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Amyotrophic lateral sclerosis (ALS) is a lethal motor neuron disease characterised by the selective and gradual loss of
motor neurons in the spinal, bulbar and cortical regions. C. elegans has established itself as a favoured model organism
in the field of neurodegenerative disease research. Through analysis of gene mutations pertinent to these disease, it
provides a unique opportunity to identify pathogenic molecular pathways and explore promising therapeutic options.
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| 1. Amyotrophic Lateral Sclerosis (ALS)

ALS is a lethal motor neuron disease characterised by the selective and gradual loss of motor neurons in the spinal,
bulbar and cortical regions . The vast majority of ALS cases are sporadic, while 5-10% of patients exhibit apparent
autosomal dominant inheritance 2. Several causative genes have been linked to familial ALS, including Cu/Zn-binding
superoxide dismutase (SOD1), TAR DNA-binding protein (TDP-43), fused in sarcoma (FUS) and the chromosome 9
opening reading frame 72 (C9ORF72) &1,

| 2. Cul/zn-Binding Superoxide Dismutase (SOD1) Models

SOD1 was first identified as a causative gene of ALS in 1993 [4l. |t functions as an antioxidant catalyst for the conversion
of superoxide radicals into dioxygen and hydrogen peroxide, essentially preventing superoxide from damaging the cell &I,
To date, over 170 missense point mutations in SOD1 have been discovered, accounting for 10—-20% of familial ALS cases
[Bl8], Although the exact molecular mechanism of SOD1 protein-related toxicity has not yet been delineated, increasing
evidence supports that mutated SOD1 exerts its cytotoxic effects in a gain-of-function manner, causing aggregation,
mitochondrial dysfunction, oxidative stress elevation and proteostasis disruption [,

The gain-of-toxicity effects have been observed in transgenic C. elegans by introducing human SOD1 mutants. The
overexpression of human SOD1 (G93A) in C. elegans motor neurons led to prominent SOD1 aggregates, axon guidance
failure and motor defects ©I10, Similarly, worms with the pan-neuronal expression of human SOD1 (G85R) displayed
insoluble SOD1 aggregates, a reduced axonal size and number and significant locomotory impairment L2 \When
overexpressing disease-associated SOD1 mutations (A4V, G73R and G93A) in C. elegans body wall muscles, it yielded
similar gain-of-toxicity phenotypes, manifesting as the presence of SOD1 aggregates and severe appearance and
locomotion anomalies upon exposure to paraquat-induced oxidative stress compared to a control strain 3. In general,
these studies have managed to recapitulate some of the characteristic clinical phenotypes of ALS, such as the
progressive loss of motor capabilities, presence of toxic protein aggregates and axonal abnormalities 14!,

The above models in different tissues have greatly facilitated genetic and drug screenings related to SOD1 toxicity. In the
mammalian system, SOD1 neurotoxicity has been linked to the proteostasis network. The upregulation of the ubiquitin-
proteosome pathway or autophagy activities effectively mitigates SOD1 toxicity 22, A genome-wide RNA interference
(RNAI) screen using the SOD1 (G93A) model in C. elegans corroborated the protective role of the proteostasis network in
suppressing SOD1 toxicity and identified 63 genetic modifiers that were efficient in alleviating SOD1 aggregation. These
modifiers incorporated different aspects of the proteostasis network from the chaperone system and ubiquitin-proteosome
pathway to autophagy 18l In another model, TorsinA, an ER protein acting in a chaperone-like fashion, attenuated SOD1
(G85R)-induced ER stress, promoted the proteasomal degradation of mutant SOD1 protein and rescued behavioural
defects @4, Interestingly, genes regulating ageing have also been identified to modulate SOD1 toxicity. The
overexpression of daf-16 alleviated aggregates formation and reversed the paralytic phenotype elicited by SOD1
mutations. Consistently, metformin, a lifespan extension drug, showed protective effects against SOD1-induced
cytotoxicity. It significantly increased the lifespan and mitigated SOD1-induced locomotor dysfunctions, partially relying on



a daf-16-dependent pathway (8. Subsequently, metformin has recently entered a phase 2 clinical trial to examine its
safety and efficacy in ALS patients (19,

| 3. TAR DNA-Binding Protein (TDP-43) Models

Mutations in TDP-43 account for approximately 3% of familial ALS cases 2. TDP-43 is a ubiquitously expressed DNA-
and RNA-binding protein of 43 kDa that regulates transcription and alternative mRNA splicing and RNA stability 2. In
ALS patients, the sequestration and redistribution of phosphorylated TDP-43 proteins into intracytoplasmic ubiquitinated
inclusions, accompanied by a significant depletion in natural nuclear TDP-43, were discovered in their brain samples [l
(2211231 A gain-of-toxicity from nuclear TDP-43 mislocalisation to cytosolic inclusions has been reported to contribute to
TDP43 proteinopathy 241241,

The pan-neuronal expression of ALS-linked human TDP-43 mutants (G290A, A315T, Q331K, M337V) elicited
neurotoxicity in C. elegans. Worms exhibited distinct neurotoxic features including motor dysfunction, compromised
longevity and solid inclusions with phosphorylated protein aggregates, analogous to the hallmarks of TDP-43
proteinopathy in humans 24125 When expressed in motor neurons alone, TDP-43 (A315T) caused the progressive
deterioration of locomotor function, cytoplasmic insoluble aggregates and motor neuron degeneration, which resembled
the cellular phenotypes of human ALS 28],

Phosphorylation has been identified to play an important role in TDP-43 toxicity in C. elegans. Using a C. elegans model,
Liachko et al. [22] |ocated the phosphorylation site at serine residues 409/410 (s409/410), as a main driving factor for the
higher toxicity of mutant TDP-43 (G29A, M337V). In addition, a potent phosphatase, calcineurin, was recognised for its
precise dephosphorylation at the s409/410 sites. The genetic inhibition of this phosphatase in C. elegans profoundly
promotes phosphorylated accumulation and aggravates motor deficits 24, Another drug screen has revealed an
alternative potent drug candidate for its neuroprotective effects in treating TPD-43 mutant-caused neurotoxicity that
resembles familial ALS characteristics in C. elegans. a-Methyl-a-phenylsuccinimide (MPS), an active metabolite of a
widely used anti-epileptic drug, ethosuximide, rescued the locomotor deficits and extended the lifespan in the TDP-43
(A315T) model 28], This effect was mainly mediated through the DAF-16-dependent insulin-like pathway, indicating the
importance of the ageing pathway in relation to treating TDP-43 neurotoxicity 28, These studies exemplify the
practicability and robustness of the C. elegans model system for the high-throughput drug discovery of new drug
candidates.

| 4. Fused in Sarcoma (FUS) Models

About 4% of familial ALS cases are attributed to mutations in FUS, a gene encoding DNA- and RNA-binding proteins that
regulate DNA damage, RNA transcription, splicing and transport 2239 Similar to TDP-43, the proteinopathy of mutant
FUS proteins is characterised by the cytosolic accumulation of toxic FUS aggregates alongside a loss of wild-type B4
proteins, dysfunctional mMRNA metabolism and motor neuron degeneration 2331,

The overexpression of human FUS mutations (R514G, R521G, R522G, R524S and P525L) pan-neuronally in C. elegans
showed characteristic neuropathological changes, such as cytosolic aggregates, a gradual decline in locomotor activities
and a reduced lifespan. The severity of each mutant corresponded to the level of clinical severity of each one in humans
and failed to be restored by the WT FUS protein, indicating gain-of-function toxicity B1. A consistent phenotype was
observed in another study conducted by Vaccaro et al. 28], where they introduced full-length FUS variant S57A in C.
elegans motor neurons. Labarre A B4 engineered a single-copy human FUS mutant model in motor neurons, which
provoked a similar gain-of-toxicity phenotype, manifesting as progressive locomotory defects and destructive
neuromuscular junctions. Prior studies have suggested a link between FUS toxicity and autophagy. For further
investigation, Baskoylu et al. B3] introduced disease-causing mutations (R524S, P525L) into C. elegans FUS orthologue
fust-1. The study revealed that the neurotoxicity of fust-1 was partially due to the disturbance in autophagy following the
loss of fust-1, highlighting possible cellular mechanisms of FUS proteinopathy B3, Taken together, these models closely
mimic the clinical features of mutant FUS-related ALS cases and provide valuable insights into the cellular mechanisms
and pathogenesis of the disease.

| 5. Chromosome 9 Open Reading Frame 72 (C90RF72) Models

Hexaneulotide (GGGGCC) repeat expansions within a non-coding region of the C9ORF72 gene have been implicated to
be responsible for 10-40% of familial cases, making this the unprecedently most frequent ALS-causing gene [8IS7II38]
C90RF72 proteins play a role in the regulation of intracellular endolysosome trafficking in the autophagy-lysosome



pathway B2, Typically, more than 30 hexanucleotide repeats is considered etiopathogenetic, although, in some ALS
cases, the repeat counts can reach hundreds to thousands (38][40]

The overexpression of human C90ORF72 in C. elegans, consisting of 29 hexanucleotide repeats, either globally or pan-
neuronally, causes a severe age-dependent decline in motility in parallel to a shortened lifespan 4. This finding was
further corroborated by a separate study, where worms expressing 75 GGGGCC repeats pan-neuronally developed a
shortened lifespan, locomotor defects and distinct dipeptide repeat (DPRs) protein aggregates 42,

Although how exactly C9ORF72 confers toxicity remains enigmatic, a combination of loss-of-function and gain-of-function
has been speculated 7431 | oss-of-function toxicity is a result of the perturbed regulation of normal gene expression,
which ultimately leads to CO9ORF72 haploinsufficiency 2. In terms of gain-of-function toxicity, the leading theory is based
on repeat-associated non-AUG (RAN) translation, translating sense and antisense transcripts containing GGGGCC
repeats and producing five toxic dipeptide repeat (DPRs) proteins with the propensity to aggregate intracellularly “4l. The
five DPRs translated from GGGGCC repeats include poly-glycine-alanine (GA), poly-glycine-proline (GP), poly-glycine-
arginine (GR) in the sense direction and poly-proline-arginine (PR) and poly-proline-alanine (PA) in the antisense direction
(431 several studies have reported that arginine-containing dipeptides PR and GR possess the highest toxicity. Worms
expressing 50 repeats of PR or GR in either muscle or motor neurons developed an age-dependent paralytic pattern and
stunted growth 2], |t is noted that the nuclear localisation of the peptide is required to exert toxic effects (451, On this basis,
Snoznik, et al. 48 performed a forward genetic screen and identified spop-1, an orthologue for human SPOP (a conserved
nuclear E3 ubiquitin ligase adaptor protein), responsible for the neurotoxicity of PR50 and GR50. The inhibition of spop-1
significantly improved the abnormal behavioural phenotypes in worms, presenting a potential druggable target for the
alleviation the neurotoxicity of arginine-related dipeptides 148,
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