 (Hetz et al., 2009; Kabuta 

et al., 2006). Proteasome function is also inhibited in the transgenic mice 

expressing mutant SOD1  (Cheroni et al., 2009; Cheroni et al., 2005; Kabashi 

et al., 2008a; Kabashi et al., 2012; Kabashi et al., 2004). The accumulation of 

detergent-insoluble mutant SOD1 aggregates in the spinal cord of 

symptomatic SOD1 G93A transgenic mice correlates with the decrease in 

constitutive proteasome activity levels due to impaired degradation of 

mutant SOD1 (Cheroni et al., 2005). A dysfunction in the UPS was 

demonstrated in SOD1 G93A mice that express a fluorescently tagged 

reporter of the UPS. Increased accumulation of a ubiquitin-GFP reporter was 

found in spinal motor neurons of double transgenic mice at a symptomatic 

stage, indicating a decline in degradation of the reporter due to UPS 

impairment (Cheroni et al., 2009). Accumulation of insoluble mutant SOD1 

aggregates was detected following inhibition of the proteasome in NSC34 

cells overexpressing mutant SOD1 (Crippa et al., 2010).  

Impaired proteasome function and a decrease in proteasomal activities 

reported in the spinal cord of SALS patients  (Kabashi et al., 2012) is also in 

accordance findings with the SOD1 G93A mice (Kabashi et al., 2008a; 

Kabashi et al., 2004).  

The mechanism of how misfolded SOD1 causes ALS is not fully settled, 

but several studies suggest that it may involve a mutant SOD1-associated 

reduction of proteasomal activity (Cheroni et al., 2009; Crippa et al., 2010; 

Hetz et al., 2009; Hoffman et al., 1996; Johnston et al., 2000; Kabashi et al., 

2012; Kabuta et al., 2006; Urushitani et al., 2002). We recently found that 
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misfolded SOD1 proteins are efficiently cleared in fibroblast cells derived 

both from patients and controls by the proteasome (Keskin et al., 2016).  

 

Dysfunction of autophagy  

Aggregates of misfolded proteins that have escaped degradation by the UPS 

are directed to autophagy. Substrates are segregated by double-membrane 

vesicles termed autophagosomes, and become fused with lysosomes for 

degradation (Ciechanover and Kwon, 2015).  

LC3-II and p62 positive cytoplasmic inclusions have been identified in 

motor neurons of the lumbar spinal cords of SALS patients and 

autophagosomes were detected by electron microscopy (Sasaki, 2011). These 

findings suggest that autophagy was upregulated in motor neurons in SALS. 

The level of LC3-II, which correlates with autophagosome formation, is 

increased in motor neurons in G93A mice (Li et al., 2008; Morimoto et al., 

2007; Zhang et al., 2011a). However, it is not known whether the increase in 

LC3-II is caused by inhibition of autophagic flux, or an increase in 

autophagic induction, from these studies.  

Several studies have reported that mutant SOD1 is associated with a 

reduction in autophagic activity in transgenic mice and cells overexpressing 

mutant SOD1 (Crippa et al., 2010; Hetz et al., 2009; Kabuta et al., 2006; 

Morimoto et al., 2007).  

Recently, Tokuda and co-workers reported that a heterozygous deletion of 

Beclin 1, a key regulator of autophagy, in SOD1 mouse models shortened 

survival, increased motor neuron loss and resulted in earlier onset and was 

associated with earlier onset of SOD1 aggregation (Tokuda et al., 2016).  

 

Endoplasmic reticulum stress  

The endoplasmic reticulum (ER) is responsible for chaperone-mediated 

protein folding, post-translational modifications such as glycosylation and 

trafficking of secretory and transmembrane proteins. Accumulation of 

unfolded and misfolded proteins in the ER lumen triggers ER stress and 

activates the unfolded protein response (UPR). Activation of the UPR 

initially upregulates ER chaperones and increases its protein folding capacity 

and quality control mechanisms.  ER stress activates three main pathways of 

the UPR including protein kinase RNA-activated (PKR)-like ER kinase 

(PERK), ER transmembrane proteins inositol-requiring kinase1 (IRE1) and 

activating transcription factor 6 (ATF6) (Kaus and Sareen, 2015; Nassif et 

al., 2010; Walker and Atkin, 2011). Acute UPR is initially protective against 

ER stress, whereas prolonged and chronic UPR may trigger apoptosis. ER 

stress also activates the endoplasmic reticulum-associated degradation 

(ERAD) system, which involves the export of unfolded proteins from the ER 

lumen to the cytoplasm, where they can be degraded by the UPS (Kaus and 

Sareen, 2015; Nassif et al., 2010; Walker and Atkin, 2011).  
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ER stress was found to be evident as judged by fragmented ER cisternae 

in human post-mortem spinal cord tissue from SALS patients (Atkin et al., 

2008; Hetz et al., 2009; Ilieva et al., 2007; Ito et al., 2009; Sasaki, 2010). ER 

stress has been reported in transgenic mouse models overexpressing mutant 

human SOD1 (Atkin et al., 2006; Atkin et al., 2008; Hetz et al., 2009; Ito et 

al., 2009; Kikuchi et al., 2006; Nishitoh et al., 2008; Prell et al., 2012; 

Saxena et al., 2009), in the cell models of ALS overexpressing mutant SOD1 

(Atkin et al., 2006; Hetz et al., 2009; Oh et al., 2008) and in iPSC-MNs 

(Kiskinis et al., 2014). Saxena and co-workers reported that fast-fatigable 

motor neurons, vulnerable in ALS, are prone to ER stress and express ER 

stress markers earlier than symptomatic stages in SOD1 mouse models 

(Saxena et al., 2009).  

 

Mitochondrial dysfunction 

Several lines of evidence have shown that mutant SOD1s cause dysfunction 

of mitochondria in transgenic mouse and cellular models overexpressing 

mutant human SOD1 and this has been proposed to be a main pathogenic 

mechanism in ALS (Dal Canto and Gurney, 1994; Israelson et al., 2010; 

Kiskinis et al., 2014; Liu et al., 2004; Mattiazzi et al., 2002; Menzies et al., 

2002; Pickles et al., 2013). Mitochondrial dysfunction has also been reported 

in patient-derived fibroblast lines (Allen et al., 2014) and in iPSC-MNs 

(Kiskinis et al., 2014).  

 

A link between low oxygen tension and ALS   
Several environmental and lifestyle risk factors have been linked to ALS. The 

only identified risk factors that are strongly associated with an increased risk 

of developing ALS are a family history of the disease, older age and male sex 

(Armon, 2003; Haverkamp et al., 1995; Ingre et al., 2015). Smoking (Armon, 

2003, 2009), strenuous endurance physical activity (Chio et al., 2005; Fang 

et al., 2016), lesions to the motor cortex (Rosenbohm et al., 2014), cerebral 

arteriovenous malformation (AVM) embolization, stroke and transient 

ischaemic attack (TIA) (Turner et al., 2016) have also been linked to ALS. 

However, an association between ALS and a strenuous physical activity is 

controversial due to inconsistent results from different case-control studies 

and confounder effects (Gallo et al., 2016). However, a common factor 

shared by these proposed risk factors could be reduced vascular perfusion 

and hypoxia in the motor areas. 

Cellular adaptation to hypoxia is mainly mediated through the activation 

of the transcriptional factor hypoxia-inducible factor 1α (HIF-1α) (Wang and 

Semenza, 1993). HIF-1α activation induces the expression of several target 

genes, such as vascular endothelial growth factor (VEGF) and erythropoietin 

(EPO), which have been associated with ALS as potential disease modifier 

(Bogaert et al., 2006; Wang and Semenza, 1993; Zhang et al., 2011b). 
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Aims of the thesis 

The aim of this thesis was to investigate the role of misfolded SOD1 as a 
causative agent of ALS using patient-derived cell types in vitro. These 
included fibroblasts and iPSC-derived motor neurons generated from ALS 
patients carrying mutations in SOD1, patients carrying other ALS-linked 
genes and from non-disease controls. The study also aimed to find a genetic 
link to unexpectedly high and low levels of SOD1 activity present in blood in 
some individuals.   

This thesis consists of four papers with specific aims as follows: 

Paper I  
 

 To characterize the structural properties and enzymatic activity of the 
novel L117V SOD1 mutant protein. 

 

Paper II 
 

 To investigate the effects of cellular pathway disturbances linked to ALS 
on the levels of misfolded SOD1 and formation of insoluble SOD1 
aggregates in patient-derived fibroblast lines that express SOD1 at 
physiological levels. 
 

Paper III 
 

 To study the effects of low oxygen concentrations on SOD1 misfolding, 
and aggregation in fibroblasts and iPSC-MN lines from ALS patients 
carrying mutations in SOD1, patients carrying other ALS-linked genes 
and from non-disease controls.  

 

Paper IV 

 

 To compare the enzymatic activity of SOD1 in blood samples from a large 
number of ALS patients, their relatives and non-disease controls.  

 

 To screen for potential underlying causes of deviant SOD1 activities in 
individuals lacking SOD1 mutations.  
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Materials and methods  

Human materials 
Studies were performed adhering to the Declaration of Helsinki (WMA, 

1964) and were approved by the Swedish Ethical Review Board for Medical 

Research. Since 1993, as part of the epidemiological study of ALS genetics in 

Sweden under the leadership of Professor Peter M. Andersen, to date more 

than 12,000 blood samples as well as more than 70 skin biopsies have been 

collected from individuals including ALS patients, their relatives and non-

disease controls; all participants have given written informed consent. ALS 

patients were diagnosed according to the EFNS guidelines (Andersen et al., 

2012; Andersen et al., 2005). Venous whole blood was collected in EDTA-

containing vacuum tubes. The plasma, the buffy coat and the erythrocyte 

fraction were separated using centrifugation, aliquoted and stored at -80oC 

until use. 

 

SOD1, TBK1, FUS, CCS and C9ORF72 genotyping 
Genomic DNA extraction was performed using the Nucleon BAAC2 kit (GE 

Healthcare, Piscataway, NJ, USA) from the buffy coat of blood according to 

the manufacturer's protocol. All 5 exons and 30-50 bp of flanking intronic 

regions of the SOD1 gene were amplified using the AmpliTaqGold Kit 

(Applied Biosystems, Foster City, CA, USA) according to the manufacturer's 

protocol, sequenced using the BigDye Terminator v3.1 Cycle Sequencing Kit 

(Applied Biosystems, Foster City, CA, USA) and analysed using a 3730xl 

DNA analyzer with the SeqScape Software v2.5 (Applied Biosystems, Foster 

City, CA, USA). Principal exons of interest, exon 8-12 and 14-20, of TBK1 

were genotyped as previously described (Freischmidt et al., 2015). Exons 2-6 

and 11-15 of FUS were also screened. Only 142 low/high SOD1 activity 

individuals studied in Paper IV were genotyped for the mutation in the CCS, 

c.487C>T; p.D163W (Huppke et al., 2012). Samples were screened for the 

C9ORF72 GGGGCC-hexanucleotide repeat expansion using the repeat-

primed polymerase chain reaction (RP-PCR) and fragment length-analysis, 

and repeat expansion was validated by the southern blot method as 

described (Akimoto et al., 2014). All individuals were also screened for a 

number of other ALS-associated genes and found to be negative for 

mutations. 

 

 

 

 

 



 

36 

Table 3. Study cohort for Paper II and Paper III       

 

 

Nr Diagnosis Genotype Sex 

Age 

at onset 

(years) 

Survival 

time 

(months) 

Year 

biopsy 

obtained/ 

individual

’s age at 

sampling 

SOD1 

activity 

U/mg 

Hb*** 

1 Control  wt/wt   (I) f n a n a 2009/41 57 

2 Control  wt/wt   (II) f n a n a 2007/25 56 

3 Control  wt/wt   (III)    f n a n a 2014/60 53 

4 Control  wt/wt   (IV)    m n a n a 2014/71 53 

5 ALS C9ORF72
exp/wt

 f 53 29 2008/55 50 

6 FTD C9ORF72
exp/wt

 m 65 81 2011/67 43 

7 ALS SOD1
A4V/wt

 m 62 16 2005/62 25 

8 ALS SOD1
H46R/wt

 m 54 >155* 2007/58 26 

9 Unaffected SOD1
G127X/wt 

  (I) m asymptomatic ^ n a 2007/23 24 

10 ALS SOD1
E78_R79insSI/wt

 f 42 20 2008/43 25 

11 ALS SOD1
N86S/wt

 m 77 24 2008/77 25 

12 ALS SOD1
L117V/wt

 f 36 >128* 2008/39 48 

13 ALS SOD1
D90A/D90A

 f 52 >336* 2008/72 47 

14 ALS SOD1
D125Tfs*24/wt

 m 55 >119* 2008/58 26 

15 ALS SOD1
G93A/wt

 m 42 11** 2012/43 28 

16 Later ALS SOD1
G127X/wt 

  (II) m 71 24 2007/68 25 

17 PBP FUS
Q23L/wt

 m 35 175 2012/46 57 

18 ALS TBK
I450Kfs*14/wt

 m 55 >58* 2014/57 59 

19 ALS TBK
A417X/wt

 f 65 >108* 2014/72 52 

20 Unaffected TBK
A417X/wt

 f asymptomatic n a 2015/59 57 

21 ALS TBK
M598V/wt

 f 63 >46* 2014/64 52 

22 Unaffected TBK
690-713del/wt

 f asymptomatic n a 2014/45 59 
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Table 3. Study cohort for Paper II and Paper III (cont.) 

  

 

Nr 

 

 
Comments 

 

 
 

Fibroblast 

lines 

studied 

iPSC-MNs 

lines 

studied 

1   yes yes 

2 Unaffected sister of Nr. 9  and niece of  Nr. 16 yes yes 

3   yes no 

4 Unaffected brother of Nr. 19 yes no 

5 GGGGCC repeat size: 2050/5 in leucocytes (max smear intensity) yes no 

6 GGGGCC repeat size: 2800/5 in leucocytes (max smear intensity) yes no 

7   yes yes 

8   yes yes 

9 5 aa neopeptide sequence GQRWKstop after codon G127. 132 aa long yes yes 

10 Inserts 2 aa SI between exons 3 and 4. 155 aa long yes yes 

11   yes yes 

12   yes yes 

13 One of the world’s longest surviving ALS patients. (No respirator) yes yes 

14 23 aa neopeptide sequence following codon D124. 147 aa long yes yes 

15 Respiratory failure after 11 months, then invasive ventilation. Alive. yes yes 

16 Biopsy collected 3.5 years before onset of ALS symptoms. Died 2013 yes no 

17   yes no 

18   yes no 

19 Now very advanced disease. yes no 

20 Belongs to family with low penetrance for ALS-FTD. Unaffected 2016 yes no 

21 Affected sister of Control nr. 4. yes no 

22 Belongs to family with high penetrance for ALS-FTD. Unaffected 2016 yes no 

 

n a  not applicable/not available 

^31 year old asymptomatic carrier of the G127Gfs*7 SOD1 mutation. 

*Alive with the disease duration listed (census June 2016). 

**Developed respiratory failure 11 months following onset of symptoms. Received a tracheostomy and placed 

on permanent invasive ventilation. Alive 47 months after disease onset. 

*** SOD1 activity in erythrocytes analyzed in blood samples from individuals. 
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Generation and maintenance of human fibroblasts   
Fibroblast cells were generated from a 3 mm skin biopsy collected from the 

lateral arm of 10 ALS patients with SOD1 mutations (A4V, H46R, 

E78_R79insSI, N86S, D90A, G93A, L117V, G127X (in 2 patients) and 

D125Tfs*24), 1 ALS patient with Q23L mutation in FUS, 5 ALS patients with 

TBK1 mutations (A417X (in 2 patients), M598V, I450Kfs*14, p.690-713del), 

1 ALS and 1 FTD patient with large intronic GGGGCC repeat-expansions in 

C9ORF72, and 4 non-disease control individuals. The study cohort for the 

Papers II and III is summarized in Table 2. All ALS patients were 

heterozygous for SOD1, FUS, TBK1 or C9ORF72 mutations with the 

exception of one ALS patient that was homozygous for the D90A SOD1 

mutation. Non-disease control individuals were unaffected family members 

of ALS patients and were confirmed to be negative wild-type/wild-type 

(wt/wt) for mutations in ALS-associated genes. 

The adult human dermal fibroblast cell lines were established using 

standard procedures. All media components were supplied by Gibco, Life 

Technologies, Carlsbad, CA, USA unless otherwise stated. Cells were 

maintained in RPMI 1640 medium, supplemented with 10% (v/v) foetal 

bovine serum (FBS), 25 mM HEPES and 2 mM L-glutamine, 0.1 g/ml 

penicillin (Meda, Sweden).  Fibroblast cells were maintained at 37ºC and 5% 

(v/v) CO2 in a humidified incubator. 

 

Generation and maintenance of iPSCs  
Fibroblast lines were reprogrammed to iPSCs either with the mRNA 

Reprogramming Kit (Stemgent, Cambridge, MA, USA) (Warren et al., 2010) 

using a commercial service (Cellectis AB, Gothenburg, Sweden) or using an 

episomal vector system (Okita et al., 2011) (Table 3).  

The iPSCs cell lines were maintained in the DEF-CS culture system 

(Takara Bio Europe, Gothenburg, Sweden). The iPSCs were maintained at 

37ºC and 5% (v/v) CO2 in a humidified incubator. Media were supplemented 

every 24 h. After every 3-4 days, cells were passaged with TrypLE (Thermo 

Scientific, Rockford, IL, USA) and grown with DEF media supplemented 

with GF1, GF2 and GF3 (Takara Bio Europe, Gothenburg, Sweden).  

 

Generation and maintenance of iPSC-MNs 
All media components used for establishing iPSC-MNs were supplied by 

Gibco, Life Technologies, Carlsbad, CA, USA unless otherwise stated. To 

generate MNs, iPSCs were incubated until reaching 90% confluency and 

were maintained with N2/B27 media, supplemented with DMEM/F12, 

Neurobasal, 1x Nonessential Amino Acids (NEAA; Millipore, Bedford, MA, 

USA), 2 mM L-glutamine, 1% (v/v) N2 supplement, 2% (v/v) B27 
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supplement and penicillin/streptomycin. 2D-high density differentiation of 

iPSCs was performed (Lamas et al., 2014). For the first 6 days of 

differentiation, cells were maintained in N2/B27 media, supplemented with 

1 μM all-trans retinoic acid (RA; Sigma-Aldrich, St. Louis, MO, USA), 1 μΜ 

SAG (Millipore, Bedford, MA, USA), 10 μΜ SB431542 (Sigma-Aldrich, St. 

Louis, MO, USA) and 100 nM LDN (Stemgent, Lexington, MA, USA) to 

induce neuralization by dual SMAD inhibition (SB and LDN) (Lamas et al., 

2014). Between day 7 and 14 of differentiation cells were maintained in 

N2/B27 media, supplemented with 1 μM all-trans retinoic acid (RA; Sigma-

Aldrich, St. Louis, MO, USA), 1 μΜ SAG (Millipore, Bedford, MA, USA), 4 

μΜ SU5402 (Stemgent, Lexington, MA, USA) and 5 μΜ DAPT (Selleck 

Chemicals, Houston, TX, USA) to initiate neurogenesis (Lamas et al., 2014). 

On day 14, motor neurons were dissociated to single cells with Accutase and 

seeded on poly-L-ornithine/laminin-coated (Sigma-Aldrich, St. Louis, MO, 

USA) 6-well plates (BD Biosciences, Franklin Lakes, NJ, USA) at a density of 

approximately 100,000 cells/cm2 and 15 mm coverslips (VWR, Stockholm, 

Sweden) at 40,000 cells/cm2 in MN culture media. MNs were maintained 

for 10 days in MN culture media, supplemented with Neurobasal, 

nonessential amino acids (NEAA; Milipore, Bedford, MA, USA), 2mM L-

glutamine, 1% (v/v) N2 supplement, 2% (v/v) B27 supplement, 0.4 mg/L 

ascorbic acid (Sigma-Aldrich, St. Louis, MO, USA), 25 µM glutamate (Sigma-

Aldrich, St. Louis, MO, USA), 25 µM BME (Sigma-Aldrich, St. Louis, MO, 

USA), 1 μM all-trans retinoic acid (RA; Sigma-Aldrich, St. Louis, MO, USA), 

20 µM Y-27632 (Abcam, Cambridge, UK) and penicillin/streptomycin. MNs 

were matured for 10 days to acquire MN physiological properties including 

firing a spontaneous action potential. On day 25 cells were exposed to 

different O2 concentrations for 24 h prior to harvest or fixation. MNs were 

maintained at 37ºC and 5% (v/v) CO2 in a humidified incubator. 

 

 
 

Figure 5. Experimental outline for generation of iPSC-MNs. Patient-derived 

fibroblasts were reprogrammed using the mRNA reprogramming to generate iPSCs, which were 

differentiated into MNs with the 2D-high density differentiation method. On day 14, MNs were 

dissociated to single cells. MNs were matured for 10 days and on day 25, cells were exposed to 

different O2 concentrations for 24 h prior to harvest or fixation. 
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Cell treatments  
Fibroblast cells were seeded at a density of approximately 8000 cells/cm2 in 

60 mm dishes and incubated in humidified atmosphere at 37°C in air with 

5% CO2. Cells were grown until reaching 60-70% confluency, and the media 

was replaced 24 h prior to harvest with plain culture media (non-treatment 

controls) or media containing the proteasome inhibitor bortezomib (0.5, 5 

ng/ml; PS-341, Millennium Pharmaceuticals, USA), 10 mM of the autophagy 

inhibitor 3-methyladenine (3-MA) (Sigma-Aldrich, St. Louis, MO, USA), 0.5 

µg/ml ER stress inducer tunicamycin (Sigma-Aldrich, St. Louis, MO, USA), 

and 5 µM of the mitochondrial complex 1 inhibitor rotenone (Sigma-Aldrich, 

St. Louis, MO, USA). At least three independent sets of experiments with 

triplicate data points were carried out for each experimental condition. 

 

Exposure to different oxygen concentrations  
Fibroblasts were plated and maintained as described above. At 60-70% 

confluency, the media was replaced prior to exposure to different 

concentrations of oxygen, 24 h prior to harvest. Differentiated mature MNs 

that plated on day 25 of differentiation were exposed to different oxygen 

concentrations without a media change 24 h prior to harvest and fixation.  

 

 
 

Figure 6. Set up for hypoxia experiments.  (A) For O2 concentrations lower than 19% O2, 

cells were incubated in a sealed chamber located inside a standard tissue culture incubator. (B) 

The O2 level was monitored using a ProOx P110 oxygen controller supplied with compressed 

nitrogen gas. 

 

For O2 concentrations lower than 19% O2, fibroblasts and MNs were 

incubated in a sealed chamber (Biosperix, Lacona, NY, USA) (Figure 6) 

located inside a standard tissue culture incubator and the chamber was 

gassed with humidified gas mixtures (1 - 10% O2, 5% CO2, 94 - 85% N2) at 

37°C. The O2 level was monitored using a ProOx P110 oxygen controller 

(Biospherix, Lacona, NY, USA) (Figure 6) that was supplied with compressed 

nitrogen gas. Fibroblasts and MNs were cultured simultaneously under 

humidified atmospheric O2 (19% O2, 5% CO2, 76% N2) in a standard tissue 

culture incubator at 37°C (non-treatment controls). At least three 
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independent sets of experiments with triplicate data points were carried out 

for each experimental condition. 

 

Cell fractionation and detergent-insoluble aggregates 
Cells were harvested with pre-warmed phosphate-buffered saline (PBS), 

containing 40 mM iodoacetamide (IAM, Thermo Scientific, Rockford, IL, 

USA). IAM was used in the harvest to preserve the in vivo disulphide bond 

status. IAM covalently binds to the thiol group of cysteine residues via 

alkylation mechanism and therefore prevents the artificial formation of the 

Cys57-Cys146 intrasubunit disulphide bond in SOD1 (Zetterström et al., 

2011; Zetterström et al., 2013). Cells were lysed in ice-cold PBS containing 

40 mM IAM, the Complete EDTA-free protease inhibitor cocktail (Roche 

Diagnostics, Mannheim, Germany) and 0.5% (v/v) NP-40, using a Sonifier 

Cell Disrupter (Branson, Danbury, CT, USA). The cell lysate was centrifuged 

at 20,000 g for 30 min at 4oC. The supernatant was collected after 

centrifugation as the soluble fraction and directly analysed with the 

misELISA assay (described below). Pellet was washed twice in ice-cold lysis 

buffer containing 0.5% (v/v) NP-40 to remove contaminating soluble protein 

fraction. The final pellets were used for determination of detergent-insoluble 

SOD1 aggregates. Cell fractionation was performed as previously described 

in detail (Keskin et al., 2016). 

 

Analysis of misfolded and total SOD1 
The ELISA for the misfolded SOD1 (misELISA) assay was performed as 

described (Zetterström et al., 2011; Zetterström et al., 2013). Primary 

antibody used in the misELISA was a rabbit antibody raised against a 

peptide corresponding to amino acids (aa) 24-39 in the human SOD1 

sequence. This peptide antibody only reacts with disordered/misfolded 

species and lacks affinity for the natively folded SOD1 (Bergh et al., 2015; 

Forsberg et al., 2011; Forsberg et al., 2010). Apo SOD1 was denatured by 

incubation with guanidinium chloride and EDTA, and was used to immunize 

goat. A goat anti-human SOD1 antibody was used as a secondary antibody 

and it reacts preferentially with the disordered protein (Zetterström et al., 

2011). A fresh spinal cord from a transgenic mouse expressing G127X mutant 

human SOD1 was homogenized in 25 volumes of 10 mM K phosphate, pH 

7.0 in 0.15 M NaCl, containing 40 mM IAM and the Complete anti-

proteolytic cocktail (Roche Diagnostics, Mannheim, Germany) to calibrate 

the misELISA. One unit is defined as the amount of misfolded SOD1 found in 

1 g wet weight of spinal cord from the G127X mouse in the misELISA assay. 

ELISA for total/native SOD1 is performed using rabbit and goat anti-

native human SOD1 antibodies (Marklund et al., 1997). The rabbit antibody 
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was used as a primary antibody and the goat antibody as a secondary 

antibody in the assay. A human hemolysate, with the SOD1 amount 

calibrated against pure human SOD1 was used as a standard in the native 

ELISA assay (Marklund et al., 1997). The total ELISA assay accurately 

quantifies native SOD1, but may also react with misfolded SOD1 species 

(Zetterström et al., 2011). 

 

SOD1 enzymatic activity 
The SOD1 enzymatic activity was determined in erythrocytes by the direct 

spectrophotometric method using potassium superoxide (KO2) (Andersen et 

al., 1998; Marklund, 1976). Dismutation of superoxide (O2
.-) derived from 

KO2 was measured in a spectrophometer at 250 nm. Cyanide was used to 

differentiate between Cu-Zn SOD (SOD1) and Mn SOD (SOD2). One unit is 

defined as the activity that results in a decay of O2
.- at the rate of 0.1 s-1 in 3 

ml buffer. One unit is equal to 4.3 ng human SOD1 (Andersen et al., 1998). 

Results were expressed as units per mg hemoglobin in the erythrocyte 

lysates. The amounts of hemoglobin in the hemolysates were measured with 

a standard cyanmethemoglobin assay. A strong correlation has been found 

between the SOD1 enzymatic activity and the amounts of SOD1 protein, 

which was quantified by total ELISA in individuals without SOD1 mutations 

(Andersen et al., 1998). 

 

Western blot, quantification of SOD1 protein, and 
determination of disulphide-reduced SOD1  
Total protein of cell lysates was determined using the BCA Protein Assay Kit 

according to the manufacturer's instructions (Thermo Scientific, Rockford, 

IL, USA). Western blots were performed in Any kD or 18% Criterion TGX 

precast gels (BioRad Laboratories, Hercules, CA, USA) as previously 

described  (Keskin et al., 2016). The primary antibodies used were rabbit 

anti-human SOD1 (0.8 µg/ml, raised against a peptide corresponding to aa 

24-39, 57–72 and 144-153 in the human SOD1) (Forsberg et al., 2010; 

Jonsson et al., 2006a), anti-LC3B rabbit (1:1000; Sigma-Aldrich, St. Louis, 

MO, USA), anti-GRP78 rabbit (1:5000; Novus Biologicals, Littleton, CO, 

USA) and anti-β-actin mouse (1:100,000; Milipore, Bedford, MA, USA). The 

secondary antibodies used were horseradish peroxidase (HRP)-conjugated 

polyclonal anti-mouse or anti-rabbit IgG (Dako, Glostrup, Denmark). The 

immunoreaction signal was visualized using an ECL Select reagent (GE 

Healthcare Biosciences, Piscataway, NJ, USA). The signal was recorded on a 

ChemiDoc apparatus (BioRad Laboratories, Hercules, CA, USA) and 

analysed using Quantity One software (BioRad Laboratories, Hercules, CA, 

USA). The proportion of disulphide-reduced and oxidized SOD1 was 
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determined using non-reduced western blot by omitting reductant and 

adding 66 mM IAM to the sample buffer as described (Jonsson et al., 2006a; 

Zetterström et al., 2013; Zetterström et al., 2007). 

 

Immunocytochemistry 
Motor neurons were cultured as described above and seeded on poly-L-

ornithine/laminin-coated glass coverslips in 24-well plates (BD Biosciences, 

Franklin Lakes, NJ, USA). Cells were fixed in 4% formaldehyde (PFA, Sigma-

Aldrich, St. Louis, MO, USA) for 30 min. at 37°C, and blocked with 10% FBS 

(Gibco, Life Technologies, Carlsbad, CA, USA) in PBS containing 0.1% Triton 

X-100. Cells were incubated with primary antibody overnight and in 

secondary antibodies for 1 h in PBS with 10% FBS (Gibco) after several 

washing steps between. The primary antibodies used were rabbit anti-

neuron-specific class III beta-tubulin (TUBB3, TUJ1, 1:7500, Covance) and 

mouse Isl1/2 (1:50, Developmental Studies Hybridoma Bank).  

 

In vitro cell cytotoxicity assay 
Cell viability was measured using a luminescent cytotoxicity assay (CytoTox-

Glo™, Promega, Madison, WI, USA). Dead cells which had lost plasma 

membrane integrity were quantified using the luminogenic substrate AAF-

Glo™ (CytoTox-Glo™, Promega, Madison, WI, USA) as previously described 

(Keskin et al., 2016). Cell viability was calculated by subtracting the 

luminescence signal obtained before from the total luminescence values 

obtained after permeabilization with digitonin according to the 

manufacturer’s protocol. The assay was performed according to the 

manufacturer’s protocol and analysed using a Synergy 2 multi-mode 

microplate reader (Biotek, Winooski, VT, USA). 

 

In vitro cell viability assay  
The number of viable cells was determined using the CellTiter-Glo® 

luminescent cell viability assay kit (Promega, Madison, WI, USA) by 

quantifying the amount of ATP in metabolically active cells according to the 

manufacturer’s instructions.  

 

Proteasome activity assay  
A luminescent proteasome assay (Cell-Based Proteasome-Glo™, Promega, 

Madison, WI, USA) was used to measure chymotrypsin-like proteasome 

activity as previously described (Keskin et al., 2016). The assay contains the 

luminogenic peptide substrate Suc-LLVY-aminoluciferin for detection of 
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chymotrypsin-like proteasome activity. The assay was performed according 

to the manufacturer’s protocol and analysed using a Synergy 2 multi-mode 

microplate reader (Biotek, Winooski, VT, USA). 

 

 

Fragment length analysis  
Gel electrophoresis of PCR amplicons was used to identify possible deletions 

ranging from 50 bp to 1300 bp in a 12 kb stretch covering SOD1 as well as 1 

kb upstream and downstream of the gene. Amplification was performed 

using the AmpliTaqGold Kit (Applied Biosystems, Foster City, CA, USA) 

according to the manufacturer's protocol. The region was divided into 10 

amplicons that were each about 1500 bp in length and overlapped each other 

by approximately 300 bp (Supplementary Figure 1 in Paper IV). The known 

50 bp deletion upstream of SOD1 (rs78194338) was used as a positive 

control  (Broom et al., 2004).   

 

 

Real time quantitative PCR using TaqMan Copy Number 
Variation Assays 
A relative quantification of SOD1 copy number to detect deletions and 

duplications was performed using qPCR with the TaqMan Copy Number 

Variation (CNV) Assays (Thermo Fisher). TaqMan Copy Number Reference 

Assay (human RNase P) was used as a reference target. The location of 

probes in TaqMan CNV assay was listed in the Supplementary Figure 2A of 

Paper IV. DNA from two trisomy 21 individuals were obtained from the 

NIGMS Human Genetic Cell Repository at the Coriell Institute for Medical 

Research (NG08942 and NG06872) and used as positive controls in copy 

number variation assay. Relative quantification of SOD1 copy number was 

performed according to the manufacturer's protocol. CT values were 

obtained from 7900HT Fast Real-Time PCR System (Thermo Fisher) and 

analysed using the comparative CT method to determine copy numbers 

(CopyCaller Software v.2.0, Thermo Fisher).  

 

 

DNA copy number variation assessment using the CytoSNP-
850Kv1.1 BeadChip  
Assessment of CNVs was performed using the CytoSNP-850Kv1.1 BeadChip 

(Illumina) that includes 850,000 SNP and oligonucleotide probes. It was 

enriched to cover 3,262 disease-relevant genes to detect several types and 

sizes of structural genomic variations in the human genome. Location of 

probes on the CytoSNP-850Kv1.1 that align within the SOD1 which used in 

the Paper IV was listed in Supplementary Figure 2A in Paper IV. DNA from 

peripheral blood leukocytes were purified, amplified, enzymatically 
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fragmented and hybridized to array probes with washing procedures 

according to the manufacturer's instructions. DNA from one trisomy 21 

individual was obtained from the NIGMS Human Genetic Cell Repository at 

the Coriell Institute for Medical Research (NG08942) and used as a positive 

control in the assay. Microarray slides were scanned using the iScan System 

(Illumina), and generated data were loaded on the BlueFuse Multi Software 

v4.3 to evaluate the experimental quality and CNV calling. The detected 

variants were annotated and compared to the CNVs' panel of populations 

reported in the Ensembl, and UCSC databases for gene annotation, OMIM 

for inherited diseases, DGV (http://projects.tcag.ca/variation/) and 

Decipher (http://decipher.sanger.ac.uk/) for genetic healthy or disease 

variants. 

 

 

Hemoglobin disorders and iron deficiency anemia 
Hemoglobin disorders were detected using a HPLC method. A Tosoh G8 

instrument equipped with a thalassemia column was used according to 

instructions of the manufacturer (Tosoh Biosciences, Japan). Blood samples 

from individuals with definite iron deficiency anemia were collected from the 

routine clinical chemistry laboratory and de-identified. The criteria used 

were hemoglobin and MCH values below the reference intervals and serum 

ferritin ≤10 mg/L. 

 

Statistical analyses   
Statistical analyses were performed with the Prism 6.0 software (GraphPad, 

San Diego, CA, USA). For comparison of multiple groups, the one-way 

ANOVA was used following correction for multiple testing using Tukey’s 

post-hoc analyses. F-test was used to test for equal variance between 

treatment groups. For p-values ≤ 0.05 the Welch test was used. For p-values 

> 0.05 the two-tailed unpaired t-test was used. For comparison of two 

groups the Mann-Whitney U test was used. Frequency distribution 

histograms and Pearson's correlations were also performed using GraphPad 

Prism software. The significance level was set to 0.05. All values are given as 

means ± SD.  
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Results and Discussion 

Paper I 

Mutant superoxide dismutase-1 indistinguishable from 
wild-type causes ALS 
 

In an epidemiological study on the genetics of ALS amongst the Swedish 

population led by Peter M. Andersen, a novel co-segregating L117V SOD1 

mutation was identified in two unrelated families (pedigrees 1 and 2, 

respectively) that originated from the same region in Syria. 

The pedigrees of the two families were investigated in detail. The index 

patient from Pedigree 1, who was living in Sweden, was diagnosed with ALS 

at the age of 35. Initially, she was considered to be a sporadic ALS case since 

no affected relatives had been identified. However, further investigations of 

the patient’s family history were conducted and showed that her maternal 

uncle, living in Germany, and her uncle’s cousin, living in Switzerland, had 

also developed ALS. Further investigations revealed an extensive pedigree in 

which the SOD1 L117V mutation co-segregated with the disease (Figure S1 in 

Paper I). Patients with L117V mutations show a uniform phenotype with the 

first symptoms appearing as an initial asymmetrical leg paresis with slow 

generalization to the other limbs and bulbar-innervated skeletal muscles. 

The disease progression is unusually slow and all 5 L117V-genotyped patients 

are still alive, though some with advanced disease (census August 2016). 

SOD1 sequencing of 14 members of the family revealed that ALS patients 

III-12 and IV-3 (Figure S1 in Paper I) were heterozygous for the SOD1 L117V 

mutation. Furthermore, ALS patient III-8 was found to be homozygous for 

the mutation. Four unaffected individuals were identified that were 

heterozygous for the L117V SOD1 mutation in the family. 

Reduced penetrance is one of the main obstacles in our understanding of 

ALS genetics. It is not clear what governs incomplete penetrance in ALS, 

however, genetic and environmental modifiers are likely to be involved. In 

Pedigree 1, four living family members were found to be heterozygous for the 

L117V mutation and remain unaffected, suggesting that this mutation is 

associated with reduced penetrance. There are more individuals 

heterozygous for the L117V mutation than wild-type allele carriers in the 

pedigree but these unaffected family members might still have many years to 

develop late-onset ALS. All known affected and unaffected mutation carriers 

are alive to date; therefore, no post-mortem material is available to ascertain 

whether any disease pathology was present.  
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In Pedigree 2 only one individual was found to have developed ALS. He 

was living in Germany and was 39 years of age. This patient was also initially 

diagnosed with SALS and was also found to be heterozygous for the L117V 

mutation. This family included one unaffected member (>20 years older) 

that was a heterozygous carrier of the mutation.  

Recently, a third L117V SOD1 family also originating from Syria has been 

found in Sweden (P. M. Andersen, personal communication).  

To investigate the prevalence of this mutation in a larger population and 

gain support for the possibility that it is disease causing, control individuals 

from the same geographic area and ethnicity (n = 52), as well as in more 

than 7000 samples collected in the ALS Biobank in Umeå were analysed, but 

the mutation was not detected. This suggests that it is not a common 

polymorphism and might be considered to be disease causing. 

We next characterized the structural properties of the L117V SOD1 

mutant protein. The L117V mutation is not located in a strongly conserved 

region of the protein. It is positioned in β7 of the eight anti-parallel β-strands 

and is a substitution of leucine to a smaller valine that is predicted to slightly 

affect the structure of the SOD1 subunit. Analysis of SOD1 enzymatic activity 

in erythrocytes revealed that heterozygous individuals had normal SOD1 

activity, similar to that found in wild-type family controls. SOD1 activity was 

lower in erythrocytes from a homozygous patient, but still within the control 

range (Table 1 and Table S2 in Paper I).  

The stability of the L117V mutant protein was assessed in hemolysate 

extracts under strong denaturing and ion chelating conditions. It was found 

to be equivalent to that of wild-type human SOD1, with both of them being 

less stable than murine wild-type SOD1 (Figure 2 in Paper I).  

To look at its effect on protein unfolding, misfolded SOD1 levels were 

compared to other SOD1 mutations. Both L117V and D90A mutants were 

found to be comparable to wild-type controls but lower than for other SOD1 

mutants (Table 2 in Paper I).  

Interestingly, L117V and D90A mutations share some common, atypical 

properties compared to other SOD1 mutations. Even though the majority of 

the mutations reduce dismutation activity, which can be measured in 

erythrocytes (Andersen et al., 1997; Saccon et al., 2013), D90A and L117V 

mutations result in essentially normal SOD1 activity (Andersen et al., 1995). 

Misfolded SOD1 levels in L117V and D90A mutants were found to be lower 

than for other SOD1 mutants and similar to wild-type controls. Slow 

progression, long survival, a uniform phenotype with lower limb onset and 

reduced penetrance are also common to these stable SOD1 mutations. 

Our results demonstrate that the L117V mutation is indistinguishable 

from wtSOD1 in terms of stability of the protein, SOD1 activity and 

misfolding.  This raises the question as to why SOD1 L117V leads to a high 

frequency of ALS in the Syrian pedigrees. Despite the structural stability of 
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SOD L117V and low degree of misfolding in fibroblasts, it has been 

previously reported that even minute subfractions of soluble misfolded SOD1 

result in an ALS-like disease in transgenic mouse models (Jonsson et al., 

2004). Furthermore, some evidence suggests that aberrantly modified wild-

type SOD1 might play a role in SALS pathogenesis (Bosco et al., 2010; 

Forsberg et al., 2011; Forsberg et al., 2010; Graffmo et al., 2013). Hence, 

although the L117V mutation has only a small effect on SOD1 stability, the 

resulting increase in misfolded SOD1 is sufficient to lead to ALS with age. 

 

Paper II 

Effects of Cellular Pathway Disturbances on Misfolded 
Superoxide Dismutase-1 in Fibroblasts Derived from ALS 
Patients 
 

Several lines of evidence suggest that the neurotoxic function of SOD1 arises 

from misfolding. How misfolded SOD1 causes ALS is unclear but has been 

suggested to involve a number of mechanisms including; reduction in the 

activities of proteasomal degradation (Cheroni et al., 2009; Kabashi et al., 

2012; Urushitani et al., 2002) or autophagy (Li et al., 2008; Zhang et al., 

2007), induction of ER-stress (Atkin et al., 2006; Kikuchi et al., 2006; 

Kiskinis et al., 2014; Saxena et al., 2009), impaired mitochondrial function  

(Israelson et al., 2010; Kiskinis et al., 2014; Mattiazzi et al., 2002; Menzies et 

al., 2002; Pickles et al., 2013) and formation of cytotoxic insoluble SOD1 

aggregates (Bruijn et al., 1997; Chen et al., 2014; Durham et al., 1997a; 

Kabuta et al., 2006; Kato et al., 2000; Prudencio et al., 2009; Shibata et al., 

1996) 

Mutant SOD1-associated ALS pathogenesis has primarily been studied in 

murine and cellular models, which are based on high levels of 

overexpression of mutant SOD1. However, overexpression may alter normal 

protein interactions and not mimic disease pathogenesis accurately (Durham 

et al., 1997a; Kabuta et al., 2006; Prudencio et al., 2009). Therefore, we 

aimed to investigate the effects of ALS-linked cellular pathway disturbances 

on the levels of misfolded SOD1 in patient-derived fibroblast lines that 

express SOD1 at physiological levels under the control of the native 

promoter. 

Misfolded proteins are normally cleared efficiently by the ubiquitin-

proteasome pathway (Ciechanover and Kwon, 2015). Several previous 

reports have shown that inhibition of the proteasome increases total mutant 

SOD1 protein levels in cells following overexpressing, but none of these 

studies have addressed effects on misfolded SOD1 levels directly (Hetz et al., 

2009; Kabuta et al., 2006). We used the proteasome inhibitor bortezomib to 
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investigate its effects on the degradation of misfolded SOD1 in patient-

derived fibroblast cells. Proteasome inhibition led to large increases in 

misfolded SOD1 levels in all fibroblast cell lines tested, including controls 

(Fig. 2A and 2B in Paper II).  Measurement of total SOD1 revealed that 

although there was an average increase of SOD1 expression by 28%, 

individual increases were not statistically significant (Fig. 2C in Paper II). 

Hence, increases in misfolded SOD1 levels were not only due to 

compensatory increases in total/native SOD1 levels (Fig. 2B in Paper II). 

The role of inhibition of autophagy on misfolded SOD1 levels was 

investigated using 3-methyladenine for 24 h [3-MA 10 mM; (Seglen and 

Gordon, 1982)]. Moderate inhibition of autophagy (Figure C in S1 File in 

Paper II) did not lead to significant increases in the level of misfolded SOD1 

(Fig. 2D and 2E in Paper II). Although we could not rule out that a more 

specific pharmacological inhibition of autophagy, or over a longer period, 

may have had an effect on clearance of misfolded SOD1, it was not 

discernible under the conditions tested. 

To investigate the role of ER stress on misfolded SOD1 levels, we exposed 

cells to tunicamycin (0.5 µg/ml for 24 h), which results in ER-stress due to 

the accumulation of unfolded glycoproteins in the ER (Oslowski and Urano, 

2011). ER stress was assessed by western blotting for the ER chaperone 

glucose-regulated protein 78 (GRP78) (Figure C in S1 File in Paper II). No 

statistically significant changes were detected in misfolded or total SOD1 

levels in any of the lines tested (Fig. 3A-C in Paper II). ER stress is triggered 

when misfolded proteins were accumulated in the ER lumen and activates 

the UPR. Acute UPR is protective, whereas prolonged chronic UPR may lead 

to apoptosis. Thus, we cannot rule out that prolonged ER stress may have an 

effect on levels of misfolded SOD1. 

To study the effect of mitochondrial inhibition on the level of misfolded 

SOD1, we used rotenone to inhibit the mitochondrial respiratory chain 

complex I. We detected minor decreases in the level of misfolded SOD1 in 

rotenone treated cells but no increase was apparent (Fig. 3D and 3E in Paper 

II). 

Detergent-insoluble aggregates of mutant SOD1 are found in human post-

mortem CNS tissues and in transgenic mouse models overexpressing human 

mutant SOD1 (Kato et al., 2000). Proteasome inhibition using bortezomib 

was the only treatment examined that led to an increase in insoluble SOD1 

aggregates in some of the lines including A4V, H46R, G93A, G127X and 

D125Tfs*24 (Fig. 4 and Table 1 in Paper II). 

We showed that patient-derived fibroblast lines expressing mutant SOD1 

at physiological levels are valuable models to study ALS-related cellular 

pathway disturbances. Proteasome inhibition was the only pharmacological 

intervention that resulted in large increases in misfolded SOD1 levels in all 

fibroblast cell lines, including non-disease controls (Fig. 2 in Paper II). This 
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finding is in accordance with previous reports suggesting that wtSOD1 might 

play a role in SALS pathogenesis (Bosco et al., 2010; Forsberg et al., 2011; 

Forsberg et al., 2010; Graffmo et al., 2013). Proteasome inhibition also 

resulted in an increase in detergent insoluble SOD1 aggregates in some lines 

(Fig. 4 and Table 1 in Paper II). Misfolded SOD1 proteins are efficiently 

cleared in cells derived both from patients and controls by the proteasome, 

which is the crucial component of ubiquitin-proteasome pathway and age-

related decline in its activity might contribute to the late onset of ALS. 

 

Paper III 

Low oxygen tension induces misfolding and aggregation of 
superoxide dismutase in ALS patient-derived motor 
neurons 
 

SOD1 contains an intrasubunit disulphide bond between C57-C146 that is 

critical for its stability. This bond is dependent on cellular redox balance and 

oxygen could, therefore, be a determinant of the stability of SOD1. 

Mammalian tissues experience oxygen tensions ranging from 2–5% O2 

(Atkuri et al., 2007; Ivanovic, 2009) and oxygen tensions in the CNS are 

generally estimated to be between 0.2 and 5% (Erecinska and Silver, 2001; 

Lyons et al., 2016). However, in vitro cell culture experiments are typically 

conducted at an atmospheric oxygen level (19% O2). The role of low oxygen 

tension, which represents conditions normoxic in the CNS, on misfolding 

and aggregation of SOD1 has not been addressed.  

In the present study we investigated the effects of low oxygen 

concentrations on misfolding and aggregation of SOD1 and the stability of 

the C57-C146 disulfide bond in patient-derived fibroblast and iPSC-MN lines 

from ALS patients carrying mutations in SOD1, patients carrying other ALS-

linked genes and non-disease controls (Table S1 in Paper III). We found 

time- and concentration-dependent increases in SOD1 misfolding (Fig. 1 A, 

Fig. S1 A and B in Paper III). Increases at 1% O2 varied between 1.5-3 fold in 

18 fibroblast lines carrying a full-length mutant SOD1. Small but statistically 

significant increases in misfolded SOD1 were also seen in lines carrying 

mutations in other ALS-associated genes including C9ORF72, FUS and TBK1 

and from controls, which also express wild-type SOD1. The only fibroblast 

lines that did not respond to 1% O2 were from patients carrying C-terminal 

truncated SOD1 mutations G127X and D125Tsf*24 that lack the disulphide 

bond (Fig. 2 and Fig. S2 in Paper III).  These findings showed that increased 

misfolded SOD1 levels are dependent on lower oxygen tension and the 

presence of the disulphide bond. 
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To investigate this in a cell type that is relevant to ALS we reprogrammed 

the same fibroblast cells lines to iPSCs and then differentiated them to iPSC-

MNs. These iPSC-MN cultures contain a high percentage of TUJ1 and ISL1/2 

positive post-mitotic MNs (Figure 7 in the thesis) representing a limb-

innervating, spinal MN subtype (Amoroso et al., 2013) that is susceptible to 

ALS. 

 

 
 

Figure 7. Representative image of iPSC-MNs culture differentiated from ALS patients carrying 

(A) G93A and (B) A4V SOD1 mutation at day 25 post-differentiation. Cells were co-stained for 

neuronal cells (TUJ1, green), motor neurons (ISL 1/2, red) and nucleus (DAPI, blue).  

 

When we exposed iPSC-MNs to 1% O2, axonal fragmentation was 

observed in some lines, which might have been a result of cellular stress. 

However, at 2% O2 concentration axonal fragmentation was seldom observed 

and there was no evidence for cellular cytotoxicity (Fig. S3 A and B in Paper 

III). When cultured under 2% O2 for 24 h, we detected very large increases in 

misfolded SOD1 levels up to 10 fold in 12 iPSC-MNs lines including in 

controls (3-4 fold; Fig. 4 and Fig. S4 in Paper III). We determined oxygen 

tension dose-response dependent changes on misfolded SOD1 (2-3-4-5-10% 

O2) in iPSC-MN lines carrying SOD mutations (A4V, G93A) and from 

controls cultured for 24 h. Concentration-dependent increases were detected 

starting from 10% O2 and reaching the highest levels under 2% O2. No 

significant differences were observed in the G127X line (Fig. 5 in Paper III). 

Our findings from fibroblasts and iPSC-MNs suggested that the status of 

the disulphide bond was important for misfolded SOD1 levels. Therefore, we 

determined the proportion of disulphide-reduced to oxidized SOD1 in iPSC-

MN cultures under 2% O2 using non-reduced western blotting by omitting 

the reductant from the sample buffer. Low oxygen tension promoted 

increases in the proportion of disulphide-reduced SOD1 in lines expressing 

mutant SOD1s and control lines (Fig. 5 in Paper III).  
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Detergent-insoluble SOD1 aggregates were also quantified in iPSC-MN 

lines under 2% O2. Low oxygen tension promoted accumulation of SOD1 

aggregates in most of the lines expressing SOD1 mutants and in one control 

expressing wtSOD1 (Fig. 6 in Paper III). 

Here we show that low O2 tension induces large increases in misfolded, 

disulphide-reduced and detergent-insoluble SOD1 in patient-derived cells. 

More marked increases in SOD1 misfolding and aggregation appeared in 

iPSC-MNs, suggesting that MNs - which are the cells primarily lost in ALS -

were specifically vulnerable to misfolding and aggregation under low O2 

tension in vitro. We also found statistically significant increases in misfolded 

SOD1 levels in iPSC-MN lines from control individuals (3-4 fold) and in 

fibroblast lines from controls and patients carrying ALS-linked mutations in 

other genes, which express wtSOD1 (Fig. 4 and Fig. S4 in Paper III). This 

finding is interesting since there is emerging evidence that aberrantly 

modified wtSOD1 might play a role in pathogenesis (Bosco et al., 2010; 

Forsberg et al., 2011; Forsberg et al., 2010; Graffmo et al., 2013). 

In conclusion, our results demonstrated that O2 tension is a principal 

determinant of SOD1 misfolding and aggregation in vitro. Age-related 

decline in vascular perfusion rates might be a possible contributor to motor 

neuron death through hypoxic stress. These findings suggest that the 

probability of nucleation and propagation of prion-competent SOD1 

aggregation would be increased in CNS areas experiencing prolonged low-

oxygen tension and this could contribute to the initiation of ALS.  

 

Paper IV 

Comprehensive mutational analysis to explain reduced or 
increased SOD1 enzymatic activity in erythrocytes in ALS 
patients and their relatives 
 

Screening for mutations in SOD1 is generally performed using PCR 

amplification of the exons and 30-50 bp of the flanking introns follow by 

Sanger sequencing of the amplicons. However, this standard DNA 

sequencing method cannot detect larger deletions, insertions, duplications, 

inversions, mutations in cis-regulatory elements or intronic mutations 

(Andersen et al., 2003; Birve et al., 2010; Sapp et al., 1995; Valdmanis et al., 

2009; Zinman et al., 2009). Such mutations are expected to cause large 

disruptions of the protein or in the amount of protein and, therefore a 

lowering of the SOD1 enzymatic activity is expected. Usually this amounts to 

around 50% since the patients are (expected to be) heterozygous for the 

mutation and then the wtSOD1 allele will contribute with 50% normal SOD1 
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proteins that will be fully enzymatic active. Screening for low SOD1 activity 

in erythrocytes can thus give a hint of the presence of SOD1 mutations. 

In 3723 ALS patients without a coding SOD1 mutation detected by 

standard bidirectional Sanger sequencing (Figure 1B in Paper IV) 142 

individuals were found to be outliers with either low (below the mean ± 2 

SD) or high (above the mean ± 2 SD) SOD1 activities compared to normal 

activity (Figure 1D in Paper IV).  In those we searched for underlying causes 

of the deviant SOD1 activities. To our surprise, we did not identify any 

aberrations in copy number, not of one or more exon (as has been reported 

in the alpha-synuclein gene in familial Parkinson disease, or in the SMN 

gene in SMA-I, II and III), nor of the introns (Supplementary Figure 1 and 2 

in Paper IV). Also we did not find any intronic mutations in 30-50 bp 

flanking the exons in the low and high SOD1 activity groups. 

SOD1 enzymatic activity in individuals with a SOD1 mutation showed a 

bimodal distribution for the 46 SOD1 mutations studied (Figure 1C in Paper 

IV). Individuals with nonsense (i.e. G127X) or missense mutations causing 

severe structural changes (i.e. A4V, D76Y) resulting in destabilized mutant 

proteins had approximately half of the normal SOD1 activity. Individuals 

with missense mutations that only marginally affect the protein stability (i.e. 

A89V, D90A, and L117V) had essentially preserved enzymatic activity in 

erythrocytes (Figure 1C, Paper IV).  

We did not observe any significant differences when we compared SOD1 

activities of ALS patients without a coding SOD1 mutation to control 

individuals or carriers of TBK1 mutations and C9ORF72HRE (Supplementary 

Table 1 in Paper IV). No differences were found in SOD1 activity between 

women and men and only a weak correlation was observed between age and 

SOD1 activity (Supplementary Figure 3 and Supplementary Table 1 in Paper 

IV). This result suggests that SOD1 expression is not likely to be a risk factor 

for ALS. 

There was a positive skew in the distribution of the individuals without a 

coding SOD1 mutation (Figure 1D in Paper IV). Since SOD1 activity values in 

erythrocyte were normalized to the hemoglobin content, high SOD1 activity 

in the distribution might be caused by hemoglobinopathies including 

thalassemias and iron deficiency anemia. Several members of the L117V 

family described in Paper I were found to be affected by β-thalassemia 

(Figure 3 in Paper IV) (Synofzik et al., 2012). Within the Afro-American C6S 

family with the highest SOD1 activity, two members of the family were 

heterozygous for HbS combined with deletional α-thalassemia (Figure 3 in 

Paper IV). Therefore, the finding of high SOD1/mg Hb activities in these 

families can be explained by the co-occurrence of two different 

hemoglobinopathies. Iron deficiency anemia was also found to be associated 

with high SOD1 activity/hemoglobin ratios.   
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Our results demonstrate that screening for deviant SOD1 activity in 

erythrocytes is helpful to signal the presence of mutations (larger mutations 

as well as coding or intronic that affect splicing), which cause disruptive 

structural changes in the SOD1 protein. Erythrocytes from patients with 

destabilizing SOD1 mutations showed half the normal activity. Also, there 

were no significant differences in SOD1 activity between control individuals 

and ALS patients without a coding SOD1 mutation, or carriers of TBK1 

mutations or the hexanucleotide repeat expansion in C9ORF72. Our result 

suggests that SOD1 enzymatic activity is not associated with the disease in 

non-SOD1 mutation ALS. 
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Conclusions 
 
1. The L117V SOD1 mutation is associated with unusually slow disease 

progression, a reduced disease penetrance and a uniform disease 
phenotype. 

 

2. The L117V SOD1 mutation is indistinguishable from wtSOD1 in terms of 
stability of the protein, SOD1 activity and misfolded SOD1 level. 

 

3. Several ALS-related pathways occurring in ALS and aging - autophagy 
inhibition, mitochondrial dysfunction and ER stress - did not increase 
soluble misfolded SOD1 levels and detergent insoluble SOD1 aggregates. 

 

4. Misfolded SOD1 is efficiently degraded by the ubiquitin-proteasome 
pathway in fibroblast cells derived both from patients and controls and 
age-related decline in proteasomal activity might be one of the reasons 
for the late onset of ALS. 

 

5. Patient-derived fibroblast lines expressing mutant SOD1 at 
physiological levels is a valuable model to study ALS-related cellular 
pathway disturbances and misfolding of SOD1.  

 

6. Culturing cells under low O2 tensions was found to markedly increase 
C57-C146 disulphide reduction, misfolding and detergent-insoluble 
aggregation of SOD1 in the patient-derived iPSC-MNs and fibroblast 
lines.  
 

7. O2 tension is the principal determinant of SOD1 misfolding and 
aggregation. 
 

8. More marked increases in SOD1 misfolding and aggregation existed in 
iPSC-MNs, suggesting that MNs - which are the cells primarily lost in 
ALS -were specifically vulnerable to misfolding and aggregation under 
low O2 tension in vitro. 

 

9. No aberrations in copy number, large structural changes in the exons 
and introns, or intron mutations in 30-50 bp flanking the exons were 
detected in the 142 individuals that had either very low or very high 
erythrocyte SOD1 activities. The extreme SOD1 activities observed in 
these could be considered as part of the “normal biological variation”. 
 

10. Individuals with intron mutations, as well as other mutations causing 
severe destabilization of the expressed SOD1, showed half of the normal 
erythrocyte SOD1 enzymatic activity. Such analysis can signal the 
presence of mutations not detected by conventional exon sequencing. 

 

11. There were no significant differences in SOD1 activities between ALS 
patients without a coding SOD1 mutation to control individuals or 
carriers of TBK1 mutations and C9ORF72HRE. 

 

12. Hemoglobinopathies including thalassemias and iron deficiency anemia 
were associated with high SOD1/mg Hb ratios.  
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