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Routes to therapies for ALS

Genetics Pathology
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HD, and MND, respectively. The genetic data corroborate earlier 

observations that proteinaceous inclusions harbour Abeta fragments 

derived from aberrant APP cleavage (amyloid plaques), tau 
(tangles), ASYN (Lewy bodies), polyglutamine expanded HTT and 

TDP-43. The fact that inclusion content and a mutant allele 

converge on the same defective protein unifies familial and 
sporadic cases and strongly suggests that the affected protein is 

causally related to disease formation and/or progression. 

 The limitations of human genetic studies however, often make 

it difficult to analyse genes and pathways in any further detail, 
because of complex patterns of inheritance, lack of sufficient family 
pedigree data and population-based genetic heterogeneity. 

Therefore, model systems are used to study specific functional 

aspects of the genes/proteins identified in neurodegenerative 
diseases. These models range from yeast [19] and C. elegans [20] to 

mammals and human cell culture systems. But yet, in most of the 

cases, these models fulfil only some of the criteria expected to 
apply in the study of human neurodegeneration. Essential criteria 

include: cognitive, behavioural and physical dysfunction caused by 

cell type-specific neurodegeneration; cellular pathophysiology 
including aggregate formation; clear pattern of inheritance; 

pedigree data covering three and more generations; population-

based genetic homogeneity. In addition, an ideal model system 
would provide further detailed information: case-specific data 

spanning a whole life from conception to age-related death, which 
would allow the study of disease formation and progression in 
relation to age as the major risk factor; knowledge about the focus 

of disease, its time and site of origin, which in turn would allow the 

visualisation and eventually manipulation of disease formation and 
progression; and large numbers of genetically identical individuals, 

like multiple twins, that would allow strong power calculations to 

deduce quantitative traits as well as insights into pathogenic 
mechanisms in a statistically significant manner. An organism that 

meets all these criteria in a formidable way is the fruitfly 

Drosophila melanogaster. 

DROSOPHILA MELANOGASTER 

 The protostomian, ecdysozoan arthropod Drosophila 

melanogaster belongs to a sub-species of the Drosophilidae, 

dipteran insects that are found all over the globe. During the course 
of evolution, the arthropod lineage already separated from the 

vertebrate lineage more than 600 million years ago [21, 22], 

suggesting that Drosophila might be completely unrelated to 

humans. However, genetic, molecular and behavioural analyses 

over more than a century suggest otherwise, and Drosophila has 
been used as a prime model organism for experimental studies of 

multi-cellular eukaryotic biology. This led to the discovery of 

fundamental biological principles, such as validation of the 
chromosomal theory of inheritance and the first experimental 

description of the gene as a functional unit [23]. 

 Apart from tradition, the reasons for using the fruitfly as a study 

object are manifold: Drosophila is cheap and easy to maintain in 

the laboratory (Fig. 1a); it can give rise to a large number of 
genetically identical progeny; it has a rather short life span ranging 

from 40 to 120 days (Fig. 1b) depending on diet and stress [24, 25]; 

it shows complex behaviour, including learning and memory [26, 
27], driven by a sophisticated brain (Fig. 2) and nervous system 

[28]. The entire Drosophila genome is encoded by roughly 13,600 

genes as compared to 27,000 human genes, located on only four 
pairs of chromosomes as compared to 23 pairs in human [29]. 

Thanks to very well-described anatomy and development [30, 31], 

and the availability of molecular genetic tools [32-34], Drosophila 
is one of the most extensively used genetic model organisms to 
study complex biological processes. In comparison to other 

organisms like C. elegans and the mouse, the fly provides a very 
powerful genetic model system for the analysis of brain and 

behavioural disorders related to human disease: its brain is complex 
enough (as compared to C. elegans) to make fly behaviour highly 
interesting and relevant to humans but it is still small enough (as 

compared to mouse) for an in-depth structural and functional 

analysis [35]. 

 The value of Drosophila as a model system has been amply 

demonstrated by the fact that many genes and processes first 
discovered in the fly have proven to be conserved in other 
organisms, including humans. Comparative analysis of whole 

genome sequencing revealed striking similarities in the structural 
composition of individual genes of Homo sapiens and Drosophila 

[36]. Moreover, the molecules and mechanisms underlying core 
modules of cell biology are conserved as well: homologous genes 
mediate homologous pathways such as cyclin/cdk modules 

regulating the eukaryotic cell cycle [37-39], or insulin signalling 

regulating metazoan cell growth [40, 41]. These data provide 
compelling evidence for the structural conservation of genes due to 

common origin; they elucidate a deep homology underlying cell 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). Drosophila as a model organism in the study of age-related neurodegeneration. (a) The arthropod Drosophila melanogaster belongs to a sub-

species of the Drosophilidae, dipteran insects that fit on a pencil tip and can be easily kept en masse in the laboratory. Their anatomy displays characteristic 

features such as compound eyes, wings and bristles that can be used as phenotypes to study neurodegeneration without affecting the survival of the fly. (b) The 

lifespan of Drosophila depends on diet and stress and varies between 40-120 days. The more rigid a diet (e.g. cornmeal), the longer a fly can live, whereas 

increase in carbohydrates and cholesterol (e.g. 15% sugar/yeast) can lower life expectancy. These similarities to human ageing and lifespan, together with a 

highly conserved genetic makeup, make Drosophila a powerful model system in the study of adult-onset, age-related neurodegeneration. 
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Artificial but useful distinction between fALS and sALS

Suzuki et al J Hum Genetics 2023



Gene sequencing advancesA revolution in DNA sequencing will transform genetics 

2000

Sanger sequencing

ABI 3100

1 persons genome

15 years

$2 Billion

New sequencing technologies have the power to identify all ALS genes

2022

Sequencing by synthesis

Illumina HiSeq 2000 

1 persons genome

5 hours and 2 minutes (Jan 2022)

$399

Sequencing DNA is now 25,000 times faster and 50,00,000 times cheaper

Mutant ALS genes can be identified in >10% of apparently sporadic ALS 



WGS – accelerating gene discovery



Wang et al Front. Neurosci 2023



ALS1- SOD1 (1993). The first ALS gene 

Detecting SOD1 mutations in familial MND/ALS



SOD1: Toxic gain of function

•Mitochondrial dysfunction

•Excitotoxicity

•(Oxidative stress)

•Inflammation 

•Impaired axonal transport

•SOD1 misfolding, protein aggregation

•Proteasomal inhibition

•Apoptosis



SOD1: Toxic gain of function

•Mitochondrial dysfunction

•Excitotoxicity

•(Oxidative stress)

•Inflammation 

•Impaired axonal transport

•SOD1 misfolding, protein aggregation

•Proteasomal inhibition

•Apoptosis

SOD1 mutant Microglia: promote late 

disease progression

SOD1 mutant Astrocytes: promote motor 

neuron death, activate microglia, decrease 

survival

Ilieva et al J Cell Biology 2009 



BUT, 95% of ALS is not characterised by SOD1 

pathology, but by ubiquitinated inclusions



The major ubiquitinated protein in 95% of 

ALS and 50% of FTD is TDP-43

Neumann et al. 2006 

• TARDBP gene

• Highly conserved

• ~nuclear protein

• DNA & RNA 

binding

• RNA processing

• Autoregulates

ALS-FTD

• Mislocalisation 

(nuclear 

depletion +/- 

cytoplasmic 

aggregation)

• Fragmentation

• Phosphorylation

• Ubiquitination

• Autoregulation 

may be disturbed

• Cryptic exons 

appear



Burrell et al Lancet Neurol 2016



TARDBP mutations occur in ALS, indicating a 

mechanistic role for TDP-43 in neurodegeneration

Sreedharan et al 2008

A

            287                                                           347 

             |      A                                      K      V         | 

Human        GGFGNSR GGGAGLGNNQGSNMGGG --MNFGAFSINPAMMAAAQAAL QSSWGMMGMLASQQNQS  

Orangutan     GGFGNSR GGGAGLGNNQGSNMGGG --MNFGAFSINPAMMAAAQAAL QSSWGMMGMLASQQNQS  

Mouse        GGFGNSR GGGAGLGNNQG GNMGGG --MNFGAFSINPAMMAAAQAAL QSSWGMMGMLASQQNQS  

Opossum       GGFG NSRGGGAGLGNNQGSNMGGG --MNFGAFSINPAMMAAAQAAL QSSWGMMGMLASQQNQS  

Chicken       GGFGNSR GGGGGLGNNQGSNMGGG --MNFGAFSINPAMMAAAQAAL QSSWGMMGMLASQQNQS  

Frog         -GYPNSRPSSGALGNNQG GNMGGG GGMNFGAFSINPAMMAAAQAAL QSSWGMMGMLASQQNQS  

Zebrafish     GSRSNMGGGGGGSSSSLG--------- NF GNFNLNPAMMAAAQAAL QSSWGMMGMLA-QQNQS  

 

B



Region of TDP-43 encoded by exon 6Li et al J of Neurology 2022

Modelling disease-linked TDP-43 mutations may allow 

us to understand mechanisms of disease



Axonal transport 
(KIFAP3, Dynactin, 

KIF5A)

RNA metabolism, stress 

granules, RNA translation 
(TDP-43, FUS, ANG, SMN, Senataxin, 

Ataxin 2, C9orf72, hnRNPA1, NEK1, 

MATR3, TAF15, TIA1)

Mitochondrial 

dysfunction 
(SOD1, TDP-43, 

CHCHD10)

Protein degradation 
(SOD1  UBQLN1, UBQLN2, 

SQSTM1, TBK1, VCP, CCNF)

Axonal 

transport of 

mRNA/vescles 
(TDP-43, ANXA11)

Gene 

expression, 

transcription, 

chromatin 

modelling 
(TDP-43, FUS, 

ELP3, CREST)

Dendritic spine architecture 

(FUS, Profilin 1), local 

translation (TDP-43)

Astrocytes, microglia & 

oligodendrocytes: non-cell autonomy 
(SOD1; TDP-43; TBK1; DAO)

Vesicular 

transport, endo-

lysosomes 
(VAPB, FIG4, Alsin, 

C9orf72, OPTN, 

CHMP2B, SQSTM1, 

UBQLN2, PGRN)

Wallerian 

degeneration 
(SARM1)

Glutamatergic 

excitoxicity (nAChR, 

DAO)

Trophic factors 
(ANG, VEGF, PGRN)

Understanding 

mechanism

Actin 

dynamics, 

neurite 

outgrowth 
(Profilin1, 

Epha4, NEFH, 

TUBA4A)

ER stress 
(SOD1)

Structural 

genomic 

variants 
(C9orf72, Ataxin2, 

VCP, ERBB4)

Golgi 

maintenance 
(OPTN)

DNA damage (FUS, TDP-43)

neurotrans

mission 
(UNC13A, 

CHRNA3)

TDP-43

N-C transport 
(GLE1)

Inflammation (TBK1, 

VCP, OPTN)

Autophagy, 

inflammation (OPTN, 

TBK1)



C9orf72 – the commonest genetic cause of 

ALS and FTD

Taylor, Brown, Cleveland 2016



Possible Mechanisms of C9 toxicity 

Gitler and Tsuiji Brain Res 2016



Axon degeneration – target for therapy and source of 

genetic variation!



Al-Chalabi and Brown 2017 (modified)

Genetic clues are linking together

TAR DNA-binding 

protein, 43kDa

19

MAPT
CHMP2B

PGRN
FTD

C9orf72

Cytoskeleton RNA processing Protein degradation

Cryptic 
exon

SARM1



Mehta et al Mol Neurodegen 2023

Genetic clues are linking together



Antisense drug delivery through a lumbar puncture

ASO drugs licensed in UK 

SpinrazaTM in SMA (Nusinersin)

Gene therapies with ASO : “Shoot the messenger”

Rossor et al 2018



Mutation target: SOD1

Trial type: double-blind placebo-controlled trial

Intervention: Anti-sense oligonucleotide (Tofersen, BIIB067) – reduces SOD1 synthesis

Sponsor: Biogen

Phase III VALOR completed. Open-Label Extension (OLE) ongoing. 

108 patients participated in VALOR

95 patients in the OLE

Tofersen also available gratis as part of an Early Access Programme (EAP)



TOFERSEN (Qalsody) THE FIRST ‘CURE’ FOR 

(SOD1) ALS!



Tofersen presymptomatic clinical trial -

NCT04856982

This has changed our genetic practice – R58 panel increasingly being done

Can’t do SOD1 only*

Should also do C9orf72??



Mutation target: FUSTrial type: double-blind placebo-controlled trial

Intervention: Anti-sense oligonucleotide (Jacifusen) – reduces FUS expression

Sponsor: Ionis

Trial Phase I-III in progress. Period 1 single ascending dose, Period 2 multiple ascending dose

Part 1: Enrollment target 49 patients worldwide Cohort A, 18 patients Cohort B. 61w double-blind treatment 
period

Part 2: Enrollment target of 77 patients worldwide. 80w Open Label Extension

~10 patients given the product as part of an Early Access Programme (EAP) prior to trial commencement (to 
be included in Part 2 enrollment)



Trial type: research tissue bank

Study overview: Central resource of samples and information from patients with MND 
and healthy controls

Sponsor: King’s College London and King’s College Hospital

Data collected: blood for genomic, viral and biochemical testing along with 
demographic and clinical data.  Saliva kits to expand. CSF and skin added to ethics

Aim: to build a resource of at least 2,000 participants

KCL MND Biobank



PRELUDE trial of lithium in MND:  

MAGNET TRIAL 

• Original lithium trials were 
all negative

• Genetic subgroup with 
rapid disease
– Shows benefit of lithium 

– Only in people carrying a 
variation in the UNC13A 
gene

– 'MAGNET' (Multi-arm, 
Adaptive, Group-
sequential trial NETwork) 
is the first international 
platform trial focused on 
finding effective 
treatments for MND. It will 
test multiple treatments 
simultaneously.

– Kings currently only 
recruiting site in UK



Conclusions

Genetic forms of ALS (5-10%) can tell us much about 
apparently sporadic ALS (90-95%)

SOD1, TDP-43 (and FUS) and C9orf72: three waves of 
research have dominated ALS and led to major 
breakthroughs

Technological advances: Linkage > GWAS > WGS

Genetics > Mechanism > Clinical trials > Genetics! 
– SOD1 gene therapy
– UNC13a and lithium
– HAART and HLA status



Questions?



Dilemmas and ethical implications

• Access to gene therapy

• Mutations identified in sporadic ALS

• Variants of uncertain significance 

– ATXN2 point mutation

– SOD1 splice site mutation

• Private genetic testing – UK and 

international
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