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Abstract: Motor neuron diseases (MNDs) are a heterogeneous group of neurodegenerative
disorders characterized by the progressive loss of motor neurons, resulting in debilitat-
ing physical decline. Advances in genetics have revolutionized the understanding of
MNDs, elucidating critical genes such as SOD1, TARDBP, FUS, and C9orf72, which are
implicated in their pathogenesis. Despite these breakthroughs, significant gaps persist in
understanding the interplay between genetic and environmental factors, the role of rare
variants, and epigenetic contributions. This review synthesizes current knowledge on the
genetic landscape of MNDs, highlights challenges in linking genotype to phenotype, and
discusses the promise of precision medicine approaches. Emphasis is placed on emerging
strategies, such as gene therapy and targeted molecular interventions, offering hope for
personalized treatments. Addressing these challenges is imperative to harness the full
potential of genomics for improving outcomes in MNDs.

Keywords: motor neuron diseases; genetics; neurodegeneration; precision medicine;
gene therapy

1. Introduction

Motor neuron diseases (MNDs) represent a diverse group of progressive neurodegen-
erative disorders characterized by the degeneration of motor neurons in the brain and spinal
cord. These conditions result in a wide range of symptoms, including muscle weakness,
spasticity, and eventual paralysis, severely impairing mobility and daily functioning [1].
Patients experience symptoms that affect both upper and lower motor neurons, leading
to twitching, cramps, muscle stiffness, and spasms, which further diminish coordination,
walking ability, and fine motor skills. As the disease advances, speech and swallowing
difficulties may emerge, further complicating patient care and quality of life [2].

The MND spectrum includes several clinically distinct disorders [3]. The most common
are amyotrophic lateral sclerosis (ALS), primary lateral sclerosis (PLS), and spinal mus-
cular atrophy (SMA), each with unique pathophysiology, symptom profiles, and disease
progression rates. Additionally, less common but significant forms include infantile-onset
ascending hereditary spastic paralysis (IAHSP), hereditary spastic paraplegia (HSP), pro-
gressive muscular atrophy (PMA), spinal and bulbar muscular atrophy (SBMA)—also
known as Kennedy’s disease—and lethal congenital contracture syndrome (LCCS). These
conditions collectively constitute the full spectrum of MNDs. Central to the pathology
of MNDs are genetic mutations in several key genes, including C9orf72, SOD1, TARDBP,
and FUS. These mutations contribute to motor neuron degeneration through mechanisms
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such as oxidative stress, impaired autophagy, and abnormal RNA metabolism. Specifically,
oxidative stress leads to cellular damage, while defects in autophagy result in the accumu-
lation of damaged proteins and organelles, disrupting neuronal homeostasis. Abnormal
RNA metabolism further compromises essential cellular functions, exacerbating motor
neuron degeneration [1,4,5].

This review aims to provide a comprehensive overview of the genetic foundations and
molecular mechanisms underlying MNDs. Furthermore, it explores gaps in current clinical
management and offers insights into potential future therapeutic strategies. By identifying
the most critical pathogenetic mechanisms, this review seeks to highlight approaches for
innovative therapies and precision medicine that could improve patient outcomes.

2. Diseases and Associated Genes
2.1. ALS

ALS is a progressive neurodegenerative disease that primarily affects upper and
lower motor neurons in the motor cortex, brainstem, and spinal cord [6,7]. This leads to
muscle weakness, atrophy, and eventual paralysis. Muscle twitching (fasciculations) and
cramps are also common [8]. As the disease advances, lower motor neuron degeneration
leads to muscle atrophy and weakness, while upper motor neuron damage results in
spasticity and hyperreflexia [9]. Bulbar involvement occurs in about 25% of patients at onset,
characterized by dysarthria (slurred speech) and dysphagia (difficulty swallowing) [10].
Respiratory muscles eventually become affected, leading to dyspnoea (difficulty breathing)
and respiratory failure. Most patients with ALS die from respiratory complications within
3-5 years of symptom onset [11]. The exact cause of ALS remains unknown, but it is thought
to involve both genetic and environmental factors. Several genes, including C90rf72, SOD1,
TARDBP, and FUS, have been directly implicated in ALS pathogenesis. Mutations in these
genes contribute to familial ALS (5-10% of cases) and sporadic ALS (90-95%) cases [12-14].

Apart from the genetic background, environmental risk factors are also proposed to
play a part in its development. These include exposure to lead and pesticides, smoking,
military service, and trauma. However, definitive causal relationships are lacking due
to variability in findings. Genes associated with ALS include SOD1, FUS, TARDBP, and
C90rf72, each contributing to ALS pathology through mechanisms like RNA metabolism
disruption, oxidative stress, and impaired cellular trafficking, ultimately leading to mo-
tor neuron degeneration. The connection between oxidative stress and ALS is crucial,
as oxidative stress is a significant contributor to the decline in cellular function in this
neurodegenerative disease [15,16]. Oxidative stress occurs in cases of disparities between
the production and buildup of oxygen reactive species (ROS) in cells and tissues, and
the biological system’s capacity to remove these reactive substances [17]. Increased ROS
concentration indicates harmful effects on cellular structures like proteins and lipids and
can impair their functions and the antioxidant protection of the body [18]. In ALS, oxidative
stress can lead to damage in motor neurons, accelerating their degeneration and contribut-
ing to the disease’s progression, particularly in adult-onset forms linked to aging [4,15].
The several genes, whose mutations are associated with the pathogenesis of this disease
and are related to subsequent disruptions in RNA metabolism, oxidative stress, and cellular
trafficking, will be analyzed.

2.1.1. SOD

SOD genes are critical for protecting cells from oxidative stress. There are three known
isoforms—SOD1, which requires copper and zinc ions to function in the cytoplasm; SOD2,
which is manganese-dependent and located in the mitochondria; and SOD3, which also
uses copper and zinc but localizes in the extracellular matrix. These metal ions are essential
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cofactors, enabling each isoform to neutralize reactive oxygen species in different cellular
environments [19]. Among those three, SOD1 plays a particularly significant role in ALS. It
encodes the enzyme superoxide dismutase 1 (Cu/ZnSOD), which is crucial for converting
toxic superoxide radicals into hydrogen peroxide and oxygen, helping to prevent cellular
damage caused by ROS. SOD1 functions as a homodimer, stabilized by disulfide bridges,
a structure essential for its enzymatic activity. Mutations in the SOD1 gene are directly
implicated in ALS pathogenesis, leading to dysfunction of the protein, increased oxidative
stress, and subsequent motor neuron degeneration [5,20]. The second isoform, SOD2,
is located in the mitochondria, where it protects mitochondrial integrity by converting
superoxide radicals into hydrogen peroxide [21]. Lastly, SOD3 operates in extracellular
spaces, where it similarly breaks down superoxide radicals, safeguarding against oxidative
stress outside the cell [22].

Directly linked with SOD1 is the Nrf2-ARE pathway, which serves as an inherent
defense mechanism against oxidative stress [23]. SOD1 is intertwined with the Nrf2/ARE
pathway due to its role as an antioxidant enzyme, and its expression is regulated by this
pathway [24]. Nrf2 acts as a transcription factor that activates numerous genes, such as
NQO1 (NAD(P)H quinone dehydrogenase 1), HO-1 (Heme oxygenase 1), GPX (Glutathione
peroxidase), and CAT (Catalase), which are responsible for protecting cells and aiding
in detoxification processes [25-27]. Upon activation, the Nrf2 pathway upregulates the
transcription of SOD1, increasing SOD1 protein levels and amplifying the cell’s antioxidant
capacity, thereby enhancing its ability to combat oxidative stress [28]. Furthermore, Nrf2
is increasingly recognized for its role in regulating mitochondrial function, particularly
through mitophagy, a process critical for removing damaged mitochondria and preventing
mitochondrial dysfunction and oxidative stress accumulation. Nrf2 also intersects with
inflammatory signaling pathways, especially through the inhibition of the NF-«B pathway,
highlighting its dual role in reducing oxidative stress and inflammation, both of which
are implicated in ALS progression [29,30]. Dysfunction in either the SOD1 gene or the
Nrf2/ARE signaling pathway may contribute to ALS by weakening cellular defenses
against oxidative stress and inflammation, accelerating motor neuron degeneration [31].

Several mechanisms have been suggested to explain the contribution of oxidative
stress in the development of MNDs, with two being the most prominent. Specifically, the
first mechanism involves mutations in SOD1 that induce structural changes leading to
cytotoxic enzymatic activity and increased oxidative stress [32]. Mutations in the SOD1
gene, such as G93A and A4V, alter the enzyme’s structure in ways that directly impair its
ability to neutralize superoxide radicals, resulting in a toxic buildup of ROS. These muta-
tions disrupt the enzyme’s metal-binding sites, which are crucial for its normal catalytic
activity. As a result, mutant SOD1 is less effective at neutralizing superoxide radicals, and
this loss of function leads to an accumulation of superoxide radicals, significantly elevating
oxidative stress within cells [33,34]. The resulting oxidative stress damages vital cellular
components like proteins, lipids, and DNA. Neurons are particularly susceptible to oxida-
tive stress due to their high energy demands and limited repair capacity. This vulnerability
makes oxidative stress a central factor in MNDs, particularly in ALS, where it contributes
to neuronal degeneration and the progressive loss of motor function [35]. The second
mechanism involves SOD1 mutations that increase the likelihood of protein misfolding and
aggregation, which disrupt cellular processes and contribute to neurodegeneration [36].
Additionally, these structural changes lead to the formation of cytoplasmic inclusions. The
aggregation of misfolded SOD1 variants contributes significantly to cellular toxicity. These
aggregates impair mitochondrial function, which not only reduces ATP production but also
increases the generation of ROS. Furthermore, SOD1 aggregates disrupt axonal transport,
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crucial for maintaining neuronal health and function, thereby compounding the oxidative
damage within motor neurons and accelerating their degeneration [37-39].

Recent studies have expanded the understanding of ALS pathogenesis by highlight-
ing the role of non-neuronal cells, particularly glial cells and muscle cells, in the disease.
Mutant SOD1 not only impacts motor neurons but also creates a toxic environment in
surrounding glial cells, which become hyperreactive due to the activation of inflammatory
pathways [40]. This activation triggers microglia and astrocytes to release proinflamma-
tory cytokines, such as TNF-«, IL-13, and IL-6, leading to increased oxidative stress and
excitotoxicity, contributing to neurotoxicity and accelerating motor neuron degeneration.
This triggers an inflammatory response, contributing to neurotoxicity and accelerating
motor neuron degeneration [41,42]. Neuroinflammation is critical for understanding how
SOD1 mutations contribute to the progression of ALS. Glial cells, normally responsible
for supporting neurons and maintaining a healthy extracellular environment, become
reactive in the presence of mutant SOD1, amplifying the neurotoxic environment [43].
Astrocytes, which typically regulate extracellular glutamate and provide metabolic support
to neurons, become reactive when exposed to mutant SOD1. This reactivity leads to the
release of proinflammatory cytokines and a failure to clear excess glutamate, resulting
in excitotoxicity. The resulting neuroinflammatory state exacerbates oxidative stress and
accelerates neuronal death, illustrating how glial cells contribute to SOD1-driven disease
mechanisms [44].

Similarly, microglia are heavily implicated in this process. Mutant SOD1 triggers
microglia to shift from a neuroprotective role to a proinflammatory, neurotoxic state. Acti-
vated microglia release additional ROS and proinflammatory molecules, further damaging
motor neurons. The interaction between reactive microglia and mutant SODI1-expressing
neurons creates a vicious cycle of inflammation and oxidative stress, underscoring the
importance of targeting both neuronal and glial dysfunction in therapeutic strategies for
ALS [45]. Additionally, skeletal muscle cells show early signs of dysfunction due to calcium
dysregulation, particularly in the context of mutant SOD1. This dysregulation arises from
impaired calcium handling mechanisms, including alterations in calcium release from the
sarcoplasmic reticulum and disruptions in calcium channels. The altered calcium home-
ostasis impacts mitochondrial function, further increasing ROS production and impairing
the cross-talk between motor neurons and muscle cells. Disruptions in calcium signaling
impair mitochondrial calcium regulation, leading to energy deficits and contributing to
muscle weakness in ALS [46].

2.1.2. TARDBP

Defects in RNA metabolism and processing are also implicated in ALS development [47].
ALS has been increasingly linked to mutations in genes encoding RNA-binding proteins.
TARDBP is one of these genes. Specifically, TARDBP encodes the TDP-43 protein (TAR DNA-
binding protein 43), which plays a crucial role in various essential cellular processes, including
transcription, splicing, RNA transport, and stability. In its normal state, TARDBP forms RNA
transport granules that guide mRNA molecules to the dendrites and axons for local translation,
enabling neurons to rapidly respond to synaptic activity [48,49]. This localization supports the
synthesis of proteins required for synaptic remodeling, which is vital for learning, memory,
and overall cognitive function by binding to RNA molecules with UG-rich sequences via
its RNA recognition motifs (RRMs), TDP-43 regulates the lifespan and transport of specific
mRNAs, which is particularly important in neurons where localized translation supports
synaptic function and plasticity. Through these interactions, TDP-43 ensures proper mRNA
localization and protein synthesis in response to cellular signals [50].
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Additionally, TARDBP plays a crucial role in regulating protein synthesis within
dendrites. In neurons, localized protein synthesis is essential for synaptic function and
plasticity. By controlling the transport of specific mRNAs to dendrites and facilitating
their local translation, TARDBP ensures that proteins required for synaptic signaling and
remodeling are synthesized close to their site of action. This localized control of protein
synthesis allows neurons to rapidly adapt to changes in synaptic activity, maintaining
their functional integrity [51]. TARDBP helps manage this process by interacting with
RNA-binding proteins and ribonucleoprotein complexes that regulate translation. TDP-43
is vital for maintaining normal neuronal function by regulating RNA metabolism and
protein homeostasis by preventing toxic aggregate formation [52].

During cellular stress, it is also involved in the formation and regulation of stress
granules, which are structures that pause translation and stabilize RNA, allowing the cell
to manage stress until conditions normalize. Stress granules act as temporary storage
sites for stalled translation initiation complexes, helping the cell conserve resources and
manage stress. When participating in stress granule formation, TARDBP helps cells adapt
to stress by pausing translation and protecting RNA from degradation [53,54]. Once the
stress reduces, stress granules disassemble, allowing normal cellular function to resume.
Mutations in TARDBP have been identified as significant contributors to familial ALS.
Among these mutations, three notable heterozygous missense mutations have been charac-
terized, which will be mentioned in the following paragraphs. Missense mutations are the
most common mutations in TARDBP and are characterized by a single amino acid change
that can significantly alter the protein’s ability to bind RNA. This disruption can lead to
improper RNA processing and the aggregation of TDP-43 in the cytoplasm, contributing to
neurodegenerative processes.

Notably, mutations in the C-terminal glycine-rich domain of TDP-43 are particularly
impactful, as this region is critical for protein—protein interactions, further exacerbating
the pathogenic effects associated with these mutations [55,56]. Firstly, p.M337V involves
a substitution of methionine for valine at codon 337, which has been reported in familial
ALS cases. The mutation affects a highly conserved region of TDP-43, which is crucial
for its interactions with other proteins involved in RNA processing. Biochemical studies
suggest that the presence of this mutation may lead to altered protein stability and function,
contributing to neurodegenerative processes [57,58]. Secondly, p.N345K, which represents a
mutation where asparagine is replaced by lysine at codon 345, introduces a positive charge
to the protein structure, which may disrupt TDP-43’s normal biochemical interactions. The
functional consequences of this mutation are still under investigation, but initial findings
indicate that it may influence the aggregation propensity of TDP-43, further exacerbating
its neurotoxic effects [55,59].

p-I383V is another heterozygous missense mutation that substitutes isoleucine for
valine at codon 383. Similar to the other mutations, this alteration occurs within the
C-terminal domain of TDP-43, which is essential for its protein—protein interactions. The
effects of this mutation on TDP-43 functionality are not yet fully understood, but its presence
in familial ALS patients suggests it may also lead to a toxic gain of function and contribute
to motor neuron degeneration [56,60]. Biochemical analyses of lymphoblastoid cell lines
derived from ALS patients presenting with these mutations have revealed a substantial
accumulation of caspase-cleaved TDP-43 fragments, specifically at approximately 35 kDa
and 25 kDa. This accumulation indicates a toxic gain of function that may lead to cellular
apoptosis and subsequent motor neuron degeneration [60]. Importantly, these mutations
were not found in a large cohort of control individuals, reinforcing their significance as
rare but critical genetic factors in familial ALS. The frequency of TARDBP mutations in
familial ALS patients is low, highlighting the importance of genetic screening in this patient
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population [61]. Continued research into the functional implications of these mutations and
their effects on TDP-43 dynamics is essential for developing targeted therapeutic strategies
aimed at mitigating the consequences of TDP-43 pathology in ALS.

The mutations mentioned above are linked to TDP-43 aggregation and mislocalization.
In ALS, TARDBP mislocalizes from the nucleus to the cytoplasm, forming pathological
aggregates that disrupt RNA processing and transcription regulation. This mislocalization
results from impairments in nuclear transport and dysregulation of nuclear export signals
(NESs), exacerbated by oxidative stress [62]. Cytoplasmic TARDBP accumulation is driven
by dysfunction in protein degradation pathways, including the ubiquitin—proteasome
system (UPS) and autophagy. Its presence in stress granules suggests a broader cellular
stress response, which, if unresolved, becomes pathogenic [63]. Mislocalized TDP-43 both
loses nuclear functions and gains toxic cytoplasmic functions, leading to aberrant protein
interactions, impaired homeostasis, and activation of apoptotic pathways [64]. Additionally,
TARDBP mislocalization disrupts mRNA transport and local protein synthesis necessary for
synaptic plasticity, weakening neuronal communication and contributing to degeneration.
Persistent stress granules further dysregulate RNA metabolism, increasing cellular stress
and promoting aggregation, ultimately exacerbating neurodegeneration in MNDs [65].

TDP-43 has been shown to undergo liquid-liquid phase separation (LLPS), a pro-
cess by which proteins form dynamic, membraneless condensates essential for normal
cellular function [66]. Through LLPS, TDP-43 contributes to the assembly of structures
such as stress granules, paraspeckles, and nucleoli. This phase separation is mediated by
its prion-like domain (PrLD) and RNA-binding domains, which provide the multivalent
interactions necessary for condensate formation. However, dysregulation of TDP-43 LLPS,
often influenced by disease-linked mutations, can drive aberrant phase transitions from
liquid-like states to solid, pathogenic aggregates. Such aggregation disrupts cellular home-
ostasis and is considered a critical mechanism underlying motor neuron degeneration in
ALS [67]. Table 1 summarizes key genes implicated in ALS pathogenesis, highlighting
their encoded proteins, chromosomal loci, and primary pathogenic mechanisms based on
current molecular insights.

Table 1. Genes related to ALS pathogenesis.

Chromosomal

Gene Name Encoded Protein Locus Pathogenic Mechanism Ref.
. . Mutant SOD1 misfolds, aggregates, and induces oxidative

S0Db1 Superoxide dismutase 1 21q22.11 stress, mitochondrial dysfunction, and motor neuron death. [39,46]

TARDBP TAR DNA-binding protein 43 1p36.22 TDP—43.mlslocal1zes, forming toxic aggregates thf:lt disrupt RNA [62]
processing, autophagy, and neuronal homeostasis.

. Cytoplasmic mislocalization causes toxic aggregation, impaired
Fus Fused in sarcoma 16pll2 RNA metabolism, and stress granule dysfunction. [68]
. G4C2 repeat expansion forms RNA foci, toxic dipeptides,

Corf72 C9orf72 protein op212 disrupts autophagy, and induces neurotoxicity. 169,701

ALS2 Alsin 2g33.1 Loss of function disrupts enfiosomal trafficking, autophagy, and (71]
intracellular transport, causing motor neuron degeneration.

ATXN? Ataxin-2 12q24.12 PolyQ expansions enhance TDP-43 aggregation, impair RNA [72]

metabolism, and increase ALS risk.

Information on the full names of genes and chromosomal loci was obtained from The Human Protein Atlas
(https:/ /www.proteinatlas.org). ALS2: Alsin; ATXN2: Ataxin-2; C9orf72: Chromosome 9 Open Reading Frame
72; FUS: Fused in Sarcoma; SOD1: Superoxide Dismutase 1; TDP-43: TAR DNA-binding protein 43.

2.1.3. FUS

FUS, which is encoded by the FUS gene, is a vital RNA-binding protein that plays a
significant role in multiple aspects of RNA metabolism and processing [73]. Dysfunctions
of this protein or mutations in FUS are linked to ALS [74,75]. Primarily located in the
nucleus, FUS is responsible for RNA binding and processing, particularly in the 3’ un-
translated regions (UTRs) of mRNA [76,77]. Through its interaction with the transcription
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complex, FUS plays a key role in the regulation of gene expression, ensuring the proper
splicing and maturation of mRNA. It also facilitates the transport of RNA molecules
to specific subcellular compartments, an essential function for maintaining cellular
homeostasis [47,78].

Mutations in FUS can arise due to various mechanisms, including spontaneous er-
rors in DNA replication, genetic inheritance, and environmental factors. Spontaneous
mutations may occur due to errors during DNA replication or repair processes, leading
to alterations in the protein’s structure and function. Hereditary mutations in FUS can
be passed through generations, particularly affecting individuals with familial forms of
neurodegenerative diseases like ALS. These mutations lead to both toxic gain-of-function
and loss-of-function effects, disrupting key cellular processes and contributing to disease
pathology. Additionally, environmental factors, such as exposure to oxidative stress or
toxins, can induce DNA damage, resulting in mutations in FUS. Mutations in FUS can
cause the protein to mislocalize to the cytoplasm. This mislocalization results in a loss-
of-function effect, as the FUS protein is no longer available to perform its critical nuclear
tasks [79,80]. The mislocalized FUS protein cannot effectively regulate RNA processing
and transcriptional activities, leading to defects in RN A maturation and processing. The
loss of these nuclear functions results in the accumulation of defective or unprocessed RNA
species, which impairs normal gene expression and cellular function [81]. The effect of the
mislocalized FUS extends to RNA metabolism, where the protein’s inability to participate
in the splicing of pre-mRNA and the assembly of ribonucleoprotein complexes leads to
further accumulation of improperly processed RNA. This disruption in RNA processing is
a key factor in the pathogenesis of diseases associated with FUS mutations [82].

Furthermore, mutant FUS molecules are prone to forming cytoplasmic aggregates,
a common sign of various neurodegenerative diseases. These aggregates consist of mis-
folded or aberrantly processed FUS proteins that accumulate in the cytoplasm of affected
neurons [81]. This misfolding can be considered to exhibit a gain-of-function effect due to
the mutant FUS proteins acquiring toxic properties, leading to the formation of aggregates
that disrupt normal cellular function [83]. The cytoplasmic inclusions formed by these
aggregates are composed of hyperphosphorylated and ubiquitinated FUS, indicating a
cellular stress response to abnormal protein accumulation. The formation of these cytoplas-
mic aggregates leads to multiple detrimental consequences. Essential proteins and RNA
molecules are separated by the aggregates, impairing their availability and functionality.
Crucial cellular processes, including RNA metabolism, protein synthesis, and cellular
signaling, are disrupted as a result. Additionally, the aggregates introduce a toxic gain of
function, interfering with normal cellular activities while triggering oxidative stress and
inflammation [84,85]. This, in turn, exacerbates cellular toxicity and contributes to disease
progression [83]. Additionally, the aggregation of FUS proteins can trigger stress-related
signaling pathways and inflammatory responses, further contributing to neuronal dys-
function and neurodegeneration. Regarding the two mechanisms, aggregation introduces
toxic gain-of-function effects that disrupt cellular processes, while mislocalization results
in a loss of function that impairs essential RNA processing activities [83]. Together, these
mechanisms lead to neuronal dysfunction, cellular stress, and inflammation, which are
characteristic features in MNDs [86].

FUS mutations are associated with early-onset ALS, often leading to a more aggres-
sive disease course [87]. This correlation was further confirmed in a recent study, which
highlighted that early-onset cases with FUS mutations exhibit rapid disease progression
and shorter survival rates compared to mid-to-late-onset cases. Patients with FUS muta-
tions typically experience rapid motor function decline, resulting in shorter survival times
compared to sporadic ALS cases. The distinct clinical presentation of FUS-linked ALS
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highlights the need for genetic testing in younger patients with ALS symptoms [68,88].
Genetic testing for FUS mutations is crucial for diagnosing ALS, particularly in patients
with a family history of these diseases. Early identification of FUS mutations can help
in diagnosing younger patients and guide treatment strategies, as the clinical course of
FUS-related diseases can be more aggressive. Given this strong clinical correlation, ge-
netic testing for FUS mutations is important for early diagnosis, informing prognosis, and
guiding patient management, including genetic counseling [89].

2.1.4. C9orf72

The C90rf72 gene encodes a protein that plays an important role in cellular homeostasis.
This gene is associated with neurodegenerative disorders, particularly ALS. C90rf/2 has
various roles in maintaining cellular homeostasis, through its role in autophagy, which
is critical for clearing toxic proteins and preventing neurodegeneration, particularly in
neurons [90,91]. Additionally it is involved in endocytosis, autophagy, and lysosomal
function [92-94]. Mutations in C90rf72 disrupt autophagy by reducing C9orf72 protein
levels and producing toxic dipeptide repeats, which impair autophagic flux and lysosomal
function, contributing to neurodegeneration in ALS and other MNDs [95]. Additionally,
C90rf72 interacts with RNA-binding proteins involved in RNA splicing, transport, and
stability, which are crucial for the proper processing and maturation of mRNA necessary
for accurate gene expression and protein synthesis.

Disruptions in RNA processing due to C9o0rf72 mutations can lead to the accumulation
of toxic proteins. Furthermore, C90rf72 plays a role in the stress response by assisting in the
formation of stress granules, which protect RNA and proteins under cellular stress [96,97].
Mutations in C90rf72 can impair stress granule formation, increasing neuronal vulnerability
and accelerating neurodegeneration in ALS [98]. The discovery of hexanucleotide repeat
expansions (G4C2 repeats) within this gene marked a major breakthrough, revealing
that these mutations are the most prevalent genetic cause of familial ALS [99]. These
repeat expansions are characterized by an abnormal increase in the number of G4C2
sequences within the gene, which leads to various pathogenic mechanisms that drive
the neurodegenerative processes seen in ALS [69]. In individuals affected by ALS, the
number of G4C2 repeats can extend into the hundreds or thousands, while unaffected
individuals typically have fewer than 30 repeats. This expanded repeat region has been
linked to several pathogenic mechanisms that contribute to neurodegeneration. One major
mechanism is RNA toxicity. The repeat expansions form abnormal RNA foci in neurons,
which sequester RNA-binding proteins, leading to disruptions in RNA metabolism. This
interference in normal cellular processes contributes to the degeneration of motor neurons
in ALS [70,100,101].

Additionally, another key mechanism involves protein aggregation. The repeat expan-
sions result in the production of dipeptide repeat (DPR) proteins via non-ATG translation,
which accumulate in neurons and form toxic aggregates. These aggregates further con-
tribute to cellular dysfunction and neurodegeneration [102]. Understanding the specific
ways in which these mutations disrupt cellular functions is essential for developing targeted
therapeutic strategies and improving patient outcomes in these devastating diseases.

2.1.5. ALS2

ALS2, which encodes the protein Alsin, plays a crucial role in endosomal traf-
ficking and autophagy. Alsin plays a key role in maintaining the health and func-
tion of motor neurons by facilitating the proper recycling and degradation of cellular
components [103,104]. Alsin participates in Rab5-mediated endosome fusion, a process
essential for the proper function of the endocytic pathway. This ensures efficient intracellu-
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lar trafficking, allowing for the correct sorting and processing of proteins and lipids [105].
ALS?2 also plays a crucial role in autophagy, aiding in the clearance of damaged proteins and
organelles. This function is particularly important for neuron health, as the accumulation
of cellular debris can lead to neurodegenerative conditions [106]. Finally, ALS2 is involved
in vesicle transport, which is vital for maintaining axonal integrity by facilitating the move-
ment of vesicles within neurons, thereby preserving both the structure and function of
motor neurons [107,108].

Mutations in ALS2 result in impaired Alsin function, disrupting cellular homeostasis
and contributing to motor neuron degeneration. Mutations in the ALS2 gene, i.e., nonsense,
frameshift, and missense mutations, often lead to premature truncation or single amino
acid substitutions in the Alsin protein. One of the primary consequences of these mutations
is the impairment of endosomal trafficking [109]. Without functional Alsin, the
mboxemphALS2-mediated endosomal trafficking pathway becomes dysfunctional, lead-
ing to the improper transport and degradation of proteins and organelles within the
neuron [108,110]. This disruption has a cascading effect on other vital neuronal processes,
particularly autophagy. The disruption of autophagy is a central pathological feature of
ALS2 mutations [111,112]. However, when Alsin is lost or its function is compromised,
this autophagic process becomes defective. Damaged cellular components accumulate
within motor neurons due to inefficient clearance, creating a toxic environment that triggers
neuronal death. Moreover, defective autophagy renders neurons highly susceptible to
oxidative stress [113,114]. In neurons lacking functional Alsin, the impaired clearance of
these damaged structures results in elevated oxidative stress, further contributing to the
degeneration of motor neurons. This oxidative damage accelerates neurodegenerative
processes, worsening the progression of MNDs [115,116]. Another significant patholog-
ical consequence of ALS2 mutations is the impairment of vesicle transport. The failure
of Alsin/Rab5 GTPase interaction results in the disruption of the delivery of essential
molecules along axons, leading to neuronal dysfunction.

Alsin contains several functional domains that mediate its diverse cellular activities.
The N-terminal RCC1-like domain (RLD) facilitates guanine nucleotide exchange, con-
tributing to intracellular signaling. The central DH/PH tandem domain regulates Rho
GTPases and is involved in cytoskeletal organization and endosomal trafficking. The VPS9
domain promotes Rab5 activation, which is essential for early endosome function, while
the multiple MORN motifs are associated with membrane binding [110,117]. Mutations
affecting these domains impair vesicle trafficking, membrane dynamics, and cytoskeletal
regulation, ultimately promoting motor neuron degeneration in conditions such as juvenile
ALS and hereditary spastic paraplegia. Domain-specific analysis offers a useful frame-
work for linking molecular defects in Alsin to clinical phenotypes and may guide future
therapeutic strategies [118].

The most prominent condition linked to ALS2 mutations is juvenile-onset ALS, a rare
form of ALS that typically manifests before the age of 25. Unlike adult-onset ALS, juvenile-
onset ALS tends to progress more slowly but still leads to the degeneration of both upper
and lower motor neurons. The impaired Alsin function in juvenile-onset ALS results in
the disruption of neuronal repair and maintenance, causing progressive muscle weakness,
spasticity, and difficulties with movement and coordination. Over time, patients may
experience significant motor impairment, including issues with speech and swallowing,
although cognitive function generally remains intact, indicating that the neurodegenerative
effects of Alsin dysfunction are primarily motor-focused [119,120]. Understanding these
mechanisms is essential for improving patient outcomes in these devastating diseases.



Int. J. Mol. Sci. 2025, 26, 4904

10 of 30

2.1.6. ATAXIN-2

ATXN?2 has also been implicated in the pathology of ALS and Spinocerebellar Ataxia
Type 2 (SCA2). Mutations in ATXN2, particularly expansions in its polyglutamine (polyQ)
domain, are associated with an increased risk of ALS. ATXN?2 interacts with RNA-binding
proteins like TDP-43 and contributes to RNA metabolism and stress granule dynamics.
Expanded polyQ repeats in ATXN2 can enhance TDP-43 aggregation and disrupt cellular
homeostasis, further contributing to disease mechanisms. Understanding ATXN2’s role
offers additional insights into RNA metabolism dysfunction in MNDs [121-123].

2.2. SMA

Spinal muscular atrophy (SMA) is a genetic disorder characterized by the degeneration
of lower motor neurons in the spinal cord, resulting in progressive muscle weakness and
atrophy [124]. SMA is classified into four main types, each varying in severity and age of
onset. Common symptoms across all types include difficulty with swallowing, breathing,
and loss of mobility. Weakness is more pronounced in proximal muscles [125]. Type 1,
the most severe form, manifests in infancy with profound muscle weakness, difficulty
breathing, and trouble swallowing. Without treatment, these symptoms often lead to
early mortality due to respiratory failure [126,127]. Type 2 affects children between 6
and 18 months of age. Patients with this form can sit independently but are unable to
stand or walk unaided, with muscle weakness and respiratory issues being prominent,
although life expectancy is longer than in Type 1 [128]. Type 3 develops after 18 months,
usually in childhood. Individuals can often walk during early years but may lose this
ability over time as weakness progresses [129]. Type 4, the mildest form, has an onset
in adulthood, with slower disease progression and less severe muscle weakness [130].
These observations further support the view that the neurodegenerative effects of Alsin
dysfunction are primarily motor-focused [119,120], and understanding these mechanisms
is crucial for improving patient outcomes in these devastating diseases.

SMN1/SMN?2

SMA is caused by mutations in the SMN1 gene, which encodes the survival motor
neuron (SMN) protein [131]. The clinical severity of SMA varies, primarily depending on
the number of functional SMN2 gene copies. While SMN2 can produce some SMN protein,
it does so inefficiently, leading to disease modification but not prevention. Individuals with
more copies of SMN2 tend to have milder forms of SMA [132]. SMN1 encodes the survival
motor neuron (SMN) protein, which is essential for the maintenance and function of motor
neurons [133]. SMN is a critical component of the spliceosome, the molecular machinery
responsible for processing pre-mRNA into mature mRNA. SMN plays an essential role in
assembling small nuclear ribonucleoproteins (snRNPs), which are required for accurate and
efficient splicing. By ensuring the proper removal of introns and the joining of exons, SMN
facilitates the generation of mature mRNA, enabling the synthesis of proteins necessary for
various cellular functions. This process is fundamental for the regulation of gene expression
and the maintenance of normal cellular activity (Figure 1) [134].

Additionally, the SMN protein plays a vital role in axonal transport. Axons, which can
extend long distances from the cell body, require an efficient transport system to deliver
critical components such as organelles, proteins, and mRNA to the distal parts of the neuron.
SMN is involved in facilitating this transport, ensuring that neurons receive the necessary
materials to maintain their structure, function, and communication with other cells. Proper
axonal transport is crucial for the health and functionality of motor neurons, allowing
them to sustain long-term activity and support motor control [135-137]. Finally, the SMN
protein helps maintain the integrity of cellular processes by preventing the accumulation
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of damaged proteins and organelles. By facilitating the efficient transport and processing
of cellular components, SMN ensures that unnecessary or malfunctioning proteins are
properly degraded and recycled. This regulation is essential for neurons, which are highly
sensitive to the buildup of damaged materials [138]. Through its role in maintaining protein
balance, SMN contributes to cellular health and reduces the risk of protein aggregation,
supporting the long-term functionality of motor neurons.

i le
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Figure 1. Genes implicated in various MNDs. In PLS, HSP, and IASHP, upper motor neurons are
affected, while in SMA, PMA, LCCS, and SBMA, lower motor neurons are affected. ALS: amyotrophic
lateral sclerosis; ALS2: amyotrophic lateral sclerosis 2; AR: androgen receptor; ERBB3: Erb-B2 receptor
tyrosine kinase 3; FUS: Fused in Sarcoma; GLE1: GLE1 RNA export mediator; HSP: hereditary spastic
paraplegia; IAHSP: infantile-onset ascending hereditary spastic paraplegia; LCCS: lethal congenital

contracture syndrome; MND: motor neuron disease; PIP5K1C: phosphatidylinositol-4-phosphate
5-kinase type I gamma; SBMA: spinal and bulbar muscular atrophy; SMA: spinal muscular atrophy;
SMN: survival motor neuron; SOD1: superoxide dismutase 1; SPG4: spastin; SPG7: paraplegin;
TARDBP: TAR DNA-binding protein gene.

SMNT1 is associated with SMA due to mutations that disrupt its function. These
mutations are inherited in an autosomal recessive manner, with the most common alteration
being the deletion of the entire SMN1 gene, leading to the complete loss of functional SMIN
protein [139]. In addition to gene deletions, point mutations can occur that disrupt the
gene’s ability to produce a functional protein [140]. These genetic alterations impair the
essential roles of the SMN protein, ultimately resulting in the degeneration of motor
neurons and the clinical manifestations of SMA. Insufficient levels of SMN protein lead to
the degeneration of motor neurons in the spinal cord and brainstem, resulting in muscle
weakness and atrophy. This loss of motor neurons is often exacerbated by apoptosis [141].
In this context, several apoptotic pathways may be activated in response to low SMN
protein levels. One key pathway involves the intrinsic mitochondrial mechanism, where
cellular stressors trigger the release of pro-apoptotic factors, like cytochrome ¢, from the
mitochondria. This release activates caspases, essential cysteine proteases involved in the
apoptotic process [142]. Additionally, the activation of the p53 tumor suppressor protein
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may occur in response to DNA damage or cellular stress, further promoting apoptosis [143].
The combined effects of these pathways contribute to the progressive loss of motor neurons,
impairing motor function and overall neuronal health.

Following the loss of motor neurons, insufficient SMN protein levels also impair es-
sential cellular functions like RNA splicing and axonal transport. RNA splicing, necessary
for mRNA maturation, depends on the assembly of snRNPs, which is compromised by
low SMN levels, leading to improper protein synthesis. Additionally, axonal transport is
disrupted, hindering the delivery of critical materials along motor neuron axons. These
impairments collectively diminish the health and functionality of motor neurons, con-
tributing to their degeneration. Furthermore, impaired SMN function disrupts cellular
homeostasis, resulting in the accumulation of damaged proteins and organelles within
motor neurons. This accumulation occurs when the mechanisms for degrading and recy-
cling cellular components are compromised [134,144,145]. The number of copies of SMN2
directly impacts disease severity. Each additional copy of SMN?2 increases the production
of the SMN protein, which can partially mitigate the effects of SMIN1 deficiency. Although
SMN?2 cannot fully compensate for the loss of SMN1, its presence is crucial for improving
motor neuron health and function, thereby influencing the clinical manifestations and
progression of SMA [146,147].

2.3. PLS

Primary lateral sclerosis (PLS) is a rare neurodegenerative disorder characterized by
the degeneration of upper motor neurons in the brain and brainstem [148]. The symptoms
are muscle stiffness, spasticity, and weakness. PLS often presents initially with difficulty in
leg movements, followed by symptoms such as dysarthria and dysphagia [149]. Unlike
ALS, which involves both upper and lower motor neurons, PLS is confined to upper motor
neuron degeneration. The onset of PLS is typically slower, and although it results in
significant disability, it progresses less rapidly than ALS. In contrast to ALS, PLS generally
does not lead to significant muscle atrophy or respiratory failure, and most individuals with
PLS have a normal life expectancy [150]. However, the progressive loss of voluntary motor
control significantly impacts quality of life, leading to physical disability and limitations in
daily activities. Recent studies suggest that while PLS is primarily considered sporadic,
these genetic associations highlight the need for further exploration into hereditary forms
of the disease, potentially aiding in earlier diagnosis and therapeutic interventions.

While PLS is not as strongly associated with genetic mutations, some cases have
been linked to mutations in ALS2, which encodes the protein Alsin, which is vital for
regulating intracellular processes and especially endosomal trafficking, autophagy, and
membrane dynamics. Additionally, recent research has identified potential associations
between PLS and mutations in other genes, including SPG7, which encodes paraplegin,
a mitochondrial protein involved in maintaining mitochondrial function. The loss of
paraplegin leads to mitochondrial dysfunction, which is increasingly recognized as a key
factor in neurodegeneration [151]. In PLS, the loss of Alsin disrupts endosomal trafficking
and autophagy in cortical motor neurons. This impairment contributes to the variety of
features of PLS, including spasticity, muscle stiffness, and gradually worsening motor
control [152]. Unlike ALS, PLS progresses more slowly and does not usually involve
lower motor neuron degeneration, sparing muscles from atrophy and respiratory failure,
though it still results in significant disability over time. The longer life expectancy in PLS
compared to ALS may reflect the selective vulnerability of upper motor neurons to Alsin
dysfunction, as opposed to the combined upper and lower motor neuron degeneration seen
in ALS [152,153]. The clinical presentation and progression of ALS2-related MNDs can vary
significantly depending on the specific mutation and its impact on neuronal function [154].
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Some mutations result in slower neurodegeneration, as seen in juvenile-onset ALS and
PLS, while others, like those in IAHSP, lead to a rapid decline due to early and severe
motor neuron damage. This variability underscores the importance of understanding the
molecular mechanisms behind each mutation to tailor therapeutic strategies effectively.

2.4. [AHSP

Infantile-onset ascending hereditary spastic paralysis (LAHSP) is a rare MND char-
acterized by the progressive degeneration of upper motor neurons, leading to spasticity
and muscle weakness, primarily in the lower limbs. In IAHSP, symptoms arise in infancy
due to the early impact of ALS2 mutations on upper motor neurons, particularly in the
corticospinal tract [155]. In this disorder, the lack of functional Alsin leads to severe disrup-
tions in intracellular transport mechanisms, resulting in rapid and progressive spasticity
and weakness, primarily in the lower limbs, which gradually ascend to involve the upper
limbs [156]. This condition often leads to severe motor impairments early in childhood,
with profound limitations on voluntary motor control. IAHSP typically begins in infancy
and progresses in an ascending manner, starting with leg weakness and eventually affecting
the upper limbs. Clinically, IAHSP presents with spasticity and hyperreflexia, with muscle
stiffness and weakness that worsens over time [157]. The progression of the disease is gen-
erally slower compared to ALS and predominantly impacts mobility, without significantly
affecting respiratory function or leading to muscle atrophy. While the lower limbs are
usually affected first, the involvement of the upper limbs occurs as the disease advances.

Unlike other motor neuron diseases, like ALS, which involves both upper and lower
motor neurons, IAHSP predominantly affects upper motor neurons, similarly to PLS. The
more aggressive progression of IAHSP compared to PLS and juvenile-onset ALS highlights
how the timing and specific nature of Alsin dysfunction can dictate the severity of motor
neuron degeneration. JAHSP has been strongly associated with mutations in the ALS2
gene, which encodes Alsin, a protein involved in intracellular processes like endosomal
trafficking and autophagy [158]. Mutations in ALS2 impair Alsin function, disrupting
cellular mechanisms essential for maintaining neuronal health [71]. This leads to the
degeneration of motor neurons, resulting in progressive spasticity and muscle weakness.

2.5. HSP

Hereditary spastic paraplegia (HSP) is a group of neurodegenerative disorders char-
acterized by progressive spasticity and weakness in the lower limbs due to upper motor
neuron degeneration, particularly in the corticospinal tracts [159]. Over 80 specific chromo-
somal loci associated with HSP, known as SPG loci, have been identified, with the most
prevalent and distinct genetic features found in the SPG4 and SPG7 genes [160].

The SPG4 gene encodes the microtubule-severing protein spastin, which is crucial
for maintaining axonal integrity [161]. Mutations in SPG4 disrupt microtubule dynamics,
impairing axonal transport and contributing to axonal degeneration [162]. Such muta-
tions primarily affect intracellular transport mechanisms vital for distributing organelles,
proteins, and signaling molecules along the axon [163]. This disruption can result in the
accumulation of damaged organelles, such as mitochondria and endosomes, provoking
neuroinflammation and oxidative stress [164]. Over time, these pathological changes lead
to the degeneration of upper motor neurons, clinically manifesting as spasticity and weak-
ness in the lower limbs [165,166]. Another significant gene, SPG7, encodes paraplegin,
a mitochondrial protein essential for maintaining mitochondrial function [167]. Loss-of-
function mutations in SPG7 compromise mitochondrial maintenance, resulting in energy
deficits and increased oxidative stress. Such mutations lead to impaired mitochondrial
dynamics, characterized by reduced mitochondrial transport and disrupted fission and
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fusion processes. This dysfunction causes mitochondrial fragmentation and decreased
bioenergetic capacity, which are particularly detrimental to long motor neurons that heavily
rely on mitochondrial function for their energy needs. Consequently, these neurons be-
come more susceptible to degeneration, further contributing to the clinical features of HSP,
including progressive spasticity and weakness [168,169]. Additionally, while primarily
associated with ALS, mutations in the ALS2 gene have also been implicated in some forms
of HSP [170].

2.6. PMA

Progressive muscular atrophy (PMA) is a rare neurodegenerative disease that primar-
ily affects lower motor neurons in the spinal cord, leading to progressive muscle weakness
and atrophy [171]. Unlike ALS, PMA spares upper motor neurons, resulting in a slower
disease progression and longer survival [172]. Despite its clinical overlap with ALS, PMA
follows a distinct pathophysiological course.

The genetic basis of PMA is not as well defined as ALS, but some cases have been
linked to mutations in SOD1, FUS, and TARDBP [173]. These mutations contribute to
neurodegeneration through mechanisms that impair cellular homeostasis. Mutations in
S0D1 lead to oxidative stress and mitochondrial dysfunction, resulting in an accumulation
of reactive oxygen species (ROS) that damages motor neurons [18]. Similarly, mutations in
FUS and TARDBP disrupt RNA metabolism, leading to the mislocalization and aggregation
of these proteins in the cytoplasm. These aggregates interfere with normal cellular function,
further exacerbating motor neuron degeneration [174]. The degeneration of lower motor
neurons in PMA causes a progressive loss of muscle innervation, leading to muscle atrophy
and weakness. Oxidative stress, mitochondrial dysfunction, and toxic protein aggregation
collectively disrupt key cellular pathways necessary for motor neuron survival. As motor
neurons deteriorate, muscle weakness becomes more pronounced, ultimately impairing
movement and reducing quality of life.

2.7. SBMA

Spinal and bulbar muscular atrophy (SBMA), commonly referred to as Kennedy’s
disease, is an X-linked recessive disorder resulting from a trinucleotide repeat expansion in
the androgen receptor (AR) gene [175]. The mutation associated with SBMA involves an
expanded CAG trinucleotide repeat located in exon 1 of the AR gene, leading to the toxic
accumulation of mutant androgen receptor proteins and progressive degeneration of motor
neurons in the spinal cord and bulbar regions [176]. Clinically, SBMA is characterized by
muscle weakness and atrophy, causing difficulties in speaking, swallowing, and breathing.
SBMA predominantly affects males due to its X-linked inheritance. The disease progresses
slowly; however, the loss of motor function eventually leads to significant disability [177].

The genetic basis of SBMA is rooted in the CAG trinucleotide repeat expansion in
the AR gene, resulting in an elongated polyglutamine (polyQ) tract within the AR pro-
tein, leading to its toxic gain of function [178]. The pathogenic mechanism begins with
the ligand androgen-dependent nuclear accumulation of the mutant AR protein, which
initiates detrimental cellular events, including transcriptional dysregulation, where the
mutant AR alters the expression of genes critical for neuronal survival and function. This
disruption negatively impacts the synthesis of essential proteins needed for maintaining
motor neuron integrity. Furthermore, the presence of the mutant AR protein disrupts
axonal transport, vital for distributing organelles, proteins, and signaling molecules along
the axon, leading to the accumulation of damaged organelles, contributing to neuronal
stress and degeneration [179,180]. Additionally, the mutant AR induces mitochondrial
dysfunction, characterized by compromised energy production and increased oxidative
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stress, which is particularly detrimental to lower motor neurons that have high energy de-
mands for maintaining their long axonal projections [181,182]. Collectively, these molecular
alterations driven by the genetic mutation culminate in the degeneration of lower motor
neurons in the spinal cord and brainstem, resulting in the clinical manifestations of SBMA.

2.8. LCCS

Lethal congenital contracture syndrome (LCCS) is characterized by multiple congenital
contractures, severe muscle weakness, and significant developmental abnormalities [183].
Affected individuals typically present with joint contractures at birth that restrict movement,
alongside profound muscle weakness that impedes voluntary movements and delays motor
milestones. Respiratory complications are common due to weakened respiratory muscles,
leading to a high risk of respiratory failure, often necessitating mechanical ventilation.
Additionally, skeletal abnormalities, such as scoliosis, may complicate the clinical picture.
As aresult of these manifestations, LCCS usually leads to a fatal outcome in infancy or early
childhood [184]. The genetic variability associated with LCCS contributes to a spectrum of
clinical manifestations, with distinct types exhibiting unique features and severity. This
highlights the importance of precise genetic testing and counseling for affected families.

LCCS s divided into three categories—LCCS1, LCCS2, and LCCS3— based on distinct
genetic mutations that disrupt specific cellular signaling pathways, ultimately leading
to motor neuron dysfunction and degeneration. Each category exhibits unique clinical
features and mechanisms, showcasing the syndrome’s complexity. The underlying patho-
physiology comprises a mix of myopathic and neurogenic factors that contribute to its
clinical manifestations. LCCS1 is an autosomal recessive condition, presenting with fetal
akinesia and targeted degeneration of motor neurons in the spinal cord. The causative
mutations in GLE1, which encodes a protein essential for the export of mRNAs from the
nucleus to the cytoplasm, disrupt the proper processing and transport of mRNA [185,186].
This leads to an impaired protein synthesis mechanism in motor neurons, contributing to
their degeneration. In a significant majority of cases, specifically 51 out of 52, individuals
were found to be homozygous for a single substitution in intron 3 (c.432-10A > G). This
mutation creates a cryptic splice acceptor site, leading to the insertion of three additional
amino acids into the coiled-coil domain of the GLE1 protein. This alteration likely disrupts
its interaction with motor neuron-specific proteins, resulting in the selective degeneration
of anterior horn motor neurons [187]. LCCS2 is caused by mutations in the ERBB3 gene.
Unlike LCCS1, the pathological changes associated with ERBB3 mutations are not limited
to motor neurons but rather lead to broader neuronal apoptosis. These mutations impair
growth factor signaling pathways that regulate neuronal survival, affecting not just motor
neurons but various other types of neurons as well. LCCS3 is linked to mutations in the
PIP5K1C gene, which encodes phosphatidylinositol-4-phosphate 5-kinase type I gamma.
Similar to LCCS1, PIP5K1C mutations result in the atrophy of the anterior horn of the
spinal cord, indicating a targeted degeneration of motor neurons. The role of PIP5KIC in
maintaining motor neuron integrity highlights its importance in the pathophysiology of
LCCS3 [188].

3. Epigenetics
3.1. Epigenetic Mechanisms in ALS

Epigenetic modifications play a crucial role in ALS pathogenesis by regulating gene ex-
pression without altering the DNA sequence. Key mechanisms include DNA methylation,
histone modifications, and non-coding RNA dysregulation, all of which contribute to dis-
ease progression by influencing gene expression and protein aggregation [189]. ALS motor
neurons exhibit widespread changes in DNA methylation and hydroxymethylation, affect-
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ing genes linked to immune and inflammatory responses. Loss of Dnmt3a, a gene coding a
key DNA methyltransferase, reduces motor neuron survival and mimics SOD1-mutant ALS
models [190]. Hydroxymethylation levels also correlate with protein aggregation: neurons
with misfolded SOD1 show increased 5hmC, whereas those with TDP-43 aggregates have
reduced levels [191]. 5-Hydroxymethylcytosine (5ShmC) is an intermediate of active DNA
demethylation that influences gene expression by altering chromatin accessibility, poten-
tially affecting transcriptional regulation in ALS motor neurons [192]. Histone acetylation
is disrupted due to dysregulated histone deacetylase (HDAC) activity. HDAC6, which
regulates vesicle transport and autophagy, is notably reduced in late-stage ALS, impairing
protein clearance [193]. Additionally, FUS overexpression leads to hypoacetylation of
CCND1, disrupting cell cycle regulation. Cyclin D1 (CCND]1) is a key regulator of the
cell cycle that promotes the transition from the G1 to S phase, and its hypoacetylation in
ALS may contribute to aberrant cell cycle activation in post-mitotic neurons, a process
linked to neuronal dysfunction and death [194]. The histone acetyltransferase ELP3 is
also implicated in motor neuron degeneration, suggesting that histone hypoacetylation
contributes to ALS onset [195]. Non-coding RNAs, particularly microRNAs (miRNAs) and
long non-coding RNAs (IncRNAs), regulate ALS-related pathways. Specific miRNAs, such
as miR-27b-3p and miR-181c-5p, influence TDP-43 levels, while IncRNA NEAT1 promotes
nuclear paraspeckle formation, affecting protein sequestration [196]. Dysregulation of
these networks enhances the mislocalization and aggregation of TDP-43, FUS, and other
ALS-linked proteins.

Furthermore, miR-27b-3p is upregulated in the cerebrospinal fluid of ALS patients,
contributing to impaired PINK1-mediated mitophagy by directly targeting the 3'-UTR of the
PINK1 gene, thereby exacerbating mitochondrial dysfunction. MiR-181c-5p has also been
implicated in ALS pathogenesis by inhibiting parkin-mediated mitophagy and sensitizing
neurons to mitochondrial stress-induced apoptosis. The dysregulation of these miRNAs
further highlights the contribution of mitochondrial impairment to ALS progression [197].

3.2. Epigenetic Mechanisms in SMA

Epigenetic modifications significantly influence the expression of the SMN2 gene,
which is crucial for compensating for the loss of SMN1 in SMA patients. Alterations in
DNA methylation levels at the SMN2 promoter region have been associated with changes in
gene expression, suggesting that hypomethylation could enhance SMN2 transcription [198].
Histone modifications, such as acetylation and methylation, influence chromatin structure
and accessibility, thereby affecting the recruitment of splicing factors essential for exon
7 inclusion [199]. Specifically, a more relaxed chromatin state, characterized by histone
acetylation, has been correlated with increased exon 7 inclusion, leading to higher produc-
tion of functional SMN protein. A slower RNA polymerase II elongation rate has been
associated with increased exon 7 inclusion, as it provides a temporal window that favors
the recruitment of splicing enhancers over silencers [200]. This kinetic coupling between
transcription and splicing underscores the potential of targeting transcriptional dynamics
as a therapeutic strategy [201].

4. Current Treatment Approaches of MNDs

The clinical management of MNDs primarily focuses on symptomatic relief and
supportive care, as curative treatments remain elusive. Multidisciplinary care approaches
have been shown to improve quality of life and, in some cases, extend survival. Despite
advancements in understanding the genetic underpinnings of MNDs, translating these
discoveries into effective therapies has been challenging. The identification of various
genetic mutations associated with conditions like ALS and SMA has provided insights into
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disease mechanisms. However, the development of targeted treatments that can modify
disease progression remains limited. This gap highlights the need for continued research
to bridge the divide between genetic findings and clinical applications, aiming to develop
therapies that can alter the course of these debilitating diseases.

4.1. Current Treatment for ALS

Riluzole, a benzothiazole derivative, was approved by the U.S. Food and Drug Ad-
ministration (FDA) in 1995 as the first pharmacological treatment for amyotrophic lateral
sclerosis (ALS) [202]. It remains a cornerstone in ALS therapy, offering a modest yet mean-
ingful extension of survival. The mechanism of action of riluzole primarily involves the
inhibition of glutamatergic neurotransmission, a key pathway implicated in ALS patho-
genesis. Excessive glutamate activity in the central nervous system leads to excitotoxicity,
a process where overstimulation of neurons by glutamate results in cell death. Riluzole
mitigates this by reducing the presynaptic release of glutamate, inactivating voltage-gated
sodium channels, and modulating intracellular signaling pathways linked to excitatory
amino acid receptors. This reduction in excitotoxic stress helps slow the degeneration of
motor neurons, preserving their function for a longer period [203,204].

Riluzole is generally well tolerated, with common adverse effects including nausea,
fatigue (asthenia), dizziness, and elevated liver enzymes. Given the potential for hepato-
toxicity, regular monitoring of liver function tests is recommended, particularly during
the initial months of therapy. Rare but serious side effects such as neutropenia and in-
terstitial lung disease have also been reported, necessitating vigilance during long-term
treatment [205]. Despite its limitations, most notably its inability to halt or reverse motor
neuron degeneration, riluzole remains an essential component of ALS treatment. Its neuro-
protective effects, although limited, contribute to prolonging patient survival and delaying
the need for invasive ventilation.

Tofersen is an antisense oligonucleotide (ASO), a short synthetic strand of nucleotides
designed to bind selectively to RNA, specifically developed to target SOD1 mutations
implicated in certain forms of ALS [206]. By binding to SOD1 mRNA, tofersen facilitates its
degradation, thereby reducing the production of the toxic SOD1 protein that contributes to
motor neuron degeneration. Clinical studies have demonstrated that tofersen effectively
lowers SOD1 protein levels in the cerebrospinal fluid, offering a targeted therapeutic
approach for individuals with SOD1-associated ALS [207].

4.2. Current Treatment for SMA

The current treatments for SMA include Spinraza, Zolgensma, and Evrysdi. Spinraza®
is an antisense oligonucleotide administered intrathecally for the treatment of SMA in
pediatric and adult patients. The recommended dosage is 12 mg per administration,
initiated with four loading doses: the first three at 14-day intervals, the fourth 30 days after
the third, followed by maintenance doses every four months. Nusinersen enhances the
production of functional SMN protein by modifying SMN2 pre-mRNA splicing, promoting
exon 7 inclusion, which is crucial for motor neuron survival. Common adverse effects
include headache, back pain, and post-lumbar puncture syndrome. Limitations involve
the need for repeated intrathecal administrations and monitoring for potential adverse

® is a one-time gene therapy

reactions associated with lumbar puncture [208]. Zolgensma
delivered via intravenous infusion, indicated for pediatric patients less than 2 years old with
SMA. The recommended dose is 1.1 x 10'* vector genomes per kilogram of body weight.

This therapy utilizes an adeno-associated virus serotype 9 (AAV9) vector to deliver
a functional copy of the SMNT1 gene, leading to sustained SMN protein expression and

improved motor function. Common adverse reactions include elevated liver enzymes
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and vomiting; serious liver injury and acute liver failure have been reported, necessitating
liver function monitoring. Limitations include its high cost and the need for pre- and
post-treatment with corticosteroids to manage potential hepatotoxicity [209]. Evrysdi® is
an orally administered small-molecule therapy for daily use in patients with SMA, aged
2 months and older. It functions as an SMN2 splicing modifier, increasing the production
of functional SMN protein systemically by promoting exon 7 inclusion during SMN2 pre-
mRNA splicing. Common adverse effects include fever, diarrhea, and rash. Limitations
involve the necessity for daily lifelong administration and potential drug interactions due
to its systemic nature [210]. Recent research has investigated the potential benefits of
prenatal therapy for SMA. In a groundbreaking case, risdiplam was administered to a
fetus diagnosed with SMA at 32 weeks of gestation. Now over two years old, the child
shows no evident symptoms of the disease, indicating that early intervention could lead to
significantly improved outcomes [211].

4.3. Current Treatment for Other MINDs

Regarding PLS, although no disease-modifying treatments are currently available, re-
search is exploring gene therapy approaches to address ALS2 dysfunction. These strategies
aim to restore normal Alsin function, potentially slowing or halting disease progression.
However, such therapies are still in the preclinical stage, and further studies are needed to
assess their safety and efficacy [212]. Current treatments for HSP focus on symptom man-
agement through physical therapy and medications like baclofen or tizanidine to reduce
spasticity. Experimental therapies are investigating the modulation of mitochondrial func-
tion, especially in SPG7-related HSP [213,214]. Regarding SBMA, approaches include the
use of antisense oligonucleotides to reduce mutant AR expression. While these strategies
have shown promise in preclinical models, clinical trials are necessary to determine their
therapeutic potential in humans [215].

4.4. Potential Treatment for IAHSP

Therapeutic strategies for IAHSP primarily focus on addressing ALS2 dysfunction
to prevent motor neuron degeneration. Gene therapy approaches aim to restore Alsin
function, while small-molecule modulators and neuroprotective agents are being explored
to enhance intracellular trafficking and autophagy. Although these treatments remain
in the experimental stage, ongoing research seeks to evaluate their potential for clinical
application [216].

5. From Molecular Landscape to Therapy: Future Perspectives in MNDs

Recently, antisense oligonucleotides (ASOs) have emerged as a promising strategy,
particularly in genetically linked forms of ALS. The success of the SOD1RXx trial has demon-
strated the potential of ASOs in modifying disease progression, paving the way for their
application in C9orf72-related ALS. Studies have shown that ASOs targeting C9orf72 can
effectively reduce toxic RNA species, decrease neuronal dysfunction, and suppress patho-
logical RNA aggregation in patient-derived neurons. Preclinical models further support
their therapeutic viability, with a single intracerebroventricular ASO injection leading to
prolonged suppression of pathological transcripts without adverse effects. These findings
reinforce ASOs as a viable long-term therapeutic approach for C9orf72-related ALS [217].

Future therapeutic strategies for MNDs focus on innovative, targeted approaches that
address the underlying genetic mutations. Gene therapy and advances in gene editing
technologies hold promise as developmental therapies for ALS and SMA by aiming to
correct mutations at the DNA level in genes like C90rf72, SOD1, TARDBP, ATXN2, and
SMNI1. ASOs can potentially modify RNA processing and reduce toxic protein buildup,
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with emerging applications in SMA [206]. Additionally, small-molecule modulators are
being explored to enhance autophagy and combat oxidative stress, protecting neurons from
mutation-related damage [218]. Advances in precision medicine may lead to strategies that
enable treatments tailored to each patient’s genetic profile, increasing efficacy and reducing
side effects. Early biomarker identification and genetic testing could also allow for more
proactive interventions. Emerging insights into the role of non-neuronal cells, like glial
cells, may lead to supportive therapies targeting the broader neural environment. As our
understanding of MND pathways advances, the potential for combination therapies grows,
offering renewed hope for effective disease management and improved quality of life.

Due to its role in enhancing cellular defense against oxidative stress, the Nrf2/ARE
pathway is considered a promising therapeutic target for MNDs. Pharmacological ac-
tivators, like dimethyl fumarate, have shown potential in delaying disease progression
and reducing neuroinflammation, offering hope for extending the lifespan of ALS pa-
tients [219,220]. Research into the therapeutic potential of targeting FUS dysfunction is
ongoing, with several strategies being explored to prevent mislocalization and aggregation
of the FUS protein. ASOs have shown promise in reducing FUS levels and mitigating
disease progression in preclinical models. These therapeutic strategies hold potential for
treating FUS-related ALS [221]. All the aforementioned techniques can potentially be
employed in the genes that have been analyzed in this review.

6. Conclusions

MNDs are complex neurodegenerative disorders caused by genetic mutations that
disrupt essential cellular processes. Mutations in genes like C9orf72, SOD1, TARDBP,
and FUS play a significant role in ALS, through mechanisms such as oxidative stress,
RNA metabolism impairment, and protein misfolding. In SMA, SMN1 mutations drive
progressive motor neuron loss and muscle weakness. In HSP, mutations in SPG4 and
SPG7 impact axonal transport and mitochondrial function, while ALS2 mutations are
associated with juvenile ALS, PLS, and certain HSP forms, affecting autophagy and vesicle
trafficking. Expanding our understanding of these mutations has revealed additional
pathogenic mechanisms that could be potentially targeted. C9orf72 repeat expansions
disrupt nucleocytoplasmic transport and form toxic RNA foci, leading to widespread
cellular dysfunction. SOD1 mutations promote misfolded protein aggregation, increasing
oxidative stress and mitochondrial damage. TARDBP and FUS mutations impair RNA
metabolism and stress granule dynamics, driving toxic protein aggregation and neuronal
dysfunction. In SMA, reduced SMN protein disrupts snRNP assembly, compromising
pre-mRNA splicing and causing RNA instability, particularly in motor neurons. In HSP,
SPG4 mutations impair microtubule severing, while SPG7 mutations lead to mitochondrial
dysfunction. These insights highlight the diverse molecular pathways driving MNDs and
emphasize the need for innovative targeted therapies. Precision medicine therapies are at
the epicenter of treating MNDs and improving patient outcomes.
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Abbreviations

The following abbreviations are used in this manuscript:

ALS
ALS-FTD
ALS2
ANG
AR
ASO
ATL1
ATP
ATXN2
BBB
C9orf72
CAG
CCND1
CHIP
CHMP2B
CNS
DAPI
DOAJ
DPR
ELISA
ERBB3
FBS
FIG4
FTD
FUS
GFAP
GLE1
GRN
HDAC
HSP
HSP70
TAHSP
KIF5A
LCCS
LD
MAPT
MDPI
MND
mRNA
NES
NM]J
Nrf2/ARE
OPTN
PBS
PIP5K1C
PLS
PMA
PolyQ
REEP1
RNA
RNP

Amyotrophic Lateral Sclerosis

Amyotrophic Lateral Sclerosis-Frontotemporal Dementia
Amyotrophic Lateral Sclerosis 2

Angiogenin

Androgen Receptor

Antisense Oligonucleotide

Atlastin GTPase 1

Adenosine Triphosphate

Ataxin-2

Blood—Brain Barrier

Chromosome 9 Open Reading Frame 72
Cytosine-Adenine-Guanine

Cyclin D1

Carboxyl Terminus of Hsc70-Interacting Protein
Charged Multivesicular Body Protein 2B
Central Nervous System

4’ 6-Diamidino-2-Phenylindole

Directory of Open Access Journals

Dipeptide Repeat Proteins

Enzyme-Linked Immunosorbent Assay

Erb-B2 Receptor Tyrosine Kinase 3

Fetal Bovine Serum

FIG4 Phosphoinositide 5-Phosphatase
Frontotemporal Dementia

Fused in Sarcoma

Glial Fibrillary Acidic Protein

GLE1 RNA Export Mediator

Progranulin

Histone Deacetylase

Hereditary Spastic Paraplegia

Heat Shock Protein 70

Infantile-Onset Ascending Hereditary Spastic Paraplegia
Kinesin Family Member 5A

Lethal Congenital Contracture Syndrome
Linear Dichroism

Microtubule-Associated Protein Tau
Multidisciplinary Digital Publishing Institute
Motor Neuron Disease

Messenger Ribonucleic Acid

Nuclear Export Signal

Neuromuscular Junction

Nuclear Factor Erythroid 2-Related Factor 2/ Antioxidant Response Element
Optineurin

Phosphate-Buffered Saline
Phosphatidylinositol-4-Phosphate 5-Kinase Type I Gamma
Primary Lateral Sclerosis

Progressive Muscular Atrophy

Polyglutamine

Receptor Expression-Enhancing Protein 1
Ribonucleic Acid

Ribonucleoprotein
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ROS Reactive Oxygen Species

RT-PCR Reverse Transcription Polymerase Chain Reaction
Rab5 Ras-related Protein Rab-5

SBMA Spinal and Bulbar Muscular Atrophy
siRNA Small Interfering RNA

SMA Spinal Muscular Atrophy

SMN Survival Motor Neuron

SOD1 Superoxide Dismutase 1

SPAST Spastin

SPG4 Spastin

SPG7 Paraplegin

TARDBP TAR DNA-Binding Protein Gene
TDP-43 TAR DNA-Binding Protein 43
TFEB Transcription Factor EB
TUBA4A Tubulin Alpha 4A

UBQLN2 Ubiquilin-2

UPR Unfolded Protein Response
uprs Ubiquitin—Proteasome System
VCP Valosin-Containing Protein
5hmC 5-hydroxymethylcytosine
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