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Abstract 

Advances in technology have provided a better understanding of the genetic basis of 
neurodegenerative disorders and their underlying molecular pathophysiology. However, treating 
these disorders with conventional strategies is a major challenge. The approval of gene-targeted 
therapy for spinal muscular atrophy (SMA) has laid the foundation for developing therapies for other 
neurodegenerative disorders. Highly personalized gene therapy trials have been reported. As 
intensive research and efforts to advance gene-targeted therapies continue, this review provides an 
overview of viral and non-viral vectors and delivery methods, as well as treatment strategies, 
including gene addition, replacement, editing, silencing, and splice modulation. Gene-targeted 
approaches and clinical trials for SMA and amyotrophic lateral sclerosis (ALS) have demonstrated 
success, and additional studies are in progress. The design of efficient clinical trials which facilitate 
successful translation into clinical practice is of critical importance. Key considerations include the 
selection of appropriate disease models, understanding the natural history of the disease, and 
establishing well-defined outcome measures to assess prognosis of the disease and therapeutic 
efficacy. Finally, the precision of CRISPR-gene editing may facilitate the development of new 
therapies. 
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1. Introduction 

Neurodegenerative diseases (NDDs) refer to a group of disorders that cause progressive and 
irreversible loss of neurons in the nervous system. They affect millions of people worldwide and are 
considered one of the leading causes of death and disability [1]. The complexity of the nervous system 
and lack of relevant disease models have limited our understanding of the underlying disease 
pathophysiology in NDDs. Treating these disorders has always been a major challenge with 
conventional therapies due to the heterogeneous and complex nature of the nervous system, its slow 
regeneration capacity, need for repeated dosing and poor accessibility of the tissue due to the blood 
brain barrier. As a result, there is no cure or disease-modifying therapy for many of these disorders. 
Nonetheless, advances in technology have provided a better understanding of the disease mechanism 
and subsequent advancement of gene-targeted therapies for several NDDs.  

Gene therapy is defined by FDA as a technique that modifies a person’s genes to treat or cure 
disease by replacing a disease-causing gene with a healthy copy of the gene, inactivating a disease-
causing gene that is not functioning properly or introducing a new or modified gene into the body to 
help treat a disease [2]. Gene-targeted therapy studies have gained more interest due to advances in 
gene delivery and tools for gene manipulation, which has resulted in an acceleration of the current 
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pipeline in recent years (Figure 1). To date several gene therapy products have been approved, mostly 
for cancer. The pace of development for NDDs has increased, especially after the approval of the first 
gene-targeted therapy for spinal muscular atrophy (SMA). Encouraging advances in personalized 
gene therapy studies have already been reported. Considering this progress, this review will discuss 
gene-targeted therapy strategies for NDDs, focusing on their clinical applications in SMA and 
amyotrophic lateral sclerosis (ALS), and the importance of clinical trial readiness. 

  (a)   

 
(b) 

 
Figure 1. Gene therapy clinical trials and approved drugs. (a) Timeline of gene or cell therapy clinical trials that 
have been conducted in years between 1991-2025. Data is retrieved from World Health Organization 
International Clinical Trials Registry Platform search portal (https://trialsearch.who.int/Default.aspx). (b) 
Timeline of gene therapy drugs, approved for clinical use. Note that withdrawn drugs were also included to 
show advancements over the years. Lentiviruses are not depicted independently of retroviruses. Created with 
BioRender.com. 
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2. Delivery Methods, Vectors, and Strategies for Gene-Targeted Therapies 

In a broad sense, two therapeutic approaches can be implemented to introduce genetic material 
into the cells: in vivo and ex vivo (Figure 2). During in vivo gene therapy, genetic material is modified 
inside the body. With ex vivo gene therapy, cells are harvested from a patient (autologous) or a donor 
(allogenic) and then reintroduced to the patient after gene modification in culture. This approach is 
mostly implemented in blood-related disorders, and is not suitable for many cell types that cannot 
be isolated from the body or that are not able to survive ex vivo for a long time [3,4]. Gene therapy’s 
progress to clinical reality has been accomplished by addressing vector choice and design, route of 
delivery, dosing and immune response of the patient and scalability. More research is needed to 
optimize the technology and extend its use for various monogenic or multifactorial disorders. 

Delivery of therapeutic nucleic acid to the target site requires vectors to overcome a series of 
obstacles including of the rapid clearance of genetic material by systemic endonucleases, the lack of 
tissue-specific distribution and low efficiency of cellular uptake [5]. Immune system activation is 
another reason to choose a suitable delivery vector approach. Viral and non-viral vectors are used to 
deliver genetic material to the target cells or tissue. Each vector has advantages and disadvantages, 
and several points needs to be considered when choosing a suitable gene delivery vector including; 
1) type and packing size of the genetic material, 2) the expression efficiency of the gene, 3) duration 
of therapy, 4) cytotoxicity and immunogenicity of the vector, 5) feasibility of vector production, 6) 
route of administration and targeted cell type, and 7) previous infection with the same virus chosen 
as vector [6–8].  

The majority of clinical trials (70%) have been conducted with viral vectors [6]. Viruses have 
long been used as vectors for gene delivery, aiming to treat or prevent neurodegenerative, muscular, 
cardiovascular, ophthalmological, and hematological diseases as well as cancer [9]. Adenovirus, 
adeno-associated virus (AAV), and retroviruses, including lentiviruses are the most widely used 
vectors in clinical trials. Viral vectors are composed of three basic elements, including the transgene 
itself, the regulatory sequences that provide the expression and stability of the transgene such as the 
promoter, enhancer and poly-A regions, and the surrounding capsid [10]. Structural differences 
provide the opportunity for their preferred use in specific applications. Adenovirus (Ad) has a 
double-stranded linear DNA genome, containing early and late phase genes within “inverted 
terminal repeats” (ITRs), and is surrounded by a capsid. Different vectors are designed by deleting 
some or most of the genomic sequences to permit space for the transgene insertion. For instance, 
helper-dependent Ad vectors only contain ITRs and cis-packaging signals, therefore they can 
accommodate 36 kb of exogenous DNA sequences [11]. Ad vectors have broad tropism and high 
transduction efficiency that enable infection of both dividing and quiescent cells. However, the 
presence of neutralizing antibodies from previous infections and strong induction of immune 
response by Ads reduces their transduction efficiencies. To improve their clinical use, adenovirus 
serotypes can be genetically manipulated to reduce immunogenicity and increase transduction 
efficiency [10]. In 1965, a defective virus was identified in Ad preparations, called adeno-associated 
viruses (AAVs) [12]. Today, AAVs are the main viral vectors preferred for in vivo gene therapy 
applications due to their broad tropisms, low immunogenicity, non-pathogenicity, rare genome 
integration potential and episomally durable transgene expression [9,13,14]. AAVs have a 4.7 kb 
single stranded linear DNA genome, containing ITRs at both ends. Between ITRs, there are cap and 
rep genes for both replication and capsid synthesis. Vectors are designed by replacing both cap and 
rep genes with the transgene and tissue/cell specific or ubiquitous promoter, enhancer, 3’UTR region 
including regulatory elements and a poly-A tail [16]. There are at least twelve natural AAV serotypes 
and hundreds of variants have been identified [9,13,17]. A specific AAV serotype can be selected to 
bind the desired target receptor and infect the cells of interest [9,17]. For example, AAV9, a clinically 
approved serotype vector delivering the SMN1 gene for spinal muscular atrophy (SMA) treatment, 
can infect any tissue including brain by binding galactose as the primary receptor and laminin 
receptor 1 (LamR) and AAV receptor, as co-receptors [9]. After binding to their receptors, vectors are 
internalized via endocytosis and migrate through the trans-Golgi network towards the nucleus, and 
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escape endosomal vesicle entry before nuclear import. The capsid releases its single-stranded genome 
(ssDNA) in the nucleus and replication occurs to generate double-stranded DNA (dsDNA) that 
remains mostly episomal [15]. Nonetheless, a better understanding of the mechanisms of intracellular 
trafficking of different AAV serotypes would help to develop more specific and potent vectors [16]. 
In this regard, self-complementary AAVs (scAAVs) were generated by mutating one of the ITRs to 
by-pass the necessity of ssDNA to dsDNA conversion. As a result, transduction efficiency is 
increased, although packaging capacity of the scAAVs is reduced to <2.5 kb from 4.7 kb [17]. scAAVs 
have successfully been translated into the clinic, as demonstrated by the use of scAAV9 vector in the 
treatment of SMA, which is the first neurological disease approved for AAV-based gene therapy. 
New vectors are designed to increase cell/tissue-type specificity, transduction efficiency, and reduce 
immune response via modification of either capsid or other elements, including the transgene 
cassette, promoter, enhancer or regulatory sequences [18].  

In addition to AAVs, retroviruses are also used as vectors in the clinic for the treatment of 
different diseases. Retroviruses are enveloped viruses, having a single stranded RNA genome. 
Lentiviruses belong to the retroviridae family of retroviruses, capable of transducing both dividing 
and post-mitotic cells, including neurons. Lentiviruses have structural (gag, pol and env), regulatory 
(tat and rev), and auxiliary (Vpu, Vpr, Vip, Nef) genes in regions between long terminal repeats 
(LTRs) [10]. Vectors generated from lentiviruses lack required elements for viral replication and gene 
expression; therefore, they can deliver exogenous DNA almost 10 kb in size [19]. Vector tropism can 
be altered by modifying envelope proteins. Due to their host genome-integrating ability, lentiviral 
and retroviral vectors are preferred for ex vivo gene therapy to provide long-term transgene 
expression, especially in hematopoietic stem cells and T cells. Currently, these vectors are used in 
CAR-T cell therapies for the treatment of blood cancers [9]. Lentiviral vectors prefer transcriptionally 
active sites to integrate, therefore increasing the risk of insertional mutagenesis. To overcome this 
issue, non-integrating lentiviral vectors have also been developed [9].  

Although recent advancements in viral vector design and manufacturing have improved, there 
are several issues to be addressed starting with cytotoxicity and immunogenicity. Insertional 
mutagenesis is a phenomenon that raises concerns of malignancy which can result from oncogene 
activation or tumor suppressor gene disruption during viral vector integration into the host genome. 
Non-viral vectors, therefore, have gained significant attention recently, after being ignored for years 
since they have poor delivery efficiency and transient transgene expression. Non-viral vectors have 
reduced cytotoxicity, immunogenicity and mutagenesis risk, flexible insert size of DNA, cost-
effectiveness, ease of largescale production, and have become an attractive area of gene therapy 
research [20,21]. 

The non-viral vectors are classified as naked DNA, nanoparticle based and chemical-based 
vectors. Small nucleic acid molecules (antisense oligonucleotides-ASOs, DNAi, RNAi, miRNAs 
mimics, aptamers and CpG oligodeoxynucleotides) and large nucleic acid molecules (plasmid DNA 
and mRNA) can be transferred with non-viral vectors by chemical and physical methods [20,22]. 
Chemical methods use synthetic or natural biodegradable particles such as inorganic particles, lipids, 
peptides and polymers to transfer nucleic acids to the cell. This delivery method is less destructive 
and can be used in vivo; however, it is less efficient than physical methods [23]. Physical methods 
include a variety of methods to introduce therapeutic nucleic acids into the cell. While needle 
injections and ballistic DNA injections introduce genetic materials directly into the cell or tissue, 
electrical pulse (electroporation), sound wave (sonoporation), hydrodynamics (hydroporation), laser 
pulse (photoporation) and magnetic fields (magnetofection) are used to permeabilize the cell 
membrane to allow nucleic acid entry [20,22]. Although high transfection efficiency can be achieved 
with physical methods, it has some drawbacks including high cytotoxicity and difficulty of in vivo 
application. There are some challenges to overcome including gene transfer efficiency, extracellular 
stability, internalization, intracellular trafficking, nuclear entry, specificity, gene expression duration, 
and safety [20,24]. In order to achieve efficient and safer gene targeted therapies, both viral and non-
viral vector design and delivery methods need further investigation and improvement.  
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Figure 2. Vectors, delivery methods and gene-therapy strategies. Created with BioRender.com. 

3. Gene-Targeted Therapy Approaches for Neurodegenerative Diseases 

Depending on the causative defect, gene-targeted therapy strategies can include gene addition, 
gene replacement, gene editing, gene silencing and splice modulation therapies (Figure 2). These 
strategies can only be implemented in somatic cells as germline gene studies are not approved.  

3.1. Gene Addition and Replacement 

Understanding the genetic basis of diseases and the underlying molecular pathophysiology has 
facilitated the development of novel gene addition therapies. Gene addition strategies include 
delivery of a functional copy of a faulty gene that could restore gene function in the context of 
monogenic disorders. In this case it is usually described as gene replacement. Furthermore, it is 
plausible to introduce a new gene targeting molecular mechanisms driving neurodegeneration or 
neuronal survival to compensate for the defective gene or to improve the disease phenotype. This 
approach is also called gene overexpression and could be applied for monogenic diseases or 
disorders with complex etiology. Exogenous genetic material could be delivered locally or 
systemically via viral or non-viral vectors. The advantage of the gene addition approach is that the 
therapeutic protein can be continuously expressed in nondividing cells, potentially enabling one-time 
therapy. Nonetheless, there are several challenges for gene addition therapies to overcome, including 
but not limited to effective and safe delivery methods, off-target effects, cost and accessibility issues.  

3.2. Gene Editing  

strategies allow for specific changes in the nucleotide sequence of the genome with the help of 
programmable nucleases [25]. Zinc finger nucleases (ZFNs) and transcription activator-like effector 
nucleases (TALENs) are the earliest gene editors preceding the CRISPR-Cas systems [26,27]. Two 
elements give ZFNs and TALENs the ability to modify specific regions of the genome: endonuclease 
Fok I and specially designed amino acids that guide the nuclease to the desired DNA domain. When 
the targeted DNA sequence is cleaved by Fok I nuclease, the endogenous dsDNA break repair 
mechanisms are activated, enabling gene disruption or precise alterations on this particular site 
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[28,29]. Instead of synthetic peptides, the CRISPR-Cas system directs the nuclease domain to the 
targeted region by guide RNA sequences [30]. The CRISPR-Cas system is a natural adaptive immune 
system mechanism developed against bacteriophage infections and mobile genetic elements in 
bacteria and archaea [30–32]. The discovery of the potential of this system as a genome editing tool 
has resulted in unprecedented avenues for many research areas from disease modeling to gene 
therapy [30,33]. In principle, the guide RNA (gRNA) directs the Cas nuclease to the target genomic 
region, where the Cas protein introduces a double-stranded break in the DNA sequence 
complementary to the gRNA. Double strand DNA (dsDNA) break repair activates either non-
homologous end-joining (NHEJ) or homologous recombination (HR) repair mechanisms [34]. The 
error prone NHEJ pathway causes frameshift or premature stop codon formation with 
insertions/deletions that occur during repair, providing a mechanism to generate loss of function 
models of the target gene. In the HR mechanism, it is possible to repair the DNA precisely when an 
exogenous template sequence is introduced. In this way it is possible to perform genome editing 
during repair by giving a donor plasmid containing the desired nucleotide sequence (such as 
insertion, deletion, point mutation) to the cell. Over time, different versions of the CRISPR technique 
have emerged through the creation of Cas9 protein variants to overcome the limitations of dsDNA 
break dependance, efficiency and specificity issues. A catalytically inactive Cas9 protein (deadCas9 
or dCas9) can be generated by engineering Cas9 with nuclease-inactivating D10A and H840A 
mutations. Not able to create dsDNA breaks, dCas9 can be directed to the specific target sites to 
regulate gene expression at the transcriptional level enabling CRISPR interference and CRISPR 
activation [37,38]. Retaining only the D10A mutation, researchers generated the Cas9 nickase (nCas9) 
enzyme and fused the protein with a deaminase enzyme to create CRISPR base editors [39]. nCas9 is 
directed to the genomic target by a single gRNA (sgRNA) and when nCas9-sgRNA-DNA complex is 
formed, a strech of single strand DNA (ssDNA) becomes a substrate for a deaminase reaction and 
base conversion [33]. The resulting mismatch and the nick introduced in the non-edited strand 
activate the cell’s DNA repair machinery, which corrects the non-edited strand using the edited 
strand as a template with enhanced efficiency and precision [35,36,40]. Prime editing is a more recent 
technology that was developed by fusing nCas9 (H840A) to a reverse transcriptase [41,42]. Prime 
editing gRNA (pegRNA) comprises of a spacer sequence to direct the nCas9 to the target strand, a 
reverse trancriptase template encoding desired edits to the genome and a primer binding site. When 
nCas9-pegRNA complex binds to the target region, nCas9 creates a nick on the non—target strand 
and the exposed 3’ -hyroxyl group anneals to the primer binding site on the 3’ end of pegRNA. 
Subsequently, reverse transcriptase fused to nCas9 transcribes the reverse transcriptase template on 
pegRNA. Unedited 5’ flap is removed and edited 3’ flap hybridizes with the unedited strand resulting 
in heteroduplex formation. DNA mismatch repair then resolves the heteroduplex using the edited 
strand as a template, allowing incorporation of the desired edits into the genome. While base editors 
can perform a limited number of modifications to the genome, prime editing can introduce various 
type of modifications including base substitutions, insertions and deletions. Developments in base 
and prime editing technologies continue to improve the efficiency and precision of the editing 
technologies and hold therapeutic promises for several disorders [43].  

3.3. Gene Silencing  

is used for knockdown of a gene that is not functioning properly. Knockdown of gene expression 
can be achieved through oligonucleotide-based therapeutics, including gapmer ASOs, small 
interfering RNA (siRNA) or microRNA (miRNA) molecules. In recent years substantial progress has 
been made in development of ASOs. ASOs are synthetic single strand oligonucleotides that target 
mRNA molecules by sequence specific Watson-Crick base-pairing to cause either splice modulation 
or transcript knockdown [44]. Knocking down the mRNA transcripts can be accomplished by 
gapmers. Gapmers are typically 15-22 base pair long single stranded ASOs that have a core DNA 
sequence complementary to target RNA (pre-mRNAs or mRNAs) and flanking sugar modified RNA 
nucleotides at each end [45]. Gapmers are internalized by endocytosis and hybridize with RNA 
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molecules in the nucleus or cytoplasm [46]. Formation of a DNA-RNA heteroduplex activates 
endonuclease ribonuclease RNaseH1 and induces cleavage of target RNA degradation, and release 
of the gapmer to bind to another target RNA [45,47,48]. siRNAs (20-25 base pairs) or miRNA mimics 
(∼22 base pairs) are synthetic non-coding RNA molecules can be used to regulate gene expression 
post-transcriptionally by inducing RNA interference. After introducing synthetic double-stranded 
siRNA and miRNA molecules, they are incorporated into the RNA-induced silencing complex (RISC). 
The sense strand of siRNA is degraded by argonaute 2 protein, while with miRNA it is unwound and 
released from the complex. The antisense strand guides the RISC complex to the complementary 
target mRNA, leading to either cleavage of target mRNA or interruption of translation. An siRNA 
perfectly matches to one specific target mRNA and causes mRNA degradation, while a miRNA can 
target multiple genes at the same time and can be perfectly or partially complementary to the target 
mRNA. The degree of the miRNA complementarity to its target mRNA will determine the fate of the 
mRNA. Gapmer ASOs, siRNA and miRNA-mediated gene knockdown approaches can be 
considered as a therapy for gain of function mutations if the resulting loss of function due to therapy 
causes no additional harm to the patient. This approach could also be useful for disorders caused by 
a dominant negative mechanism of action. Dominant-negative effect occurs when the mutant gene 
product interferes with the wild type gene product. Knock down of the mutant gene expression could 
be a strategy to eliminate the dominant negative effect [49]. ASOs can be administered naked, 
whereas siRNAs and miRNAs require viral vectors or non-viral carriers for delivery [50–52]. To treat 
neurodegenerative disorders these oligonucleotides should reach the central nervous system (CNS), 
but they cannot cross the blood brain barrier due to their size and negative charge. Although 
intrathecal or intracerebroventricular administration has been done successfully, several approaches 
are currently being developed to achieve effective and noninvasive delivery of oligonucleotides to 
the CNS. ASOs have been subjected to combinations of chemical modifications on the backbone 
(phosphorothioate bond) or sugar residues (e.g. 2′ -O-methyl, 2′-O-methoxyethyl, 2′-fluoro, locked 
nucleic acid and constrained ethyl modifications) to confer resistance to nucleases and to increase 
stability, binding affinity to RNA, tissue uptake, potency, solubility, and reduced toxicity [53–56]. 
siRNAs and miRNAs can have comparable chemical modifications to ASOs including modifications 
that would help to ensure correct loading on to RISC, and efficient strand selection to unwind and 
discard the sense strand [57,58]. Recently developed divalent siRNAs, which are composed of two 
fully chemically modified, phosphorothioate-containing siRNAs connected by a linker, have shown 
promise for treating neurological disorders due to their potency, enhanced distribution in brain 
regions and long-lasting gene silencing effects with minimal toxicity [59]. Ongoing research in 
oligonucleotide chemistry and delivery methods holds promise to overcome the current limitations 
of oligonucleotide therapies. 

3.4. Splice Modulating  

In addition to their degrading mechanisms, ASOs can act as steric blockers to upregulate or 
downregulate gene expression. Splice modulating ASOs can alter pre-mRNA splicing by binding to 
splice sites, enhancers, or silencer sequences and result in exon skipping or inclusion. In addition, 
they can alter mRNA stability by changing polyadenylation site selection and inhibit translation by 
sterically blocking ribosomal subunits and RNA binding proteins. Also, they can increase the 
translation of a protein from its main open reading frame (ORF) by blocking the upstream open 
reading frame (uORF) within the 5’UTR [53,60,61]. These mechanisms allow splice modulation 
therapies to restore the reading frame to increase protein levels or modify the transcript to synthesize 
a partially functional protein where the disease mechanism is loss of function [49]. By masking 
splicing regulatory elements from the spliceosome machinery, they can also disrupt reading frames 
to decrease protein levels when the disease mechanism is from a gain of function. In the case of 
haploinsufficiency or dominant negative effect, upregulating the expression of the wild type allele is 
also possible [60]. Additional new ASO strategies will be developed as our understanding of ASO 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 February 2026 doi:10.20944/preprints202602.1463.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202602.1463.v1
http://creativecommons.org/licenses/by/4.0/


 8 of 26 

 

mechanisms continues to expand. Understanding disease mechanisms is crucial for developing an 
ASO strategy to use for treatment [49]. 

4. Current Gene-Targeted Therapies in Neurodegenerative Disorders: SMA  
and ALS 

4.1. Spinal Muscular Atrophy (SMA) 

Spinal muscular atrophy (SMA) is a rare inherited disease primarily affecting children. Survival 
of motor neuron 1 (SMN1) gene mutations, especially deletions, are responsible for SMA. Almost 95% 
of the patients have homozygous deletions in exon 7 or both exons 7 and 8; however, the clinical 
phenotype is substantially different among patients who have the same mutation. Historically, SMA 
is classified into 5 groups according to age of disease onset and achieved motor functions. Type 0 is 
the most severe form of the disease, which begins prenatally and survival is generally few days to 
weeks. Alternatively, symptoms can occur after the age of 30 in type 4 patients with a normal life 
expectancy [62]. SMN1 is not the sole gene that encodes survival motor neuron (SMN) protein in the 
human genome. The nearly identical copy of SMN1, namely SMN2, exists in multiple copies ranging 
from 1 to 6. However, due to C to T transition, splicing of SMN2-encoded mRNAs is defective, and 
almost 90% of transcripts lack exon 7. Therefore, a minor fraction of the transcripts are available for 
translation of full-length and functional SMN protein. The increased copy number of SMN2 allows 
for the synthesis of more full-length SMN protein; therefore, higher SMN2 copy numbers are 
associated with milder phenotypes. However, due to the inequivalence of SMN2 copies, clinical 
severity does not absolutely correlate with SMN2 copy numbers [63]. SMN2 is the primary target of 
two of the three approved treatments for SMA. 

Deficiency of SMN causes several cellular perturbations that lead to the progressive 
degeneration of alpha motor neurons in the spinal cord and results in symmetrical muscle weakness 
and atrophy. Moreover, non-neuronal tissues, including skeletal and cardiac muscle and kidney, 
have also been reported to be affected by the loss of function, and SMA is considered a multisystem 
disease [64–66]. SMN functions in different cellular processes, including snRNA biogenesis, 
endocytosis, translation, and cytoskeleton regulation; therefore, loss of SMN impairs multiple 
molecular mechanisms that are currently under investigation [67–72]. Restoration of SMN-related 
perturbations by enhancing SMN protein level have been extensively studied in both pre-clinical and 
clinical studies [73–75]. At the end of these efforts, the first success came from studies with an ASO, 
namely Nusinersen (Spinraza®). Nusinersen was approved in 2016 by the FDA and then by the 
European Medicines Agency (EMA) and is now currently available for the treatment of all types of 
SMA. Nusinersen is delivered intrathecally to reach motor neurons, which are the most sensitive cell 
types affected by SMN deficiency. The ASO targets SMN2-encoded pre-mRNAs, aiming to restore 
the inclusion of exon 7. Nusinersen is an 18-mer long oligonucleotide, which has backbone 
modifications of 2‘-O-2-methoxyethyl phosphorothioate to provide protection from nucleases [76]. 
The ASO enters the nucleus and binds to the intronic splice silencer N1 (ISS-N1) sequence, located in 
the immediate downstream 5’ splice site of the intron 7 SMN2-encoded mRNA. Thereby, it prevents 
the binding of heterogeneous nuclear ribonucleoprotein A1 (hnRNP A1) and leads to the inclusion 
of exon 7 (Figure 3). To date, nusinersen has been used in more than 14,000 SMA patients to enhance 
cellular SMN protein levels [76–79]. 

In 2019, a second therapeutic approach also gained approval from the FDA, namely 
onasemnogene abeparvovec (Zolgensma®), and more than 4000 SMA patients have received this 
therapy [80]. Onasemnogene abeparvovec is a gene replacement therapy, aiming to enhance SMN 
protein level by AAV9-mediated SMN1 gene delivery. SMN cDNA, together with the human 
cytomegalovirus enhancer and chicken beta actin promoter, is packed into a non-replicating self-
complementary adeno-associated virus serotype 9 (scAAV9) capsid. The journey of AAV vectors 
starts with cellular internalization via receptor-mediated endocytosis. After release from the 
endosome, it passes through the nuclear pores and is uncoated. In the nucleus, single-stranded DNA 
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forms a double strand via complementarity at inverted terminal repeats, thus allowing for 
transcription to occur. mRNAs leave the nucleus, and the target protein is translated in the cytoplasm 
[9,75]. Onasemnogene abeparvovec can increase the level of functional SMN protein in both neuronal 
and peripheral tissues due to its distribution by intravenous administration [81]. 

To correct SMN2 splicing, small molecules have also been studied extensively. The approval for 
SMA therapy came with risdiplam (Evrysdi®) in 2020, and its tablet form was subsequently approved 
in 2025 [73,82]. Several analogues have been shown to modify SMN2 splicing in pre-clinical studies, 
in fact, the mechanism of action has been demonstrated for its analogues but not for risdiplam itself 
at the time. It has been reported that the SMN-C3 analogue interacts with the AG-rich motif within 
exon 7, while analogue SMN-C5 stabilizes U1 snRNP on the 5′ splice site. A recent in vitro study with 
risdiplam demonstrated the effects of an AC-containing motif in exon 7 on exon inclusion and 
proposed a mechanism for its mechanism of action [83]. The advantage of risdiplam over nusinersen 
is oral delivery, thereby reaching not only nervous system but also peripheral tissues. Off-target 
effects are the major drawbacks that have been recently reported in vitro [76,83–85]. Considering their 
complex mechanisms of action and off-target effects, additional studies are needed to develop more 
specific splicing-modulator molecules. Effects of risdiplam on patients previously treated with the 
aforementioned therapies was recently reported [86]. The effects of risdiplam in combination with 
onasemnogene abeparvovec, as well as switching from nusinersen to risdiplam have been 
investigated [87,88]. 

Translational medicine has helped to develop therapies for SMA, starting from bench to the 
bedside. However, this is not the end, since further clinical and molecular investigations are needed 
to understand the effects of these therapies on cellular mechanisms and implications for improving 
patient health. Clinical studies of ASOs (NCT05067790 for a higher dose of nusinersen on patients 
who were treated with risdiplam; NCT05575011 for another ASO, BIIB115) and gene therapy 
(NCT05335876 for OAV101) approaches are ongoing for SMA [89]. 

 

Figure 3. Mechanisms of clinically approved therapies for spinal muscular atrophy. Spinraza induces exon 7 
inclusion in SMN2-encoded mRNA by preventing the binding of hnRNP A1. Zolgensma enables the synthesis 
of functional SMN protein through SMN1 gene replacement using the scAAV9 vector. Created with 
BioRender.com. 
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4.2. ALS 

ALS is a fatal neurodegenerative disorder that results from progressive motor neuron 
degeneration in the brain, brainstem, and spinal cord [90]. Resulting muscle weakness and paralysis 
lead to respiratory failure and death within 2-4 years from diagnosis [91,92]. The worldwide 
incidence of ALS is 2/100,000, and the mean age of adult-onset ALS varies between 40-63 years [93–
95].  

ALS is classified either as familial (fALS; 10% of the cases) or sporadic (sALS; 90% of the cases); 
however, this classification overlooks the complex genetics that underlie ALS pathophysiology [96]. 
More than 40 genes have been associated with the disease and known gene mutations can explain 
70% of the fALS and 15% of the sporadic cases [96–98]. The four most common ALS-related genes are 
superoxide dismutase 1 (SOD1; MIM147450), fused in sarcoma (FUS; MIM137070), TAR-DNA 
binding protein (TARDBP; MIM605078), and chromosome 9 open reading frame 72 (C9orf72; 
MIM614260). These four genes account for 40-55% of fALS and 5% of sporadic cases and have 
different frequency, inheritance pattern, and penetrance. The disease pathophysiology is complicated 
and incompletely understood [96,99,100]. Consequently, ALS treatment has been limited to three 
drugs on the market: Riluzole (1996 EMA and 1995 FDA approval), Edaravone (2017 FDA approval) 
and Relyvrio (2023 FDA approval). These drugs do not have specific targets, their exact mechanism 
of action is not fully understood, and they have a modest effect on the disease phenotype. Tofersen 
(Qalsody®) is the first precision medicine approved for SOD1 ALS by the FDA in 2023. This highlights 
the urgent need to develop more targeted and effective therapies, leveraging advances in genetic 
testing and gene-based treatments. 

As gene targeted therapies are challenging for various neurological disorders, the field of ALS 
therapeutics has its own challenges due to the complex etiology of the disease and the need for 
effective delivery to both the cerebral cortex and the anterior horn cells of the spinal cord [50]. Since 
toxic gain of function is the predominant mechanism in ALS, several approaches reaching clinical 
trials have been implemented to silence gene expression and treat the genetic cause of the disease. 
Current clinical studies of the gene targeted therapies in ALS are summarized in Table 1.  

Table 1. Current ALS gene-targeted therapies in clinical trials. 

National Clinical 
Trial Identifier  Target Interventions Modality Phases Study Status 

NCT03764488  
NCT02623699 
NCT03070119 
NCT04856982 

SOD1 
BIIB067 

(Tofersen) 
ASO III 

Approved for 
marketing 

NCT05903690 
NCT05903690 SOD1 RAG-17 RNAi I 

Completed 
Recruiting 

NCT06100276 SOD1 
AMT-162  
(APB-102) 

AAV-RNAi 
(miRNA) I/II 

Active, not 
recruiting 

NCT04768972 FUS 
ION363 

(Jacifusen) ASO III 
Active, not 
recruiting 

NCT04632225 
NCT05176093 
NCT02039401 

HGF 
addition 

Engensis 
(VM202) 

Non-viral 
plasmid gene 

delivery 
II Completed 

NCT05633459 STMN2 QRL-201 ASO I 
Active, not 
recruiting 

*ASO, antisense oligonucleotide; RNAi, RNA interference; NA, not applicable. 
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4.2.1. SOD1 

More than 200 mutations have been reported in SOD1 gene since its discovery in 1993 as the first 
gene associated with fALS [99]. SOD1 mutations account for 2% of all ALS cases (10-14% of fALS and 
1-2% of sALS in European ancestries) [99,101]. The SOD1 gene encodes the superoxide dismutase 
enzyme, which is a metalloprotease that metabolizes superoxide radicals to molecular oxygen and 
hydrogen peroxide, thus providing a defense against oxygen toxicity [102–104]. Although the 
underlying disease pathology is not fully understood, the predominant mechanism is the gain of 
function with rare loss of function studies also reported [105]. Lowering the concentration of 
misfolded and aggregated mutant SOD1 protein offers a potential strategy for therapy, with gene 
editing, RNAi, and ASO based approaches implemented to silence mutant SOD1 protein expression 
[106,107]. ASO 333611 is the first promising candidate to treat SOD1-ALS and was able to decrease 
both SOD1 mRNA and protein levels in rat and extended survival 37% after disease onset [108]. These 
encouraging results have led to a groundbreaking first-in-human clinical trial (NCT01041222) 
showing for the first time the feasibility of intrathecal administration of CNS targeted ASOs to treat 
genetic forms of ALS [109]. Advancements in ASO technology have facilitated the development of a 
more potent ASO called Tofersen (BIIB067) [110]. Tofersen (Qalsody®) is the first FDA approved 
precision medicine for a genetic form of ALS (Figure 4). The molecular formula of Tofersen is 
C230H317N72O123P19S15 which contain 20-bases with an RNA–DNA–RNA (5–10–5) gapmer mixed 
backbone containing oligonucleotide that has a molecular weight of 7127.86 atomic mass units [111]. 
After the entry to the motor neurons and astrocytes, Tofersen forms a DNA:RNA hybrid inside 
cytoplasm which is recognized and cleaved by the enzyme RNaseH1. In rodents and non-human 
primates Tofersen was able to decrease SOD1 mRNA and protein levels, significantly extending 
survival, and decrease serum and cerebrospinal fluid (CSF) plasma neurofilament light chain (NfL) 
which are biomarkers of axonal injury and neurodegeneration. Tofersen enabled reversal of 
neurodegeneration even after disease onset [110]. ALS patients with SOD1 mutations received 
ascending doses of Tofersen by intrathecal administration over a period of 12 weeks in phase I/II 
[112]. The safety and efficacy of Tofersen was then evaluated in a phase 3, randomized, double-blind, 
placebo-controlled VALOR trial (NCT02623699) and a long-term extension study (NCT03070119, 
completed) [113]. Proceedure associated adverse events were common and neurological adverse 
events were observed in approximately 7% of patients. The primary endpoint of the trial was change 
from baseline to week 28 in the ALSFRS-R total score in the faster-progression subgroup. Although 
Tofersen did not meet the clinical end points, the drug was able to reduce CSF SOD1 protein levels 
and plasma concentrations of NfL in patients [113,114]. The drug was approved by the FDA in April 
2023 and an expanded access program is ongoing (NCT04972487). 

 
Figure 4. Mechanisms of clinically approved therapy for ALS. Qalsody (Tofersen) prevents the aggregation of 
mutant SOD1 protein via inducing mRNA degradation. Created with BioRender.com. 
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Another approach to lower SOD1 protein involves RNAi molecules. ARO-SOD1 (siRNA), RAG-
17 (siRNA) and AMT-162 (a.k.a. APB-102; adeno-associated virus rh10 containing an anti- SOD1 
microRNA) have recently been developed to treat adult patients with SOD1 mutations [107,115–117]. 
The preclinical studies in rodents and non-human primates have shown improved efficacy, long 
duration of action, and potency, as they delayed disease progression, preserved motor function, and 
extended survival. A study in two SOD1-ALS patients with A4V and D90A mutations showed the 
safety of intrathecal infusion of adeno-associated virus rh10 containing an anti- SOD1 microRNA as 
a potential treatment. This proof-of-concept study lead the way for phase I/II clinical trial of AMT-
162 (NCT06100276), which recently enrolled 20 SOD1-ALS patients. A first-in-human trial of RAG-
17 (NCT05903690) showed safety and efficacy in SOD-1 ALS patients [118]. CSF SOD1 and plasma 
NfL levels were significantly decreased. Moreover, the Amyotrophic Lateral Sclerosis Functional 
Rating Scale (ALSFRS) score was improved for all patients, and forced vital capacity was stabilized. 
These results show promise for treating SOD1-ALS patients with RAG-17 (NCT06556394).  

4.2.2. FUS 

Discovered in 2009, FUS gene mutations are known to cause a rare early onset, rapidly 
progressive form of ALS (ALS6) that is responsible for 4% of familial and 2% of sporadic cases [119–
122]. The vast majority of the mutations are inherited in an autosomal dominant fashion and mostly 
impact the C-terminal nuclear localization signal (NLS) region of the protein [123]. As a result, FUS 
protein is mislocalized to the cytoplasm and forms cytoplasmic inclusions. Consequently, underlying 
disease pathology is suggested to be both loss of function in the nucleus and gain of toxic function in 
the cytoplasm. A potential approach for therapy involves reducing levels of mutant FUS protein 
[124,125]. Jacifusen (also referred to as ION363 or UlefnersenTM), is an ASO molecule that targets FUS 
gene and reduces FUS protein levels [125]. Jacifusen was first introduced to a 25-year-old patient (JH) 
with a FUS P525L mutation whose identical twin sister passed away from the same mutation 
[125,126]. Although Jacifusen was well-tolerated and slowed the rate of ALS-FRS-R score decline, she 
passed away almost a year after starting treatment. The autopsy examination has revealed that 
jacifusen has a broad distribution throughout the CNS, even 2 months after the last therapeutic 
infusion, and dramatically decreased mutant FUS expression and FUS-positive aggregates. Following 
the first in-human study, results from the 11 patients who were enrolled in an investigator-initiated 
treatment program have provided evidence of the safety and therapeutic potential of jacifusen [127]. 
Serial intrathecal administration of the drug decreased FUS mRNA and protein levels and reduced 
CSF NfL concentration by up to 82·8%. One patient showed exceptional functional recovery in fine 
motor, gross motor, and respiratory domains. The results of the ongoing phase 1-3 clinical trial 
(Fusion, NCT04768972) will evaluate the clinical efficacy of jacifusen in FUS-ALS patients worldwide. 

4.2.3. C9orf72 

Autosomal dominantly inherited mutations in C9orf72 were discovered later than other ALS 
related genes and represents the most common genetic cause of ALS [128,129]. Hexanucleotide repeat 
(GGGGCC) expansion in the first intron or the promotor region of C9orf72 is responsible for 40% of 
fALS and 7% of sALS cases [128,130,131]. Healthy individuals carry up to eight repeats, and 24-29 
repeats is considered as risk factor. Thirty repeats is considered as a pathogenic threshold and 
patients can have up to thousands of repeats. [132–134]. C9orf72 pathology is suggested to be caused 
by both loss and gain of protein function. Loss of function may occur due to haploinsufficiency 
resulting from decreased C9orf72 gene expression and disrupted vesicular trafficking [135,136]. Gain 
of function toxicity may occur by two mechanisms: 1. Mutant mRNA generation of nuclear foci and 
sequestration of essential RNA-binding proteins, which may impair their function [114]. 2. Sense and 
antisense strands of C9orf72 RNA are translated by repeat-associated non-ATG translation and 
generate toxic aggregates of dipeptide repeat proteins (sense: polyGR, polyGA, polyGP; antisense: 
polyGP, polyPR, polyPA) [138,139].  
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Gene targeted therapy strategies to treat C9orf72-ALS include the targeted reduction of 
hexanucleotide repeat-containing C9orf72 transcripts and dipeptide repeat proteins. The gene has 
three transcript variants called V1 (short protein isoform), V2 and V3 (full-length protein) [140]. 
Hexanucleotide repeats are located between non-coding exons 1a and 1b and exon two has the 
translational start site (ATG). V1 and V3 transcripts have exons starting from exon 1a and the 
hexanucleotide repeat sequence, but the V2 transcript includes exons starting from exon 1b, which 
resides downstream of the hexanucleotide repeat. One therapeutic strategy under investigation 
involves ASOs that selectively reduce the V1 and V3 transcripts without impacting transcript V2. A 
proof-of-concept study has shown that Afinersen (ASO 5-2) was able to degrade both V1 and V3 
transcripts by RNase-H1-mediated degradation in C9orf72 disease models, including patient-derived 
cells, mice, sheep, and monkeys. Encouraging results have led to the treatment of a single patient. 
The intrathecally injected Afinersen was well tolerated, the ALSFRS score improved, and dipeptide 
repeat proteins were reduced 80% in CSF [140]. A larger clinical trial is needed to evaluate the efficacy 
of Afinersen.  

BIIB078 (IONIS-C9Rx/Tadnersen) is another investigational ASO that selectively targets exon 
1a-initiated transcripts V1 and V3 without altering V2 transcript levels. When the ASO was 
administered to mice expressing C9orf72 RNAs with up to 450 GGGGCC repeats or with one or both 
C9orf72 alleles inactivated, it reduced RNA foci, poly-glycine-proline and poly-glycine-alanine 
dipeptide-repeat proteins and improved behavioral deficits [141]. In a phase I study (NCT04288856) 
of adult patients with C9orf72-associated ALS, administration of BIIB078 did not show benefit on 
clinical outcomes and did not reduce NfL concentrations in CSF or plasma [142]. The trial was 
terminated by the sponsor, and potential challenges have been identified, including the heterogeneity 
of pathobiology in C9orf72-ALS, limitations of outcome measures, and the need for further 
understanding of pathogenic effects of antisense oligonucleotides. The growing body of studies and 
trials will help lay the foundation for the development of effective treatments in the future. 

4.2.4. TARDBP  

Another common gene mutated in ALS is TARDBP. Since its discovery in 2006, more than 50 
mutations have been reported and are responsible for 3.3% of fALS (autosomal dominant inheritance) 
and 0.5% of sALS [143]. TAR DNA-binding protein 43 (TDP-43) is a ubiquitously expressed and 
tightly regulated DNA/RNA-binding protein encoded by the TARDBP gene. It has roles in several 
cellular mechanisms, including RNA biogenesis, processing, and translation [144,145]. TDP-43 is 
predominantly found in the nucleus, but in 97% of ALS cases with or without TARDBP mutations, 
the protein mislocalizes to the cytoplasm and forms aggregates in the brain and spinal cord of ALS 
patients as a pathological hallmark of the disease [143,145–147]. TDP-43-related pathology is 
suggested to be caused by both loss of TDP-43 function in the nucleus and gain of function in the 
cytoplasm [148]. Different strategies have been developed to target pathological forms of TDP-43 and 
to restore its homeostasis [149]. A recent study in ALS/FTD mice showed the potential of a gapmer-
type ASO against human TDP-43 as a possible disease-modifying therapy [150]. Alternatively, 
indirect methods to lower toxic TDP-43 aggregates have been investigated, such as ASO-mediated 
knockdown of other non-TARDBP ALS-related genes [148]. Two promising target genes are ataxin-2 
and stathmin-2. An increase in CAG repeats (27-33 repeats) in the ataxin-2 gene has been reported to 
increase ALS disease risk by 11-fold [142]. ASO (BIIB105/ION541) or AAV-based delivery of RNAi 
(miRNA) targeting ataxin-2 in TDP-43 mice has shown promising results. These strategies were able 
to decrease TDP-43 aggregation, improve motor function, and markedly extend survival [151,152]. A 
phase I/II study (NCT04494256) with the ataxin-2 targeting ASO drug BIIB105 was ongoing but 
recently terminated since treatment did not reduce plasma NfL or impact clinical outcomes [153]. 

Stathmin-2 (STMN2) is a tubulin-binding protein that is required for axon outgrowth, 
maintenance, and regeneration [154–156]. TDP-43 regulates pre-mRNA processing and is required 
for functional full-length stathmin-2 protein synthesis [157]. In healthy individuals, TDP-43 sterically 
blocks a cryptic splice site that resides in the first intron of the STMN2 gene. When nuclear TDP-43 is 
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lost in ALS patients, the cryptic splice site usage results in inclusion of exon2a which introduces an 
early stop codon and premature polyadenylation signal. This results in truncated protein synthesis 
and stathmin-2 loss of function. The ASO drug QRL-201 is developed to target the regulatory 
elements that TDP-43 regulates in STMN2 pre-mRNA processing, restore functional stathmin-2 
protein, and rescue TDP-43-related axonal regeneration [153]. A phase I study of QRL-201 
(NCT05633459) is ongoing [158]. 

5. Clinical Trial Readiness and Future Considerations 

The last decade has witnessed the potential of gene targeted therapies for several disorders and 
clinical trials are now designed in a personalized way. A recent study highlighted that gene targeted 
therapies possess a higher rate of clinical development success compared to other therapeutic 
modalities [159]. While we currently have improved tools and technology to develop these therapies, 
improving clinical trial readiness is necessary for future success of the trials for various 
neurodegenerative disorders. In this sense, several considerations should be addressed, including 
but not limited to the role of disease models, knowing the natural history of the disease, and the need 
for well-established outcome measures. 

Disease models are important resources for studying disease pathophysiology and therapeutics 
development. Better understanding of disease and early diagnosis is vital, as experience has shown 
the importance of early therapeutic intervention in SMA before significant motor neuron loss occurs 
[160]. Animal models have been used as the gold standard in preclinical trials, though they have 
limitations. These model systems may not fully recapitulate the disease phenotype due to the 
complexity of human neuroanatomy, and evaluation of safety could be difficult. Interspecies 
differences are also a concern for gene targeted therapies, as species-specific gene editing efficacy in 
mice compared to primates has been reported [161]. In this sense, humanized mouse models and 
large non-human primates are pharmacologically more relevant disease models for dosing, efficacy, 
and safety studies [162,163]. However, the cost, time requirement, and inefficiency of genetic 
manipulations of large animals limit their widespread use. Another limitation is the diverse genetic 
and ethnic backgrounds of patients. 

Patient-derived cell models have been used as a valuable resource to study disease mechanisms 
with the advantage of having the genetic background of the patient. In diseases with high genetic 
heterogeneity, such as ALS, the specific genes and mutations causing disease can vary. As a result, 
generalizing findings from a single animal model may lead to oversight of certain gene and mutation-
specific phenotypes. Fibroblast cells have been used for studying disease mechanisms since they 
share similar gene expression profiles with neuronal cells. However, they are not the primary cell 
types affected in neurological disorders, which may limit the observations in a cell type-specific 
manner [164]. Induced pluripotent stem cells (iPSCs) are invaluable resources as they have the 
potential to differentiate into disease-relevant neuronal and glial cell types [165,166]. Generation of 
isogenic cell lines by correcting the patient’s mutation would eliminate the genetic background 
differences and help to elucidate the molecular mechanisms caused by a specific mutation. The 
Answer ALS platform provides a large set of data from patient and control iPSC-derived motor 
neurons and resources for studying gender involvement, dysregulated genes, and disrupted 
pathways in disease pathology [99,167]. Combining gene editing technologies such as CRISPR with 
stem cell technologies including organoids and organs-on-a-chip allows for the generation of disease 
models that can provide new insights into disease mechanisms and allow for drug testing in a 
human-relevant context [168]. A recent study in an SMA spinal cord organoid (SCO) model was 
generated using patient-derived iPSCs and isogenic controls. This study reported early 
neurodevelopmental defects in the disease pathogenesis, which might support even earlier 
therapeutic intervention in patients [169]. Early treatment of the SCO model with an SMN-restoring 
ASO rescued morphological and functional deficits as well as SMN-dependent splicing defects [170]. 
Neuromuscular organoids, 3D human cortical organoid slice culture models, and presymptomatic 
cerebral organoids were derived from iPSCs of C9orf72 ALS patients and were able to recapitulate 
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spinal neuromuscular pathologies, early changes in 3D human brain tissue organization, synaptic 
structure and function, and mature astroglial/neuronal phenotypes [171–173]. Although each model 
has its own limitations, these tools provide opportunities to deepen our understanding of disease 
mechanisms and enable the development of effective treatment approaches for neurodegenerative 
disorders.  

Besides the need for disease-relevant models, the natural history of disease is crucial for 
facilitating clinical trial readiness. The natural history of a disease is traditionally defined as the 
course a disease takes in the absence of intervention in individuals with the disease, from the disease’s 
onset until either the disease’s resolution or the individual’s death [174]. Natural history studies 
provide detailed information on initial disease symptoms, disease progression, and severity. This 
knowledge is valuable for identifying patient subpopulations within a heterogeneous cohort and can 
help recognize subgroups that may benefit from a specific treatment. In addition, natural history 
studies allow for the development of clinical outcome assessments for identifying disease features, 
monitoring and managing the clinical status of the disease, and testing drug efficacy in clinical trials 
[175,176]. Patient-reported outcome measurements are also important to identify the importance and 
prevalence of key symptoms and factors linked to disease severity [175]. Natural history studies 
allow for the collection of blood, tissue, or bodily fluid specimens and imaging (e.g., magnetic 
resonance imaging of brain and skeletal muscle), which will help in developing biomarkers for 
diagnostic, prognostic, or predictive determinations [176–178]. These biomarkers can serve as 
endpoints in clinical trials when they are validated. In recent years, NfL and phosphorylated 
neurofilament heavy chain (pNfH) proteins have been identified as biomarkers for neuron 
degeneration and drug response for several neurodegenerative disorders. Combining molecular and 
non-molecular biomarkers (electrophysiological or imaging) can also be very informative [179,180]. 
As a final point it is important to emphasize the critical role of patient registries in establishing 
outcome and endpoint measures in addition to supporting patient recruitment for clinical trials.  

Looking forward, advancements in precision medicine and emerging technologies will offer 
promising gene-targeted therapy opportunities for various disorders. Genetic screening will play a 
crucial role in addressing the genetic heterogeneity of diseases such as ALS, enabling the 
development of tailored therapies for specific mutations [181]. Gene editing technologies, particularly 
CRISPR-based approaches, will remain integral in the development of disease models and precise 
therapies for various disorders. Casgevy (NCT03745287) and Lyfgenia (NCT04293185) are the first 
examples of approved CRISPR-Cas9 gene editing therapies for sickle cell disease and beta 
thalassemia, showing the substantial potential of these approaches. Gene editing approaches are 
already being explored in SMA and ALS, demonstrating the potential of these therapies to offer 
effective treatments. Adenosine base editors have demonstrated the potential to correct C to T 
transition in SMN2, allowing exon 7 retention and increasing SMN levels in patient-derived 
fibroblasts and in mice, with no off-target effects. This correction resulted in improved motor function 
and extended lifespan in animal models [182,183]. Base editing of SMN2 allows for the endogenous 
regulation of the SMN protein, which could eliminate potential toxicity due to the constitutive 
expression driven by onasemnogene abeparvovec-xioi (Zolgensma). RNA editing is also receiving 
attention due to safety concerns associated with editing DNA. Recent studies suggest this approach 
should be considered for ALS. CRISPR-Cas13d variants have been shown to significantly reduce 
C9orf72 sense and antisense repeat transcripts in patient-derived iPSC-neuron lines and different 
C9orf72 mouse models without affecting V2 transcript levels [184,185]. In conclusion, while 
challenges and safety concerns remain, the continued progress in gene-targeted therapies offers 
unprecedented potential for treating neurodegenerative diseases with greater precision and efficacy.  
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The following abbreviations are used in this manuscript: 
AAV Adeno-associated virus 
AAV9 Adeno-associated virus serotype 9 
Ad Adenovirus 
ALS Amyotrophic lateral sclerosis 
ALSFRS-R Amyotrophic Lateral Sclerosis Functional Rating Scale–Revised 
ASO Antisense oligonucleotide 
C9orf72 Chromosome 9 open reading frame 72 
CAR-T Chimeric antigen receptor T-cell 
Cas9 CRISPR-associated protein 9 
Cas13d CRISPR-associated protein 13d 
CNS Central nervous system 
CRISPR Clustered Regularly Interspaced Short Palindromic Repeats 
CSF Cerebrospinal fluid 
DNA Deoxyribonucleic acid 
dsDNA Double-stranded DNA 
EMA European Medicines Agency 
fALS Familial amyotrophic lateral sclerosis 
FDA Food and Drug Administration 
FTD Frontotemporal dementia 
FUS Fused in sarcoma 
gRNA Guide RNA 
HR Homologous recombination 
iPSC Induced pluripotent stem cell 
ITR Inverted terminal repeat 
LTR Long terminal repeat 
miRNA MicroRNA 
mRNA Messenger ribonucleic acid 
NDDs Neurodegenerative diseases 
NfL Neurofilament light chain 
NHEJ Non-homologous end joining 
RNA Ribonucleic acid 
RNAi RNA interference 
RNaseH1 Ribonuclease H1 
sALS Sporadic amyotrophic lateral sclerosis 
scAAV Self-complementary adeno-associated virus 
sgRNA Single guide RNA 
siRNA Small interfering RNA 
SMA Spinal muscular atrophy 
SMN Survival motor neuron 
SMN1 Survival motor neuron 1 
SMN2 Survival motor neuron 2 
SOD1 Superoxide dismutase 1 
STMN2 Stathmin-2 
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TALEN Transcription activator-like effector nuclease 
TARDBP TAR DNA-binding protein 
TDP-43 TAR DNA-binding protein 43 
UTR Untranslated region 
ZFNs Zinc finger nucleases 
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