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Abstract

This review explores the intricate landscape of neurodegenerative disease research, focusing on Amyotrophic Lateral Sclerosis
(ALS) and the intersection of genetics and RNA biology to investigate the causative pathogenetic basis of this fatal disease. ALS
is a severe neurodegenerative disease characterized by the progressive loss of motor neurons, leading to muscle weakness and
paralysis. Despite significant research advances, the exact cause of ALS remains largely unknown. Thanks to the application
of next-generation sequencing (NGS) approaches, it was possible to highlight the fundamental role of rare variants with large
effect sizes and involvement of portions of non-coding RNA, providing valuable information on risk prediction, diagnosis,
and treatment of age-related diseases, such as ALS. Genetic research has provided valuable insights into the pathophysiology
of ALS, leading to the development of targeted therapies such as antisense oligonucleotides (ASOs). Regulatory agencies
in several countries are evaluating the commercialization of Qalsody (Tofersen) for SODI-associated ALS, highlighting the
potential of gene-targeted therapies. Furthermore, the emerging significance of microRNAs (miRNAs) and long RNAs are
of great interest. MiRNAs have emerged as promising biomarkers for diagnosing ALS and monitoring disease progression.
Understanding the role of IncRNAs in the pathogenesis of ALS opens new avenues for therapeutic intervention. However,
challenges remain in delivering RNA-based therapeutics to the central nervous system. Advances in genetic screening and
personalized medicine hold promise for improving the management of ALS. Ongoing clinical trials use genomic approaches
for patient stratification and drug targeting. Further research into the role of non-coding RNAs in the pathogenesis of ALS
and their potential as therapeutic targets is crucial to the development of effective treatments for this devastating disease.
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Introduction replication of many novel loci for various phenotypes, high-

lighting the success of GWAS and lending aid to the common

“Are we ready for genome-wide association studies
(GWAS)?” This question was raised in 2006 to introduce
topics about GWAS [76]. Since then, more than 9000 stud-
ies have been published, which showed the discovery and
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disease—common variant (CDCV) idea. The CDCV hypoth-
esis proposes that a significant ratio of phenotypic variance
in a population is due to common variants, suggesting that
vulnerability for a given trait is primarily due to common
variants. Typically, the variants retained in standard genotyp-
ing arrays for GWAS are single nucleotide polymorphisms
(SNPs) with minor allele frequency (MAF) greater than 1%.
They are thought to represent most of the genetic risk for
a given disease attributed by common variants. However,
despite the success of GWAS in defining robust risk factors
for complex diseases, this approach only captures a fraction
of the heritability of these disorders, even when substantial
sample sizes were analyzed [50].

Parallel to the common disease—common variant hypoth-
esis, the common disease-rare variants (CDRV) idea has
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Fig. 1 Decode neurodegenerative diseases by combining the CDCV
and CDRV hypotheses. GWAS is used to identify common variants
with MAF more significant than 5%. The common variants identified
are likely not causative but in linkage disequilibrium with causal vari-
ants (common disease—common variant — CDCV- hypothesis). NGS

been proposed to explain the missing heritability. The CDRV
hypothesis states that considerable rare variants (with MAF <
1%) may underlie susceptibility to common diseases. SNPs
alone (whether common or rare) will not account for all
the genetic heritability, and there are other types of variants
(structural variations, etc.) that are at play. Nevertheless, the
accelerated expansion of next generation sequencing and the
continued use of GWAS approaches in elucidating the genetic
etiology of complex disorders suggests that the views are not
mutually exclusive (Fig. 1).

Apart from decoding the genetic etiology of complex dis-
eases, next-generation sequencing (NGS) approaches also
increasingly play an essential role in disease diagnosis. NGS
approaches are already showing promising results in diagnos-
tic settings for conditions with a clear Mendelian inheritance,
as shown for Charcot-Marie-Tooth disease. However, in dis-
eases with considerable clinical and genetic heterogeneity
(complex disorders), the identification of a putative mutation
needs to be validated, either by conducting segregation anal-
yses in independent cohorts or by association testing in large
cohorts of various ethnic heritage, before clinical diagnosis
or pathogenicity due to a precise mutation can be verified.
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approaches are now being applied by performing targeted resequenc-
ing of top loci identified by GWAS or whole-exome sequencing in
multiple affected cases to identify potential causal variants (common
disease-rare variant-CDRV-hypothesis). Triangle indicates gradient
change in MAFs from greater than 5% to less than 1%

NGS advancements in neurodegeneration
and ageing research

The development of NGS has revolutionized how genetic
research is conducted, allowing: the analysis of entire
genomes (whole genome sequencing) [64]; specific loci
or selected candidate genes Targeted Sequencing [84], or
sequencing of exons of all coding genes (whole exome
sequencing) [8]. Unlike first-generation sequencing, also
named Sanger sequencing, which took many years and
cost billions of dollars to sequence the first diploid human
genome, the NGS platform can generate the same genomic
sequence in just 1 week at a drastically lower cost [77]. More
importantly, NGS technology has enabled the identification
of rare variants with large effect sizes, including the unmask-
ing of missense or nonsense single-base substitutions, as well
as small insertions or deletions, which have crucial impli-
cations in risk prediction in the diagnosis and treatment of
age-related diseases [28].

Ageing is the irreversibly progressive decline in physio-
logical function, ultimately leading to age-related diseases.
Among these various conditions encountered during aging,
neurodegenerative disorders (NDs) and their associated
cognitive deficits are prevalent among older populations,
impacting their healthy lifespan and quality of life. Neurode-
generation is an intricate brain disorder that is not yet fully
comprehended.
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Fig.2 Nine hallmarks of aging seen in the main neurodegenerative diseases. AD Alzheimer disease, ALS amyotrophic lateral sclerosis, AT ataxia
telangiectasia, HD Huntington disease, PD Parkinson disease. (Created with BioRender.com)

Ageing biomarkers are the most significant risk factors
for neurodegeneration [88]. Nine crucial ageing hallmarks
process have been identified in recent years [31, 43], each
associated with the pathogenesis of at least one NDs. These
nine-biological hallmarks have been broadly organized into
primary, antagonistic, and integrative. Primary hallmarks of
ageing enclose genomic instability, epigenetic alterations,
telomeric attrition, and the loss of proteostasis. Antagonis-
tic hallmarks refer to compensatory responses to primary
damage associated with ageing, including mitochondrial dys-
function, cellular senescence, and the downregulation of
nutrient sensing. Integrative hallmarks result from cumula-
tive damage of primary and antagonistic hallmarks, including
stem cell exhaustion and altered intercellular communica-
tions (Fig.  2) [31].

The prevalence of NDs among older populations is so
common that disease-free brains are rare. Brain ageing might
be a scale of neurodegeneration progression, and human
genetic and environmental factors may act as determinants
for the onset and progression of these disorders [88].

Due to neurodegeneration is among the most prevalent
age-related diseases, which indicates the presence of a link
between NDs and ageing-related modifications that occur in
the brain microenvironment, such as genomic instability, epi-
genetic modifications, and the loss of proteostasis. Although
ageing is known to be a significant risk factor for NDs, the
precise mechanisms through which ageing is associated with
neurodegeneration have not yet been identified. Molecular
studies have identified that proteins like a-synuclein, phos-
phorylated tau, and AP aggregate abnormally with ageing;
however, it is not confirmed whether they are associated with
cognitive impairment [22]. Some other studies revealed that
early-life developmental defects of the brain are associated
with ND development risk; in that case, cognitive impairment
might occur lately [15].

Amyotrophic lateral sclerosis (ALS)

Among these, of particular interest for this review is
Amyotrophic Lateral Sclerosis (ALS)—a neurodegenerative
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disease caused by the progressive loss of motor neurons
resulting in weakness and paralysis of voluntary muscles.
Although substantial research progress has been made, the
etiopathology of ALS is mainly unknown [69]. The incidence
of this disease has been reported to be approximately 1.5-2.5
per 100,000 people each year [74]. with an higher incidence
of ALS in men than in women, with an approximate ratio of
1.5:1 [27, 30, 42], but this gender ratio decreases to 1:1 with
age (more apparent after the age of 70 years) [30, 53, 42].

ALS is considered a complex genetic disorder with a
Mendelian inheritance pattern in some instances but with
no discernible family history in the rest. The disease occurs
in sporadic (SALS, about 90%) and familial forms (fALS,
about 10%). About 40-55% of cases with a familial back-
ground are due to pathogenic mutations in genes coding
for SODI (Superoxide Dismutase 1, OMIM *147,450) [67],
FUS (Fused in Sarcoma, OMIM *13,707) [37], TARDBP
(TAR DNA-binding protein 43, OMIM *605,078) [73] and
a C90rf72 (hexanucleotide expansion on chromosome 9 in
Open Reading Frame 72, OMIM *614,260) [9]. Most cases of
SALS do not seem to have a clear genetic cause. However, de
novo mutations—mutations that occur spontaneously rather
than being inherited—have been found in genes such as FUS,
SOD1, SPTLCI and several other genes related to ALS. The
exact frequency of these de novo mutations in sALS is still
unclear, but research suggests they may play arole in a subset
of cases, particularly among patients with an earlier onset of
the disease.

A study identified a de novo missense mutation in the FUS
gene (c.1561C > T, p.R521C) in a patient with early-onset
ALS, underscoring the significance of de novo mutations
in SALS [11]. Another study revealed that FUS mutations
are the most common genetic cause of early-onset ALS,
with de novo mutations found in 43% of patients aged
under 35 years [32]. Furthermore, de novo mutations in the
SODI gene have also been reported as a contributing fac-
tor to ALS, reinforcing the impact of spontaneous genetic
changes on the disease [1, 57]. An autosomal dominant inher-
itance characterizes a familiar form of ALS. Rarely can it be
transmitted as an X-linked or recessive trait [16]. The age-at-
onset of fALS is approximately ten years earlier than sALS.
However, otherwise, fALS and sALS are clinically indistin-
guishable, with both having similar disease progression and
neuropathologically, having similar patterns of neuronal loss
and inclusions. Due to the similarities in disease manifes-
tation, many hypothesize that fALS and sALS may share a
common pathogenic mechanism [3].

Studies of the pathophysiology of ALS conducted in cellu-
lar and animal models expressing mutant ALS-causing genes
have enabled the discovery of key pathogenetic mechanisms
relevant to the disease process. Moreover, with the appli-
cation and use of new technologies and approaches, it has
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been possible to map genetic variants on the main patho-
genetic mechanisms relevant to all cellular compartments of
motor neurons (Fig.  3). These mechanisms include RNA
metabolism and transport, protein aggregation, and the prion-
like properties of the aggregating proteins, the role of stress
granules formation, the perturbations of the mitochondrial
function, inflammation, microglia activation, astroglia con-
tribution to neurodegeneration, excitotoxicity, and oxidative
stress as crucial factors in the pathogenesis of ALS. Because
of their seemingly disparate function, studies on ALS-related
genes other than the major causative genes have been scarce,
and their conclusions are uncertain [25].

The only pathological feature that is observed to be present
in both fALS and sALS, is the presence of mutant protein
aggregates (TDP-43, FUS) in specific cytoplasmic inclusions
in affected motor neurons [59, 79, 79]. It is, therefore, not
clear whether the significant molecular mechanisms related
to ALS pathogenesis identified in models expressing ALS-
related gene mutations are also at work in SALS and the
degree of shared pathogenesis is unclear. Other outstand-
ing pathomechanisms uncertainties related to changes in
RNA metabolism and transport, aggregation of proteins with
prion-like properties, mitochondrial dysfunction due to the
interaction of mutant proteins with specific mitochondrial
proteins, e.g., VDACI [47] or stress granule formation [21]
remains open. Answering these questions will have a sub-
stantial impact on future research in ALS as it would help
shape our understanding of which cellular pathways and/or
processes can be targeted for therapeutic development.

Role of genetics in ALS therapy development

Except for Riluzole (6-(trifluoromethoxy)—2-
aminobenzothiazole), which was the first drug available for
patients with ALS, and Edaravone (3-methyl-1-phenyl-2-
pyrazoline-5-one), which decreases oxidative stress and the
rate disease progression [86], no treatments are available for
this neurodegenerative disease that can effectively stop or
reverse the disease progression. Specifically, Riluzole is the
only approved treatment worldwide and is recommended as
the first line of disease-modifying therapy according to the
most updated guidelines [81]. A population-based outcome
study conducted in the Irish ALS population over five years
reported that Riluzole therapy reduced mortality rates by
23% and 15% at 6 and 12 months, respectively, with an
approximate survival benefit of four months, although this
effect diminished in prolonged follow-up [78]. Similarly,
an analysis of the Riluzole dose-ranging trial showed
that the treatment prolonged time in stage 4 compared to
placebo (hazard ratio 0.55, p = 0.037 for 100 mg/day),
suggesting a survival benefit in advanced ALS stages. No
significant differences in survival were observed for patients
transitioning from stages 2 or 3, underscoring the benefits
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Fig. 3 Pathophysiology of ALS. Mutations in various genes linked to
ALS can harm motor neurons through multiple interconnected path-
ways. SODI has been extensively studied and is associated with many
mechanisms, while the effects of mutations in genes like ALS3 and ALS7
are unclear. RNA metabolism and protein homeostasis abnormalities
connect several ALS-causing genes to neuronal damage. Mitochondrial

of Riluzole in later stages [24]. The positive effect of this
drug is thought to result from different actions as a sodium
channel blocker acting as a neuroprotective drug [58]. Rilu-
zole also acts as an anti-glutamatergic agent via glutamate
release reduction, the hypofunction prevention of glutamate
receptors, and the increase in glutamate uptake by activating
glutamate transporters. However, this mechanism of action

dysfunction can arise from CHCHD10 mutations or secondary respi-
ratory chain deficiencies due to protein aggregates from other ALS
mutations, increasing oxidative stress. ALS also directly affects neu-
ronal function and glial cells, with neuronal hyperexcitability and axon
dysfunction implicated. These mechanisms interact, complicating ALS
pathophysiology

alone cannot explain the neuroprotective effect, as other
N-methyl-D-aspartic acid- and alpha-amino-3-hydroxy-5-
methyl-4-isoxazole propionic acid-receptor-blocking drugs
like gabapentin have not shown any effect on survival [19].
The discovery and sequencing of more than 40 genes linked
to ALS has provided researchers with an initial list of possi-
ble targets for gene therapy. The latter involves the delivery
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of genetic material to cells in order to introduce functional
copies of dysfunctional genes, introduce trophic factors
and other disease-modifying genes, or silence harmful
gene expression using antisense oligonucleotides (ASOs),
RNA interference (RNAi), or gene-editing technology
[2]. In April 2023, FDA Grants Accelerated Approval for
Qalsody (Tofersen) to treat ALS patients associated with
a superoxide dismutase 1 (SODI) gene mutation. Further-
more, regulatory agencies in many countries are also in the
process of assessing this drug for marketing and is already
available in the United States of America and Germany.
Qalsody is an antisense oligonucleotide that targets SODI
mRNA to reduce the synthesis of SODI protein [7]. The key
observations leading to the development of Tofersen and
other emerging anti-SOD] therapies are based on different
insights: the neurotoxicity associated with mutant SODI
results from a dose-dependent gain-of-function mechanism,
and a specific segment of the mutant SODI polypeptide is
critical for this neurotoxic effect to take place. The final
approval was based on reduced plasma and CSF neurofila-
ment light (NfL), a blood-based biomarker of axonal (nerve)
injury and neurodegeneration [7, 71]. As well as changes
in delta ALSFRS-R and pulmonary functions [71], critical
indicators of disease progression and respiratory decline in
ALS.

The complexity of ALS and the limited understand-
ing of the pathogenetic mechanisms at play have hindered
the progress of therapeutic development. In general, four
approaches can be deployed to mitigate the toxic effects
of etiological genes (Fig. 4): miRNAs or antisense
oligonucleotide (ASO) for ablation of transcribed RNA from
the gene. The administration of ASOs, which are synthetic
nucleic acids that target/alter mRNAs, has shown promising
results in treating pediatric neuromuscular disorders in chil-
dren, such as spinal muscular atrophy (SMA) [68], Duchenne
muscular dystrophy (DMD) [52] and ALS [54]. Another
promising method is reducing excess mutant proteins by
applying immune-mediated reduction. Interference with the
transcriptional process using small molecules can also be a
therapeutic tool. Last but not least, somatic cell mutagene-
sis to correct the gene mutation by returning it to the wild
form. However, a key aspect of developing effective gene
therapies is determining whether a mutation leads to a loss-
of-function (LoF) or a gain-of-function (GoF) effect. LoF
mutations result in a reduced or complete loss of the nor-
mal function of a gene, often due to deletions, truncations,
or inactivating mutations [45]. In contrast, GOF mutations
lead to an abnormal increase in gene activity, the production
of toxic proteins, or novel functions that contribute to dis-
ease pathology [39]. This distinction is crucial because LoF
mutations typically require strategies such as gene replace-
ment or upregulation of compensatory pathways, whereas
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GoF mutations demand gene silencing approaches to pre-
vent toxic effects [12].

Increased knowledge about the genetic profiles that pro-
tect or confer disease risk in patients with ALS will change
how clinical trials are conducted and how therapy is pre-
scribed. The most significant change will be the stratification
of patient and control cohorts by genotype, increasing the
success rate of clinical trials. Because ALS is a genetically
heterogeneous and complex disease, a personalized medicine
approach is emerging, whereby treatment is tailored to the
specific mutation that causes disease in an individual patient.
Thus, genetic screening for known variants or mutations
will be integral to diagnosing, treating, and preventing ALS.
Many advances have been achieved in the past 5 years, such
as applying gene silencing for SODI and C90rf72, devel-
oping viable biomarkers for diagnosing patients with ALS
with mutations in those genes, and evaluating the efficacy of
potential treatments. More breakthroughs are expected when
more mutations and genes are identified through these large-
scale genetic studies. In addition to genetic screening, the
Silence ALS platform represents a significant advancement
in ALS treatment. It employs gene silencing technologies
such as RNA interference (RNA1) and ASOs to target specific
mutations associated with ALS. The platform aims to iden-
tify pre-symptomatic individuals who possess unique or rare
ALS mutations and to develop personalized experimental
ASO medications for their treatment. One pioneering project
within the Silence ALS platform focuses on patients with
rare pathogenic mutations in the TARDBP gene. The goal
is to create individualized, allele-specific ASOs that target
the mutated TDP-43 transcript. This effort builds upon the
success of the initial Silence ALS program, which achieved
the first-ever human dosing of an ALS patient with an allele-
specific TARDBP ASO in October 2022. Another project
under this initiative will develop a non-allele-specific ASO
aimed at ultra-rare mutations in the CHCHD10 gene, which
are linked to ALS and FTD [44].

Different clinical trials have employed a genomic
approach to select patients with specific drug-targetable
gene mutations. Trial NCT01041222 was the first to use
an intrathecally injected ASO to inhibit SODI expression
in SODI-fALS mutation carriers. The results revealed a
successful strategy, showing that the drug (ISIS 333611)
was well tolerated [55]. A similar genetic stratification was
applied in trial NCT00706147, where a genotype—phenotype
homogeneous population of SODI-fALS mutation carri-
ers was used to test the safety, tolerability, and efficacy of
Arimoclomol, a drug promoting the correct folding of pro-
teins. The study demonstrated drug tolerability and safety
but unfortunately, did not show therapeutic efficacy [4]. In
trial NCT04494256, subjects with ATXN2 expansion were
enrolled to assess the safety, tolerability, and pharmacoki-
netic profile of BIIB105, an ASO designed to bind and
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degrade the ATXN2 mRNA [68]. Part of this trial targets
individuals with medium-length CAG expansions in ATXN2.
Regrettably, in May 2024, Biogen and Ionis revealed that
BIIB10 showed a notable decrease in ATXN2 protein in the
CSF but failed to demonstrate a reduction in NfL or any clini-
cal advantage during the 6-month placebo-controlled period,
leading to the halting of its development.

In a similar precision-medicine approach, a recent study
explored using a human-derived monoclonal antibody (a-
miSOD1) targeting misfolded SOD1 as a potential thera-
peutic strategy for ALS. This antibody selectively binds to
misfolded SOD1 without interfering with its normal function.
In preclinical models, administering a-miSOD1 successfully
delayed disease onset, reduced motor neuron degeneration,
and extended survival in SOD/-mutant ALS mouse models.
Furthermore, the antibody detected misfolded SOD1 in post-
mortem spinal cord tissue from both fALS and sALS cases,
highlighting its potential as a therapeutic agent for a broader
patient population [48].

Another pharmacological strategy targeting SODI
involved the use of oral pyrimethamine, an FDA-approved
medication used for the treatment of malaria and toxoplas-
mosis; in the clinical study, NCT01083667 demonstrated
that pyrimethamine significantly lowered cerebrospinal fluid
(CSF) SODI levels in ALS patients with SODI mutations,
with a mean reduction of 13.5% at 18 weeks and 10.5%
at 36 weeks. The treatment was well tolerated, and this
trial marked a milestone as one of the first-ever ALS stud-
ies where patient genotype (SODI mutation) and disease
mechanism (gain-of-function of mutant SODI protein in a
dose-dependent manner) were used to guide therapy selec-
tion. These findings suggest pyrimethamine as a potential
therapeutic approach for ALS patients with SOD/ mutations
[38].

A novel approach using ASO therapy aims to increase
Stathmin5 expression in sALS patients, enhancing nuclear
TDP-43 content and counteracting TDP-43 nuclear deple-
tion, a hallmark of ALS pathology. A pilot AAV9-siRNA
study also targeted SODI in ALS patients with A4V and
D90A mutations [56]. This groundbreaking study laid the
foundation for a larger, ongoing gene therapy initiative to
treat SODI-ALS. The investigational gene therapy, AMT-
162, uses an AAVrhl0 vector to deliver a microRNA
designed to knock down the expression of the mutated SOD1
protein. Preclinical studies in a SODI-ALS mouse model
showed that AMT-162 significantly improved survival and
reduced SOD1 levels in spinal cord motor neurons. Further,
reductions in SOD1 protein expression were observed in non-
human primates at the proposed clinical doses. In October
2024, the first patient was dosed in the Phase I/II clinical
trial of AMT-162, marking a key milestone in the develop-
ment of this promising gene therapy for SOD1-ALS [80].
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While much of the focus in ALS therapy development
has been on SODI mutations, another promising therapeutic
approach is emerging for ALS patients with FUS mutations.
The pilot study explored ION363 (also known as Jacifusen or
Ulefnersen), an ASO targeting FUS mutations in ALS [36].
Results showed ION363 significantly reduced FUS protein
levels in a FUS-ALS mouse model, preventing motor neuron
loss and offering promise for disease progression reduction.
The NCT04768972 trial is now evaluating ION363 in ALS
patients with FUS mutations, with early data suggesting dra-
matic effects, particularly in younger patients, with some
showing improvements in ALSFRS-R scores [36].Therefore,
proper classification of the pathogenetic variants associated
with ALS and a study to understand the harmful molecu-
lar mechanisms causing the disease are fundamental steps
to develop new specific therapeutic strategies for this fatal
disease.

MiRNAs as biomarkers in ALS

The non-coding regions represent a large percentage of the
human genome. [65] Among the different types of non-
coding elements in the genome, there is growing evidence
implicating microRNAs (miRNAs) in the pathogenesis of
several neurodegenerative diseases, including FTD and ALS
[35]. miRNAs directly interact with partially complemen-
tary target sites in target mRNAs’ 3’ UTR and repress their
expression [33] and they play essential roles during differ-
entiation and development. More than 60% of all mRNAs
are estimated to contain miRNA target sites in their 3’ UTR,
suggesting tight regulation and involvement in normal cellu-
lar homeostasis and disease states [70]. Furthermore, several
studies show that various miRNAs can target a massive
amount of mRNAs, suggesting the involvement of these
small ncRNAs in the development of a multitude of diseases
[40, 23], including several types of cancer [40], heart dis-
eases such as hypertrophy and ischemia [70, 41] as well as
neurodegenerative disorders (NDs) [69].

Diagnosing ALS primarily relies on a clinical assessment
of a patient’s symptoms, which means observing the pro-
gressive spread of both upper and lower motor neuron signs
across various body regions, as there is currently no single
definitive test to confirm the disease, and diagnosis often
occurs after significant motor neuron loss has already taken
place [75]. Thus, for a drug to be effective, early or prodro-
mal diagnosis would be necessary to prevent further motor
neuron degeneration and to preserve the function of remain-
ing motor neurons. However, this is challenging because no
reliable molecular biomarkers have been identified in clinical
trials for presymptomatic diagnosis or patient stratification.
Several efforts are being made from this point of view. Recent
studies have identified neurofilament light chain (NfL) and
phosphorylated neurofilament heavy chain (pNfH) as reliable



Journal of Neurology (2025) 272:233

Page9of16 233

biomarkers for the disease. Notably, plasma NfL concen-
trations can increase 6 to 12 months before symptoms of
ALS appear, making it a promising tool for early diagnosis
[82]. Furthermore, measuring the enzymatic activity of SOD1
has proven beneficial in ALS drug trials and large-scale
screenings for SODI mutations, providing a cost-effective
alternative to next-generation sequencing [29]. The genetic
landscape of ALS is slowly evolving in response to novel
genetic discoveries, helping to identify pathogenic cellular
pathways and providing potential biomarkers and targets for
drug discovery [10].

miRNAs have been found to be excellent candidates as
biomarkers for the disease. According to the National Insti-
tutes of Health Biomarkers Definitions Working Group, a
biomarker is “a characteristic that is objectively measured
and evaluated as an indicator of normal biological processes,
pathogenic processes, or pharmacologic responses to a ther-
apeutic intervention” [6]. In ALS cases, biomarkers would
allow an earlier and more precise diagnosis, with the possi-
bility to start treatments earlier to modify the disease course.
These biomarkers could aid in the classification/stratification
of ALS patients, in monitoring disease progression, and iden-
tifying patients who will respond better to a particular drug.
Biomarkers can also provide a valuable tool for identifying
new therapeutic approaches and driving patients’ enrollment
in clinical trials. Furthermore, they may represent a link
between the results obtained in animal models and human
patients, providing insight into potential therapeutic targets.

Since miRNA constructs have a tissue-specific expression,
it is possible to use differential expression in distinct tis-
sues for various purposes. For example, circulating miRNAs
can be used as predictive and/or diagnostic biomarkers. The
use of blood samples in routine diagnostic testing presents
several advantages. Blood specimens are easy to obtain, pro-
cess, and store, and the samples required for the analysis
can be collected without using invasive procedures for the
patients. Furthermore, blood-based biomarkers may origi-
nate from the CNS through a transfer between the blood and
CSF at the blood—brain barrier [34, 72], suggesting that the
same biomarkers could be present in both biofluids. They
may also be generated by other organs and tissues affected
in ALS, such as degenerating muscles or peripheral blood
cells. Therefore, blood can represent an excellent biofluid
for discovering and validating biomarkers for ALS [83]. On
the other hand, miRNAs present in blood can reflect other
concurrent pathophysiological conditions that may not be
directly related to ALS disease (e.g., inflammatory status,
response to pharmacological treatments, etc.), which may
complicate the interpretation, specificity, and utility of the
biomarker in question.

Several studies highlighted how altered biogenesis and
expression of miRNAs can be responsible for the degener-
ation of spinal motor neurons, both in fALS and sALS. In

addition, miRNAs have been found to exert a function in
neuronal inflammation in ALS. Numerous works showed that
miRNAs in affected subjects could cross the blood—brain bar-
rier to reach the bloodstream and, thereby, could be utilized
as disease biomarkers. Highly deregulated miRNAs have
been associated with different degrees of disease progression.
miR-151a-5p, miR-199a-5p and miR-423-3p were seen to be
down-regulated in affected subjects, whereas miR-338-3p,
miR-206 and miR-133a appeared up-regulated. Moreover,
up-regulation of miR-199a-5p, miR-206, and miR-133a cor-
related with a better prognosis and a slower disease course.
miR-338-3p is involved in ALS pathogenesis, not only in
tissues directly related to the disease but also in the periph-
eral tissues such as blood, helping to evaluate the potential
of such miRNAs as a novel class of genetic blood marker
for sALS [13]. miR-199a-5p has been involved in the initial
phase of ALS and found to be significantly down-regulated in
the last phase of the disease. In contrast, miR-206 has been
supposed to mitigate the disease’s progression by enhanc-
ing the joints’ regeneration at the neuromuscular level [20].
miR-335-5p was found to be downregulated in ALS patient
serum, increasing oxidative stress, inhibiting the caspase 3/7
apoptotic pathway, and deregulating neuronal degeneration
[14, 69].

Recent studies have highlighted the presence of connec-
tions between miRNAs and RNA-binding proteins (RBPs),
such as TARDBP and FUS, with essential regulatory com-
plexes such as Drosha in the nucleus and Dicer in the
cytoplasm. Drosha complexes with DGCRS have also been
associated with TARDBP, suggesting more complex dynam-
ics than miRNAs and protein-related pathologies, especially
in MNs. FUS localizes together with TARDBP in the Drosha
nuclear complex, and the direct binding of FUS to the
nascent pri-miRNAs allows to recruit Drosha to transcrip-
tionally active sites for further processing of the pri-miRNAs
themselves. Furthermore, FUS has been shown to promote
gene silencing through direct binding to specific miRNA and
mRNA targets. Mutations in this gene also impair the func-
tion of the AGO2 protein in the miRNA-induced silencing
complex (miRISC) [61, 69].

The implications of miRNA dysregulation extend across
diverse facets of ALS, including aberrant RNA and pro-
tein metabolism, inflammatory responses, cytotoxicity, and
compromised neuromuscular junction structure and signal-
ing (Fig. 9).

Considering all these evidences, it is necessary to pro-
mote the use of plasma miRNAs, in association with other
biomarkers, to make predictive diagnoses and discover new
therapeutic targets. There is still much work to be done to val-
idate and demonstrate its clinical utility in the general ALS
population. The ultimate goal is to include these biomarkers
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Fig.5 Dysregulation of miRNA biogenesis and function may contribute
to the development and progression of ALS. Impairments in miRNA
biogenesis or function occur through the dysregulation of different
cellular pathways. Specifically, miRNA—protein complex metabolism
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wrongful cues owing to disrupted signaling at the neuromuscular junc-
tion, inhibiting of cell homeostasis due to cytotoxicity associated with

in all phases of ALS management, from diagnosis to clini-
cal studies and, prospectively, to the identification of future
therapeutic targets.

LncRNA as potential therapeutic target

It is estimated that approximately 40% of IncRNAs are
uniquely expressed in the brain, surpassing the number of
protein-coding genes [18]. LncRNAs demonstrate tissue-
specific expression and have a modulatory effect on the
CNS by influencing various biological processes such as
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faulty glutamate clearance, and an overactive inflammatory response.
Conversely, research indicates that the malfunctioning of significant
miRNAs initiates changes in these cellular pathways, leading to the
downstream effects of the neurodegeneration linked to ALS pathology.
(Created with BioRender.com)

epigenetic modulation, post-transcriptional and translational
regulation, alternative splicing, and cell cycle [89]. These
molecules in brain tissue are comparatively more stable than
those in other tissues. Furthermore, the IncRNAS in the brain
display enhanced temporal and spatial specificity compared
tomRNAs [63]. GWAS and comparative transcriptomic stud-
ies have associated IncRNAs with different NDs, including
the age-onset motor neurons-associated disease ALS [49,
90]. However, most of these studies have described asso-
ciations but do not show unequivocal evidence of causation.
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Over the past few years, much experimental evidence has
emphasized the role of IncRNAs in motor neuron devel-
opment. During motor neuron development, the expression
of both linear and circular IncRNAs increases. These RNA
molecules are conserved across species and are involved in
the recruitment and function of polycomb repressive com-
plex 1/2. Interestingly, the same cluster of IncRNAs regulated
during motor neuron development is often dysregulated in
a motor neuron disorders context (e.g., Lhxlos, IncMN-
1, IncMN-2). These results suggest that IncRNAs are crucial
for normal motor neuron development and that their dysregu-
lation could underlie the disease’s pathogenesis of ALS and
SMA. The main challenge in the field is to identify ‘key’
downstream targets that are affected by IncRNA dysregu-
lation and lead to motor neuron degeneration. Future work
should focus on downstream targets beyond the direct inter-
actors of IncRNAs, but to genes or proteins in extended
molecular networks that may be involved in motor neu-
ron degeneration. Developing innovative genetic tools and
in vitro/in vivo models would be essential to address how
dysregulated IncRNAs can cause disease. An approach is
to take advantage of the iPSC and genome editing tech-
nology to generate patient-derived models (and isogenic
controls) to dissect the different roles of IncRNAs. Knock-
down approaches, co-immunoprecipitation, and argonaute
2-CLIP experiments combined with proteomics and next-
generation sequencing analysis of IncRNAs are part of the
toolbox that could reveal the nature and consequences of
IncRNA interactions (Fig.  6).

Such experimental strategies would allow the establish-
ment of a direct link between IncRNA-related targets and
functions and consequent phenotypic alterations in motor
neurons. An interesting hypothesis that needs further inves-
tigation is the possibility that IncRNAs may have a role to
play in conferring selective vulnerability and degeneration
of specific subtypes of motor neurons. Improving our under-
standing of the mechanism of action and roles of IncRNAs
will stimulate generation of new ideas or molecular strategies
for treating motor neuron diseases.

Given the ability of IncRNAs to regulate the NDs devel-
opment through modulating different cellular mechanisms,
such as autophagy, targeting autophagy-associated IncRNAs
in neuronal cells may be a viable potential therapeutic strat-
egy for treating these disorders. Multiple lines of evidence
demonstrate that autophagy is critical for the homeosta-
sis maintenance in neuronal cells [60, 46]. Furthermore,
autophagy dysregulation is one of the main etiologies of NDs;
thus, autophagy can be a promising therapeutic direction for
treating NDs [17].

Currently, two major oligonucleotide-based strategies,
ASOs and RNAI, have successfully been used to reduce the
expression of upregulated IncRNAs in neuronal cells, demon-
strating the vast therapeutic potential of RNA-based therapies

@ Springer

for NDs [62, 66]. However, the main obstacle for delivery
of these oligonucleotides into the central nervous system is
the lack of transfer across the blood-brain barrier. Recent
studies suggest that combining RNA-based therapies with
liposomes can enhance blood—brain barrier penetration [26].
Cell-derived exosomes are also being considered as therapeu-
tic vehicles to deliver RNAs to the CNS. A secondary hurdle
to consider when targeting IncRNAs is the presence of sec-
ondary structure that is inherently encoded in its sequence
which may decrease efficacy or block the binding of the
ASOs or siRNAs to its target. However, this could be resolved
by using chemically modified analogs of the oligonucleotides
[5, 87]. Another important consideration is the availability of
preclinical animal models of the disease for developing rele-
vant therapies due to a lack of conservation between human
and non-primate IncRNA sequences [51].

Currently, 11 RNA therapies are approved by the US
Food and Drug Administration (FDA) and/or the European
Medicines Agency (EMA); of these, only one, Nusinersen,
aimed at improving SMA outcomes, is targeted to the CNS
via intrathecal administration [85]. Although no approved
RNA therapies are available to target IncRNA molecules in
humans, several experiments are being conducted in preclin-
ical models.

Considering these new lines of investigations, the char-
acterization of IncRNAs and their future use as therapeutic
targets in ALS could strongly contribute to the therapy of
such a devastating disease.

Conclusion

In conclusion, through GWAS, NGS, and the identification
of key genetic variants, significant progress has been made in
unraveling the complex etiology of complex diseases, such
as neurodegenerative disorders. Additionally, the emerging
knowledge of miRNAs and IncRNAs as potential biomarkers
and therapeutic targets offers interesting opportunities for
early diagnosis and precision medicine for a devastating and
fatal disease such as ALS.

However, it is essential to acknowledge the limitations
and challenges that persist in this field. Issues such as
blood-brain barrier penetration, the need for more accu-
rate preclinical models, and the development of effective
delivery systems for RNA-based therapeutics remain signifi-
cant hurdles. Moreover, while genetics has provided valuable
insights, neurodegenerative diseases are multifactorial, and
environmental factors likely play a role that requires fur-
ther exploration. To address these challenges and continue
advancing research in this field, interdisciplinary collabora-
tion and innovation are crucial.



Journal of Neurology (2025) 272:233

Page130f 16 233

Acknowledgements We would like to express our sincere gratitude to
all the researchers whose pioneering work and dedication have sig-
nificantly advanced our understanding of neurodegenerative diseases,
particularly Amyotrophic Lateral Sclerosis (ALS). We extend our heart-
felt thanks to the members of the Department of Pharmacy at the
University of Calabria (Italy) and the Neuromuscular Disease Research
Section (NDRS) at the National Institutes of Health for their invaluable
support and collaboration. Their contributions and insights have been
instrumental in shaping this comprehensive review. This research was
supported in part by the Intramural Research Program of the National
Institutes of Health, the National Institute on Aging (1ZIAAG000933).

Author contributions P.R. conceptual design, acquisition, analysis,
interpretation and review of reported data, figure preparation, writ-
ing—original draft. B.J.T. and FL.C. supervision, editing and revision.
All authors contributed to the manuscript review, read and approved
the submitted version providing critical feedback that helped shape the
text.

Funding Open access funding provided by the National Institutes of
Health.

Data availability Not applicable.

Declarations

Conflict of interest BJT holds patents on the clinical testing and thera-
peutic intervention for the hexanucleotide repeat expansion of C90rf72,
and has a patent pending (U.S. Patent Application No. 63/717,807) on
the diagnostic testing for ALS based on the proteomic panel. The authors
declare no other competing interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indi-
cate if changes were made. The images or other third party material
in this article are included in the article’s Creative Commons licence,
unless indicated otherwise in a credit line to the material. If material
is not included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.

References

1. Alexander MD, Traynor BJ, Miller N, Corr B, Frost E, McQuaid S,
Brett FM, Green A, Hardiman O (2002) “True” sporadic ALS asso-
ciated with a novel SOD-1 mutation. Ann Neurol 52(5):680-683.
https://doi.org/10.1002/ana.10369

2. Amado DA, Davidson BL (2021) Gene therapy for ALS: a
review. Mol Ther 29(12):3345-3358. https://doi.org/10.1016/j.
ymthe.2021.04.008

3. Andersen PM, Al-Chalabi A (2011) Clinical genetics of amy-
otrophic lateral sclerosis: what do we really know? Nat Rev Neurol
7(11):603-615. https://doi.org/10.1038/nrneurol.2011.150

4. Benatar M, Wuu J, Andersen PM, Atassi N, David W, Cudkowicz
M, Schoenfeld D (2018) Randomized, double-blind, placebo-
controlled trial of arimoclomol in rapidly progressive SODI1
ALS. Neurology 90(7):e565—e574. https://doi.org/10.1212/WNL.
0000000000004960

10.

11.

12.

13.

14.

15.

16.

. Bernat V, Disney MD (2015) RNA structures as mediators of neu-

rological diseases and as drug targets. Neuron 87(1):28—46. https://
doi.org/10.1016/j.neuron.2015.06.012

. Biomarkers Definitions Working, G. (2001) Biomarkers and sur-

rogate endpoints: preferred definitions and conceptual framework.
Clin Pharmacol Ther 69(3):89-95. https://doi.org/10.1067/mcp.
2001.113989

. Blair HA (2023) Tofersen: first approval. Drugs 83(11):1039-1043.

https://doi.org/10.1007/s40265-023-01904-6

. Bonvicini C, Scassellati C, Benussi L, Di Maria E, Maj C, Ciani

M, Fostinelli S, Mega A, Bocchetta M, Lanzi G, Giacopuzzi E,
Ferraboli S, Pievani M, Fedi V, Defanti CA, Giliani S, Frisoni GB,
Ghidoni R, Gennarelli M, Alzheimer’s Disease Neuroimaging, 1.
(2019) Next generation sequencing analysis in early onset dementia
patients. J Alzheimers Dis 67(1):243-256. https://doi.org/10.3233/
JAD-180482

. Byrne S, Elamin M, Bede P, Shatunov A, Walsh C, Corr B,

Heverin M, Jordan N, Kenna K, Lynch C, McLaughlin RL,
Iyer PM, O’Brien C, Phukan J, Wynne B, Bokde AL, Bradley
DG, Pender N, Al-Chalabi A, Hardiman O (2012) Cognitive and
clinical characteristics of patients with amyotrophic lateral scle-
rosis carrying a C9orf72 repeat expansion: a population-based
cohort study. Lancet Neurol 11(3):232-240. https://doi.org/10.
1016/S1474-4422(12)70014-5

Chia R, Chio A, Traynor BJ (2018) Novel genes associated with
amyotrophic lateral sclerosis: diagnostic and clinical implica-
tions. Lancet Neurol 17(1):94—102. https://doi.org/10.1016/S1474-
4422(17)30401-5

Chio A, Calvo A, Moglia C, Ossola I, Brunetti M, Sbaiz L, Lai SL,
Abramzon Y, Traynor BJ, Restagno G (2011) A de novo missense
mutation of the FUS gene in a “true” sporadic ALS case. Neurobiol
Aging. https://doi.org/10.1016/j.neurobiolaging.2010.05.016
Davidson BL, Gao G, Berry-Kravis E, Bradbury AM, Bonnemann
C, Buxbaum JD, Corcoran GR, Gray SJ, Gray-Edwards H, Kleiman
RJ, Shaywitz AJ, Wang D, Zoghbi HY, Flotte TR, Tauscher-
Wisniewski S, Tifft CJ, Sahin M, Gene Therapy Workshop, F.
(2022) Gene-based therapeutics for rare genetic neurodevelopmen-
tal psychiatric disorders. Mol Ther 30(7):2416-2428. https://doi.
org/10.1016/j.ymthe.2022.05.01

De Felice B, Annunziata A, Fiorentino G, Borra M, Biffali E,
Coppola C, Cotrufo R, Brettschneider J, Giordana ML, Dalmay T,
Wheeler G, D’ Alessandro R (2014) miR-338-3p is over-expressed
in blood, CFS, serum and spinal cord from sporadic amyotrophic
lateral sclerosis patients. Neurogenetics 15(4):243-253. https://doi.
org/10.1007/s10048-014-0420-2

De Luna N, Turon-Sans J, Cortes-Vicente E, Carrasco-Rozas A,
Illan-Gala I, Dols-Icardo O, Clarimon J, Lleo A, Gallardo E, Illa
I, Rojas-Garcia R (2020) Downregulation of miR-335-5P in amy-
otrophic lateral sclerosis can contribute to neuronal mitochondrial
dysfunction and apoptosis. Sci Rep 10(1):4308. https://doi.org/10.
1038/s41598-020-61246-1

Dean DC 3rd, Jerskey BA, Chen K, Protas H, Thiyyagura P, Roon-
tiva A, O’Muircheartaigh J, Dirks H, Waskiewicz N, Lehman
K, Siniard AL, Turk MN, Hua X, Madsen SK, Thompson PM,
Fleisher AS, Huentelman MJ, Deoni SC, Reiman EM (2014) Brain
differences in infants at differential genetic risk for late-onset
Alzheimer disease: a cross-sectional imaging study. JAMA Neurol
71(1):11-22. https://doi.org/10.1001/jamaneurol.2013.4544

Deng HX, Chen W, Hong ST, Boycott KM, Gorrie GH, Siddique N,
Yang Y, Fecto F, Shi Y, Zhai H, Jiang H, Hirano M, Rampersaud E,
Jansen GH, Donkervoort S, Bigio EH, Brooks BR, Ajroud K, Sufit
RL, Siddique T (2011) Mutations in UBQLN?2 cause dominant X-
linked juvenile and adult-onset ALS and ALS/dementia. Nature
477(7363):211-215. https://doi.org/10.1038/nature 10353

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/ana.10369
https://doi.org/10.1016/j.ymthe.2021.04.008
https://doi.org/10.1038/nrneurol.2011.150
https://doi.org/10.1212/WNL.0000000000004960
https://doi.org/10.1016/j.neuron.2015.06.012
https://doi.org/10.1067/mcp.2001.113989
https://doi.org/10.1007/s40265-023-01904-6
https://doi.org/10.3233/JAD-180482
https://doi.org/10.1016/S1474-4422(12)70014-5
https://doi.org/10.1016/S1474-4422(17)30401-5
https://doi.org/10.1016/j.neurobiolaging.2010.05.016
https://doi.org/10.1016/j.ymthe.2022.05.01
https://doi.org/10.1007/s10048-014-0420-2
https://doi.org/10.1038/s41598-020-61246-1
https://doi.org/10.1001/jamaneurol.2013.4544
https://doi.org/10.1038/nature10353

233 Page 140f 16

Journal of Neurology (2025) 272:233

17.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

Deng Z, Dong Y, Zhou X, Lu JH, Yue Z (2022) Pharmacological
modulation of autophagy for Alzheimer’s disease therapy: oppor-
tunities and obstacles. Acta Pharm Sin B 12(4):1688-1706. https://
doi.org/10.1016/j.apsb.2021.12.009

. Derrien T, Johnson R, Bussotti G, Tanzer A, Djebali S, Tilgner H,

Guernec G, Martin D, Merkel A, Knowles DG, Lagarde J, Veer-
avalli L, Ruan X, Ruan Y, Lassmann T, Carninci P, Brown JB,
Lipovich L, Gonzalez JM, Guigo R (2012) The GENCODE v7 cat-
alog of human long noncoding RNAs: analysis of their gene struc-
ture, evolution, and expression. Genome Res 22(9):1775-1789.
https://doi.org/10.1101/gr.132159.111

Diana A, Pillai R, Bongioanni P, O’Keeffe AG, Miller RG,
Moore DH (2017) Gamma aminobutyric acid (GABA) mod-
ulators for amyotrophic lateral sclerosis/motor neuron disease.
Cochrane Database Syst Rev 1(1):CD006049. https://doi.org/10.
1002/14651858.CD006049.pub2

Dobrowolny G, Martone J, Lepore E, Casola I, Petrucci A, Inghil-
leri M, Morlando M, Colantoni A, Scicchitano BM, Calvo A,
Bisogni G, Chio A, Sabatelli M, Bozzoni I, Musaro A (2021)
A longitudinal study defined circulating microRNAs as reliable
biomarkers for disease prognosis and progression in ALS human
patients. Cell Death Discov 7(1):4. https://doi.org/10.1038/s41420-
020-00397-6

Dudman J, Qi X (2020) Stress granule dysregulation in amy-
otrophic lateral sclerosis. Front Cell Neurosci 14:598517. https://
doi.org/10.3389/fncel.2020.598517

Elobeid A, Libard S, Leino M, Popova SN, Alafuzoff I (2016)
Altered proteins in the aging brain. J Neuropathol Exp Neurol
75(4):316-325. https://doi.org/10.1093/jnen/nlw002

Esteller M (2011) Non-coding RNAs in human disease. Nat Rev
Genet 12(12):861-874. https://doi.org/10.1038/nrg3074

Fang T, Al Khleifat A, Meurgey JH, Jones A, Leigh PN, Bensimon
G, Al-Chalabi A (2018) Stage at which riluzole treatment prolongs
survival in patients with amyotrophic lateral sclerosis: a retrospec-
tive analysis of data from a dose-ranging study. Lancet Neurol
17(5):416-422. https://doi.org/10.1016/S1474-4422(18)30054-1
Feldman EL, Goutman SA, Petri S, Mazzini L, Savelieff
MG, Shaw PJ, Sobue G (2022) Amyotrophic lateral sclerosis.
Lancet 400(10360):1363-1380. https://doi.org/10.1016/S0140-
6736(22)01272-7

Grafals-Ruiz N, Rios-Vicil CI, Lozada-Delgado EL, Quinones-
Diaz BI, Noriega-Rivera RA, Martinez-Zayas G, Santana-Rivera
Y, Santiago-Sanchez GS, Valiyeva F, Vivas-Mejia PE (2020) Brain
targeted gold liposomes improve RNAI delivery for glioblastoma.
Int J Nanomedicine 15:2809-2828. https://doi.org/10.2147/1IN.
S241055

Gubbay SS, Kahana E, Zilber N, Cooper G, Pintov S, Leibowitz Y
(1985) Amyotrophic lateral sclerosis. A study of its presentation
and prognosis. J Neurol 232(5):295-300. https://doi.org/10.1007/
BF00313868

Handel AE, Disanto G, Ramagopalan SV (2013) Next-generation
sequencing in understanding complex neurological disease. Expert
Rev Neurother 13(2):215-227. https://doi.org/10.1586/ern.12.165
Hansson O (2021) Biomarkers for neurodegenerative diseases. Nat
Med 27(6):954-963. https://doi.org/10.1038/s41591-021-01382-x
Haverkamp LJ, Appel V, Appel SH (1995) Natural history of amy-
otrophic lateral sclerosis in a database population. Validation of a
scoring system and a model for survival prediction. Brain 118(Pt
3):707-719. https://doi.org/10.1093/brain/118.3.707

Hou Y, Dan X, Babbar M, Wei Y, Hasselbalch SG, Croteau DL,
Bohr VA (2019) Ageing as a risk factor for neurodegenerative
disease. Nat Rev Neurol 15(10):565-581. https://doi.org/10.1038/
s41582-019-0244-7

Hubers A, Just W, Rosenbohm A, Muller K, Marroquin N, Goebel I,
Hogel J, Thiele H, Altmuller J, Nurnberg P, Weishaupt JH, Kubisch
C, Ludolph AC, Volk AE (2015) De novo FUS mutations are the

@ Springer

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

most frequent genetic cause in early-onset German ALS patients.
Neurobiol Aging 36(11):3117 e3111-3117 e3116. https://doi.org/
10.1016/j.neurobiolaging.2015.08.005

Huntzinger E, Izaurralde E (2011) Gene silencing by microRNAs:
contributions of translational repression and mRNA decay. Nat Rev
Genet 12(2):99-110. https://doi.org/10.1038/nrg2936

Johanson CE, Stopa EG, McMillan PN (2011) The blood-
cerebrospinal fluid barrier: structure and functional significance.
Methods Mol Biol 686:101-131. https://doi.org/10.1007/978-1-
60761-938-3_4

Junn E, Mouradian MM (2012) MicroRNAs in neurodegen-
erative diseases and their therapeutic potential. Pharmacol
Ther 133(2):142-150. https://doi.org/10.1016/j.pharmthera.2011.
10.002

Korobeynikov VA, Lyashchenko AK, Blanco-Redondo B, Jafar-
Nejad P, Shneider NA (2022) Antisense oligonucleotide silencing
of FUS expression as a therapeutic approach in amyotrophic lat-
eral sclerosis. Nat Med 28(1):104-116. https://doi.org/10.1038/
s41591-021-01615-z

Kwiatkowski TJ Jr, Bosco DA, Leclerc AL, Tamrazian E, Van-
derburg CR, Russ C, Davis A, Gilchrist J, Kasarskis EJ, Munsat T,
Valdmanis P, Rouleau GA, Hosler BA, Cortelli P, de Jong PJ, Yoshi-
naga Y, Haines JL, Pericak-Vance MA, Yan J, Brown RH Jr (2009)
Mutations in the FUS/TLS gene on chromosome 16 cause famil-
ial amyotrophic lateral sclerosis. Science 323(5918):1205-1208.
https://doi.org/10.1126/science.1166066

Lange DJ, Shahbazi M, Silani V, Ludolph AC, Weishaupt JH,
Ajroud-Driss S, Fields KG, Remanan R, Appel SH, Morelli C,
Doretti A, Maderna L, Messina S, Weiland U, Marklund SL, Ander-
sen PM (2017) Pyrimethamine significantly lowers cerebrospinal
fluid Cu/Zn superoxide dismutase in amyotrophic lateral sclerosis
patients with SOD1 mutations. Ann Neurol 81(6):837-848. https://
doi.org/10.1002/ana.24950

Li MM, Awasthi S, Ghosh S, Bisht D, Coban Akdemir ZH,
Sheynkman GM, Sahni N, Yi SS (2023) Gain-of-function vari-
omics and multi-omics network biology for precision medicine.
Methods Mol Biol 2660:357-372. https://doi.org/10.1007/978-1-
0716-3163-8_24

Lin S, Gregory RI (2015) MicroRNA biogenesis pathways in
cancer. Nat Rev Cancer 15(6):321-333. https://doi.org/10.1038/
nrc3932

Liu N, Olson EN (2010) MicroRNA regulatory networks in car-
diovascular development. Dev Cell 18(4):510-525. https://doi.org/
10.1016/j.devcel.2010.03.010

Logroscino G, Traynor BJ, Hardiman O, Chio A, Mitchell D,
Swingler RJ, Millul A, Benn E, Beghi E (2010) Incidence of amy-
otrophic lateral sclerosis in Europe. J Neurol Neurosurg Psychiatry
81(4):385-390. https://doi.org/10.1136/jnnp.2009.183525
Lopez-Otin C, Blasco MA, Partridge L, Serrano M, Kroemer G
(2013) The hallmarks of aging. Cell 153(6):1194-1217. https://
doi.org/10.1016/j.cell.2013.05.039

Lv G, Sayles NM, Huang Y, Mancinelli CD, McAvoy K, Shneider
NA, Manfredi G, Kawamata H, Eliezer D (2024) Amyloid fibril
structures link CHCHD10 and CHCHD?2 to neurodegeneration.
bioRxiv. https://doi.org/10.1101/2024.07.18.604174

MacArthur DG, Tyler-Smith C (2010) Loss-of-function variants in
the genomes of healthy humans. Hum Mol Genet 19(R2):R125-
130. https://doi.org/10.1093/hmg/ddq365

Macdonald R, Barnes K, Hastings C, Mortiboys H (2018) Mito-
chondrial abnormalities in Parkinson’s disease and Alzheimer’s
disease: can mitochondria be targeted therapeutically? Biochem
Soc Trans 46(4):891-909. https://doi.org/10.1042/BST20170501
Magri A, Belfiore R, Reina S, Tomasello MF, Di Rosa MC, Guarino
F,Leggio L, De Pinto V, Messina A (2016) Hexokinase I N-terminal
based peptide prevents the VDAC1-SOD1 G93A interaction and


https://doi.org/10.1016/j.apsb.2021.12.009
https://doi.org/10.1101/gr.132159.111
https://doi.org/10.1002/14651858.CD006049.pub2
https://doi.org/10.1038/s41420-020-00397-6
https://doi.org/10.3389/fncel.2020.598517
https://doi.org/10.1093/jnen/nlw002
https://doi.org/10.1038/nrg3074
https://doi.org/10.1016/S1474-4422(18)30054-1
https://doi.org/10.1016/S0140-6736(22)01272-7
https://doi.org/10.2147/IJN.S241055
https://doi.org/10.1007/BF00313868
https://doi.org/10.1586/ern.12.165
https://doi.org/10.1038/s41591-021-01382-x
https://doi.org/10.1093/brain/118.3.707
https://doi.org/10.1038/s41582-019-0244-7
https://doi.org/10.1016/j.neurobiolaging.2015.08.005
https://doi.org/10.1038/nrg2936
https://doi.org/10.1007/978-1-60761-938-3_4
https://doi.org/10.1016/j.pharmthera.2011.10.002
https://doi.org/10.1038/s41591-021-01615-z
https://doi.org/10.1126/science.1166066
https://doi.org/10.1002/ana.24950
https://doi.org/10.1007/978-1-0716-3163-8_24
https://doi.org/10.1038/nrc3932
https://doi.org/10.1016/j.devcel.2010.03.010
https://doi.org/10.1136/jnnp.2009.183525
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1101/2024.07.18.604174
https://doi.org/10.1093/hmg/ddq365
https://doi.org/10.1042/BST20170501

Journal of Neurology (2025) 272:233

Page150f16 233

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

re-establishes ALS cell viability. Sci Rep 6:34802. https://doi.org/
10.1038/srep34802

Maier M, Welt T, Wirth F, Montrasio F, Preisig D, McAfoose J,
Vieira FG, Kulic L, Spani C, Stehle T, Perrin S, Weber M, Hock
C, Nitsch RM, Grimm J (2018) A human-derived antibody targets
misfolded SOD1 and ameliorates motor symptoms in mouse mod-
els of amyotrophic lateral sclerosis. Sci Transl Med. https://doi.
org/10.1126/scitranslmed.aah3924

Maniatis S, Aijo T, Vickovic S, Braine C, Kang K, Mollbrink
A, Fagegaltier D, Andrusivova Z, Saarenpaa S, Saiz-Castro G,
Cuevas M, Watters A, Lundeberg J, Bonneau R, Phatnani H
(2019) Spatiotemporal dynamics of molecular pathology in amy-
otrophic lateral sclerosis. Science 364(6435):89-93. https://doi.
org/10.1126/science.aav9776

Manolio TA, Collins FS, Cox NJ, Goldstein DB, Hindorff LA,
Hunter DJ, McCarthy MI, Ramos EM, Cardon LR, Chakravarti
A, Cho JH, Guttmacher AE, Kong A, Kruglyak L, Mardis E,
Rotimi CN, Slatkin M, Valle D, Whittemore AS, Visscher PM
(2009) Finding the missing heritability of complex diseases. Nature
461(7265):747-753. https://doi.org/10.1038/nature08494

Matsui M, Corey DR (2017) Non-coding RNAs as drug targets.
Nat Rev Drug Discov 16(3):167-179. https://doi.org/10.1038/nrd.
2016.117

Matsuo M (2021) Antisense oligonucleotide-mediated exon-
skipping therapies: precision medicine spreading from duchenne
muscular dystrophy. JMA J 4(3):232-240. https://doi.org/10.
31662/jmaj.2021-0019

Miller RG, Jackson CE, Kasarskis EJ, England JD, Forshew D,
Johnston W, Kalra S, Katz JS, Mitsumoto H, Rosenfeld J, Shoe-
smith C, Strong MJ, Woolley SC, Quality Standards Subcommittee
of the American Academy of, N. (2009) Practice parameter update:
the care of the patient with amyotrophic lateral sclerosis: multidis-
ciplinary care, symptom management, and cognitive/behavioral
impairment (an evidence-based review): report of the Quality
Standards Subcommittee of the American Academy of Neurol-
ogy. Neurology 73(15):1227-1233. https://doi.org/10.1212/WNL.
0b013e3181bcO1a4

Miller TM, Cudkowicz ME, Genge A, Shaw PJ, Sobue G, Bucelli
RC, Chio A, Van Damme P, Ludolph AC, Glass JD, Andrews
JA, Babu S, Benatar M, McDermott CJ, Cochrane T, Chary S,
Chew S, Zhu H, Wu F, Group, O. L. E. W. (2022) Trial of anti-
sense oligonucleotide tofersen for SOD1 ALS. N Engl J Med
387(12):1099-1110. https://doi.org/10.1056/NEJM0a2204705
Miller TM, Pestronk A, David W, Rothstein J, Simpson E, Appel
SH, Andres PL, Mahoney K, Allred P, Alexander K, Ostrow LW,
Schoenfeld D, Macklin EA, Norris DA, Manousakis G, Crisp M,
Smith R, Bennett CF, Bishop KM, Cudkowicz ME (2013) An
antisense oligonucleotide against SOD1 delivered intrathecally for
patients with SOD1 familial amyotrophic lateral sclerosis: a phase
1, randomised, first-in-man study. Lancet Neurol 12(5):435-442.
https://doi.org/10.1016/S1474-4422(13)70061-9

Mueller C, Berry JD, McKenna-Yasek DM, Gernoux G, Owegi
MA, Pothier LM, Douthwright CL, Gelevski D, Luppino SD,
Blackwood M, Wightman NS, Oakley DH, Frosch MP, Flotte TR,
Cudkowicz ME, Brown RH Jr (2020) SOD1 suppression with
adeno-associated virus and microRNA in familial ALS. N Engl
J Med 383(2):151-158. https://doi.org/10.1056/NEJM0a2005056
Muller K, Oh KW, Nordin A, Panthi S, Kim SH, Nordin F, Freis-
chmidt A, Ludolph AC, Ki CS, Forsberg K, Weishaupt J, Kim YE,
Andersen PM (2022) De novo mutations in SODI1 are a cause of
ALS. J Neurol Neurosurg Psychiatry 93(2):201-206. https://doi.
org/10.1136/jnnp-2021-327520

Nagoshi N, Nakashima H, Fehlings MG (2015) Riluzole as
a neuroprotective drug for spinal cord injury: from bench
to bedside. Molecules 20(5):7775-7789. https://doi.org/10.3390/
molecules20057775

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Neumann M, Sampathu DM, Kwong LK, Truax AC, Micsenyi MC,
Chou TT, Bruce J, Schuck T, Grossman M, Clark CM, McCluskey
LE, Miller BL, Masliah E, Mackenzie IR, Feldman H, Feiden W,
Kretzschmar HA, Trojanowski JQ, Lee VM (2006) Ubiquitinated
TDP-43 in frontotemporal lobar degeneration and amyotrophic
lateral sclerosis. Science 314(5796):130-133. https://doi.org/10.
1126/science.1134108

Nixon RA (2013) The role of autophagy in neurodegenerative dis-
ease. Nat Med 19(8):983-997. https://doi.org/10.1038/nm.3232
Pham J, Keon M, Brennan S, Saksena N (2020) Connecting
RNA-modifying similarities of TDP-43, FUS, and SOD1 with
microRNA dysregulation amidst a renewed network perspective of
amyotrophic lateral sclerosis proteinopathy. Int J Mol Sci. https://
doi.org/10.3390/ijms21103464

Policarpo R, Sierksma A, De Strooper B, d’Ydewalle C (2021)
From junk to function: LncRNAs in CNS health and disease.
Front Mol Neurosci 14:714768. https://doi.org/10.3389/fnmol.
2021.714768

Ponjavic J, Oliver PL, Lunter G, Ponting CP (2009) Genomic
and transcriptional co-localization of protein-coding and long
non-coding RNA pairs in the developing brain. PLoS Genet
5(8):e1000617. https://doi.org/10.1371/journal.pgen. 1000617
Pottier C, Bieniek KF, Finch N, van de Vorst M, Baker M, Perk-
ersen R, Brown P, Ravenscroft T, van Blitterswijk M, Nicholson
AM, DeTure M, Knopman DS, Josephs KA, Parisi JE, Petersen RC,
Boylan KB, Boeve BF, Graff-Radford NR, Veltman JA, Rademak-
ers R (2015) Whole-genome sequencing reveals important role for
TBK1 and OPTN mutations in frontotemporal lobar degeneration
without motor neuron disease. Acta Neuropathol 130(1):77-92.
https://doi.org/10.1007/s00401-015-1436-x

Richard Boland C (2017) Non-coding RNA: it’s not junk. Dig Dis
Sci 62(5):1107-1109. https://doi.org/10.1007/s10620-017-4506-1
Roberts TC, Langer R, Wood MJA (2020) Advances in oligonu-
cleotide drug delivery. Nat Rev Drug Discov 19(10):673-694.
https://doi.org/10.1038/s41573-020-0075-7

Rosen DR, Siddique T, Patterson D, Figlewicz DA, Sapp P, Hen-
tati A, Donaldson D, Goto J, O’Regan JP, Deng HX et al (1993)
Mutations in Cu/Zn superoxide dismutase gene are associated with
familial amyotrophic lateral sclerosis. Nature 362(6415):59-62.
https://doi.org/10.1038/362059a0

Ruffo P, Cavallaro S, Conforti FL (2022) The advent of omics
sciences in clinical trials of motor neuron diseases. J Pers Med.
https://doi.org/10.3390/jpm 12050758

Ruffo P, Strafella C, Cascella R, Caputo V, Conforti FL, Ando S,
Giardina E (2021) Deregulation of ncRNA in neurodegenerative
disease: focus on circRNA, IncRNA and miRNA in amyotrophic
lateral sclerosis. Front Genet 12:784996. https://doi.org/10.3389/
fgene.2021.784996

Sayed D, Abdellatif M (2011) MicroRNAs in development and dis-
ease. Physiol Rev 91(3):827-887. https://doi.org/10.1152/physrev.
00006.2010

Smith SE, McCoy-Gross K, Malcolm A, Oranski J, Markway JW,
Miller TM, Bucelli RC (2025) Tofersen treatment leads to sustained
stabilization of disease in SOD1 ALS in a “real-world” setting. Ann
Clin Transl Neurol. https://doi.org/10.1002/acn3.52264

Spector R, Robert Snodgrass S, Johanson CE (2015) A balanced
view of the cerebrospinal fluid composition and functions: focus
on adult humans. Exp Neurol 273:57-68. https://doi.org/10.1016/
j-expneurol.2015.07.027

Sreedharan J, Blair IP, Tripathi VB, Hu X, Vance C, Rogelj B,
Ackerley S, Durnall JC, Williams KL, Buratti E, Baralle F, de Belle-
roche J, Mitchell JD, Leigh PN, Al-Chalabi A, Miller CC, Nichol-
son G, Shaw CE (2008) TDP-43 mutations in familial and spo-
radic amyotrophic lateral sclerosis. Science 319(5870):1668-1672.
https://doi.org/10.1126/science. 1154584

@ Springer


https://doi.org/10.1038/srep34802
https://doi.org/10.1126/scitranslmed.aah3924
https://doi.org/10.1126/science.aav9776
https://doi.org/10.1038/nature08494
https://doi.org/10.1038/nrd.2016.117
https://doi.org/10.31662/jmaj.2021-0019
https://doi.org/10.1212/WNL.0b013e3181bc01a4
https://doi.org/10.1056/NEJMoa2204705
https://doi.org/10.1016/S1474-4422(13)70061-9
https://doi.org/10.1056/NEJMoa2005056
https://doi.org/10.1136/jnnp-2021-327520
https://doi.org/10.3390/molecules20057775
https://doi.org/10.1126/science.1134108
https://doi.org/10.1038/nm.3232
https://doi.org/10.3390/ijms21103464
https://doi.org/10.3389/fnmol.2021.714768
https://doi.org/10.1371/journal.pgen.1000617
https://doi.org/10.1007/s00401-015-1436-x
https://doi.org/10.1007/s10620-017-4506-1
https://doi.org/10.1038/s41573-020-0075-7
https://doi.org/10.1038/362059a0
https://doi.org/10.3390/jpm12050758
https://doi.org/10.3389/fgene.2021.784996
https://doi.org/10.1152/physrev.00006.2010
https://doi.org/10.1002/acn3.52264
https://doi.org/10.1016/j.expneurol.2015.07.027
https://doi.org/10.1126/science.1154584

233 Page160f 16

Journal of Neurology (2025) 272:233

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

Talbott EO, Malek AM, Lacomis D (2016) The epidemiology of
amyotrophic lateral sclerosis. Handb Clin Neurol 138:225-238.
https://doi.org/10.1016/B978-0-12-802973-2.00013-6

Tao QQ, Wu ZY (2017) Amyotrophic lateral sclerosis: pre-
cise diagnosis and individualized treatment. Chin Med J (Engl)
130(19):2269-2272. https://doi.org/10.4103/0366-6999.215323
Thomas DC (2006) Are we ready for genome-wide associa-
tion studies? Cancer Epidemiol Biomarkers Prev 15(4):595-598.
https://doi.org/10.1158/1055-9965.EPI-06-0146

Thompson R, Drew CJ, Thomas RH (2012) Next generation
sequencing in the clinical domain: clinical advantages, practical,
and ethical challenges. Adv Protein Chem Struct Biol 89:27-63.
https://doi.org/10.1016/B978-0-12-394287-6.00002- 1

Traynor BJ, Alexander M, Corr B, Frost E, Hardiman O (2003)
An outcome study of riluzole in amyotrophic lateral sclero-
sis—a population-based study in Ireland, 1996-2000. J Neurol
250(4):473-479. https://doi.org/10.1007/s00415-003-1026-z
Tyzack GE, Luisier R, Taha DM, Neeves J, Modic M, Mitchell JS,
Meyer I, Greensmith L, Newcombe J, Ule J, Luscombe NM, Patani
R (2019) Widespread FUS mislocalization is a molecular hallmark
of amyotrophic lateral sclerosis. Brain 142(9):2572-2580. https://
doi.org/10.1093/brain/awz217

uniQure (2024) uniQure Announces Dosing of First Patient
in Phase I/II Clinical Trial of AMT-162 for the Treatment of
SODI-ALS.  https://uniqure.gcs-web.com/news-releases/news-
release-details/uniqure-announces-dosing-first-patient-phase-iii-
clinical-trial

Van Damme P, Al-Chalabi A, Andersen PM, Chio A, Couratier P,
De Carvalho M, Hardiman O, Kuzma-Kozakiewicz M, Ludolph A,
McDermott CJ, Mora JS, Petri S, Probyn K, Reviers E, Salachas
F, Silani V, Tysnes OB, van den Berg LH, Villanueva G, Weber
M (2024) European Academy of Neurology (EAN) guideline on
the management of amyotrophic lateral sclerosis in collaboration
with European Reference Network for Neuromuscular Diseases
(ERN EURO-NMD). Eur J Neurol 31(6):¢16264. https://doi.org/
10.1111/ene.16264

Verde F, Otto M, Silani V (2021) Neurofilament light chain
as biomarker for amyotrophic lateral sclerosis and frontotempo-
ral dementia. Front Neurosci 15:679199. https://doi.org/10.3389/
fnins.2021.679199

Vu LT, Bowser R (2017) Fluid-based biomarkers for amyotrophic
lateral sclerosis. Neurotherapeutics 14(1):119-134. https://doi.org/
10.1007/s13311-016-0503-x

Williams KL, Topp S, Yang S, Smith B, Fifita JA, Warraich ST,
Zhang KY, Farrawell N, Vance C, Hu X, Chesi A, Leblond CS, Lee
A, Rayner SL, Sundaramoorthy V, Dobson-Stone C, Molloy MP,
van Blitterswijk M, Dickson DW, Blair IP (2016) CCNF mutations
in amyotrophic lateral sclerosis and frontotemporal dementia. Nat
Commun 7:11253. https://doi.org/10.1038/ncomms11253

@ Springer

85.

86.

87.

88.

89.

90.

Winkle M, El-Daly SM, Fabbri M, Calin GA (2021) Noncoding
RNA therapeutics—challenges and potential solutions. Nat Rev
Drug Discov 20(8):629-651. https://doi.org/10.1038/s41573-021-
00219-z

Writing G, Edaravone ALSSG (2017) Safety and efficacy of edar-
avone in well defined patients with amyotrophic lateral sclerosis: a
randomised, double-blind, placebo-controlled trial. Lancet Neurol
16(7):505-512. https://doi.org/10.1016/S1474-4422(17)30115-1
Wu YY, Kuo HC (2020) Functional roles and networks of
non-coding RNAs in the pathogenesis of neurodegenerative dis-
eases. J Biomed Sci 27(1):49. https://doi.org/10.1186/s12929-020-
00636-z

Wyss-Coray T (2016) Ageing, neurodegeneration and brain
rejuvenation. Nature 539(7628):180—186. https://doi.org/10.1038/
nature20411

Yuan Q, Guo X, Ren Y, Wen X, Gao L (2020) Cluster correlation
based method for IncRNA-disease association prediction. BMC
Bioinform 21(1):180. https://doi.org/10.1186/s12859-020-3496-8
Zucca S, Gagliardi S, Pandini C, Diamanti L, Bordoni M, Sproviero
D, Arigoni M, Olivero M, Pansarasa O, Ceroni M, Calogero R,
Cereda C (2019) RNA-Seq profiling in peripheral blood mononu-
clear cells of amyotrophic lateral sclerosis patients and controls.
Sci Data 6:190006. https://doi.org/10.1038/sdata.2019.6


https://doi.org/10.1016/B978-0-12-802973-2.00013-6
https://doi.org/10.4103/0366-6999.215323
https://doi.org/10.1158/1055-9965.EPI-06-0146
https://doi.org/10.1016/B978-0-12-394287-6.00002-1
https://doi.org/10.1007/s00415-003-1026-z
https://doi.org/10.1093/brain/awz217
https://uniqure.gcs-web.com/news-releases/news-release-details/uniqure-announces-dosing-first-patient-phase-iii-clinical-trial
https://doi.org/10.1111/ene.16264
https://doi.org/10.3389/fnins.2021.679199
https://doi.org/10.1007/s13311-016-0503-x
https://doi.org/10.1038/ncomms11253
https://doi.org/10.1038/s41573-021-00219-z
https://doi.org/10.1016/S1474-4422(17)30115-1
https://doi.org/10.1186/s12929-020-00636-z
https://doi.org/10.1038/nature20411
https://doi.org/10.1186/s12859-020-3496-8
https://doi.org/10.1038/sdata.2019.6

	Advancements in genetic research and RNA therapy strategies for amyotrophic lateral sclerosis (ALS): current progress and future prospects
	Abstract
	Introduction
	NGS advancements in neurodegeneration and ageing research
	Amyotrophic lateral sclerosis (ALS)
	Role of genetics in ALS therapy development
	MiRNAs as biomarkers in ALS
	LncRNA as potential therapeutic target

	Conclusion
	Acknowledgements
	References




