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Abstract 

Advancements in sequencing technology have significantly enhanced diagnostic capabilities for rare neurological 
diseases. This progress in molecular diagnostics can greatly impact clinical management and facilitate the develop-
ment of personalized treatments for patients with rare neurological diseases. Neurologists with expertise should 
raise clinical awareness, as phenotyping remains crucial for making a clinical diagnosis, even in the genomics era. 
They should prioritize different types of genomic tests, considering both the benefits and the limitations inherent 
to each test. Notably, long-read sequencing is being utilized in cases suspected to involve repeat expansion disorders 
or complex structural variants. Repeat expansion disorders are highly prevalent in neurological diseases, particularly 
within the ataxia group. Significant efforts, including periodic reanalysis, data sharing, or integration of genomics 
with multi-omics studies, should be directed toward cases that remain undiagnosed after standard next-generation 
sequencing.
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1  Introduction
Recent technological advances in sequencing have greatly 
improved diagnostic capabilities and facilitated the dis-
covery of novel genes. This progress has deepened our 
understanding of pathomechanisms and ultimately led to 
the development of specific therapeutic options for rare 
diseases (RD). This is particularly true for rare neuroge-
netic diseases.

Approximately 80% of rare diseases have genetic ori-
gins, with nearly half of these conditions affecting the 
nervous system. About 80% of these rare diseases mani-
fest in childhood, with more than 80% of the pediatric 
cases presenting with neurological symptoms. Given 
this context, neurologists with expertise should raise 
clinical awareness and be well-informed about available 

molecular diagnostic tests for rare neurogenetic diseases 
[1–5].

Even in the absence of definitive therapeutic options, 
establishing genetic diagnosis in rare neurological dis-
eases can have significant implications for clinical man-
agement. It can provide valuable information about 
prognosis and complications. Besides that, it can pave the 
way for the discovery of novel biological pathways related 
to disease pathogenesis and the development of targeted 
therapies, ultimately contributing to the advancement of 
personalized medicine [6].

This mini-review aims to give an introduction to the 
molecular genetics of rare neurological diseases from a 
clinician’s perspective, with a particular focus on mono-
genic neurological diseases in children.

2 � Advances in molecular diagnostic approach 
to rare neurological diseases

2.1 � Prioritization of genomic tests
Rare neurogenetic diseases in childhood can be clinically 
classified into three groups: (1) neurodevelopmental dis-
orders (e.g., Rett syndrome, Fragile X syndrome, or many 
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other neurodevelopmental or neurodegenerative disor-
ders), (2) movement disorders (e.g., hereditary spastic 
paraplegia or genetic ataxia), and (3) neuromuscular dis-
orders (e.g., spinal muscular atrophy (SMA) or inherited 
peripheral neuropathy). Clinicians should prioritize vari-
ous types of genomic tests for RD patients based on the 
clinical diagnosis, while also considering both the ben-
efits and technical limitations inherent to each genomic 
test [2, 3].

For patients with global developmental delay, autism 
spectrum disorders, or multiple anomalies, the chro-
mosomal microarray is used as a first-tier test in clinical 
practice. If the phenotype is very clear and the disease is 
caused by a single gene, single gene tests, such as Sanger 
sequencing or Multiplex ligation-dependent probe ampli-
fication (MLPA), are performed. For example, MLPA is 
performed for SMA. Sanger sequencing of the MECP2 
gene is primarily used for Rett syndrome because MECP2 
variants cause over 95% of typical Rett syndrome. How-
ever, most of the other neurological disorders have loci 
heterogeneity. More than 1000 genes are associated with 
neurodevelopmental disorders [6], over 100 genes with 
peripheral neuropathy [7], and more than 500 genes with 
epilepsy [8, 9]. Neurological diseases are known for phe-
notypic heterogeneity as well as genotypic heterogeneity. 
As many rare neurological diseases exhibit nonspecific 
symptoms, often with overlapping phenotypes, next-
generation sequencing (NGS), such as targeted panel 

or whole exome sequencing (WES), is preferred. Whole 
genome sequencing (WGS) can provide uniform cover-
age and find structural variants or sequence alterations 
in non-coding regions [10], while it still has limitations 
regarding cost and interpretation of variants of uncertain 
significance (VUS).

2.2 � Utility of long‑read sequencing in undiagnosed rare 
neurological diseases

More recently, long-read sequencing, i.e., PacBio Single-
Molecule Real-Time sequencing or Oxford Nanopore 
Technology sequencing is being used for negative cases 
that are suspected to involve repeat expansion disorders 
or complex structural variants [11]. Repeat expansion 
disorders are estimated to have a prevalence of about 1 
in 3000 people. Repeat expansion disorders are known to 
be about a total of 60 diseases to date [12], and are highly 
prevalent in neurological diseases (common repeat 
expansion disorders in childhood: see Table  1) [12–14]. 
Especially, genetic ataxia comprises most of the repeat 
expansion disorders. Targeted long-read sequencing or 
long-read whole genome sequencing (WGS) can find 
repeat expansion disorders missing from standard NGS 
or even short-read WGS. Long-read WGS for undiag-
nosed neurological diseases can identify repeat expan-
sions in both coding and non-coding regions through a 
genome-wide approach [12]. Novel repeat expansion 

Table 1  Known neurological repeat expansion disorders in children

SCA Spinocerebellar ataxia, DRPLA Dentatorubral-pallidoluysian atrophy, FRDA Friedreich ataxia

Diseases Inheritance Chromosome Gene Location, repeat motif Pathomechanisms

Coding SCA 1 AD 6p22 ATXN1 Exon, (CAG)n Protein misfolding 
and aggregation

SCA 2 AD 12q24 ATXN2 Exon, (CAG)n Protein misfolding 
and aggregation

SCA 3 AD 14q32 ATXN3 Exon, (CAG)n Protein misfolding 
and aggregation

SCA 6 AD 19p13 CACNA1A Exon, (CAG)n Protein misfolding 
and aggregation

SCA 7 AD 3p14 ATXN7 Exon, (CAG)n Protein misfolding 
and aggregation

SCA 17 AD 6q27 TBP Exon, (CAG)n Protein misfolding 
and aggregation

Huntington Disease AD 4p16.3 HTT Exon, (CAG)n Protein misfolding 
and aggregation

DRPLA AD 12p13.31 ATN1 Exon, (CAG)n Protein misfolding 
and aggregation

Non-coding Fragile X syndrome XLD Xq27.3 FMR1 5′ UTR, (CGG)n Gene silencing

FRDA AR 9q21.11 FXN Intron, (GAA)n Gene silencing

myotonic dystrophy type 1 AD 19q13.32 DMPK 3′ UTR, (CTG)n RNA toxicity, repeat-associ-
ated non-AUG translation

SCA 8 AD 13q21 ATXN8OS/ATXN8 3′ UTR/exon, (CTG/CAG)n RNA toxicity, repeat-associ-
ated non-AUG translation
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disorders have been discovered to be causative of ataxia 
[12, 15] and furthermore inherited neuropathy [7].

2.3 � Multidimensional strategies to overcome 
the diagnostic challenges

The diagnostic yield for rare neurological diseases is 
increasing with the help of advanced technology and 
various genomic tests. However, more than half of all 
suspected monogenic neurological diseases still remain 
undiagnosed. Significant efforts should be made in order 
to address the challenges [7, 16, 17]: (1) a periodic rea-
nalysis, (2) data sharing, (3) advanced high-tech NGS, 
i.e., RNA sequencing in muscle diseases or single-cell 
sequencing, (4) multi-omics studies, and (5) functional 
studies using a mouse or organoid model. In addition 
to periodic reanalysis of genomic data, updating pheno-
typic information is particularly important in childhood, 
as phenotypic evolution can occur over time [18]. Data 
sharing with other genetics community can overcome 
the issue of rarity, the “n-of-1 problem” [16–20]. Various 
diagnostic modalities, such as RNA sequencing, single-
cell sequencing, proteomics, or DNA methylomics, are 
being used in the research field. Integration of genom-
ics with multi-omics studies can expand the knowledge 
of disease pathogenesis in known genes and facilitate the 
discovery of novel genes [16]. More recently, advanced 
cellular models for rare neurological diseases are being 
used, including induced pluripotent stem cells (iPSC) or 
3D iPSC-derived organoids [21]. If no causative variant is 
reported, there might be non-genetic causes rather than 
genetic etiologies or the condition could be multifactorial 
or polygenic rather than monogenic. However, clinicians 
should approach negative cases with a perspective such 
as “beyond the exome” [10, 17]. Sometimes variant prior-
itization needs to be done “beyond documented inherit-
ance modes”, as some genes are being identified to cause 
both dominant and recessive phenotypes [16, 22]. Mul-
tiple NGS strategies can be combined to overcome the 
limitations of each test.

2.4 � Importance of early diagnosis
Time to diagnosis is very crucial. Early diagnosis of 
probands with rare undiagnosed neurological diseases 
can lead their families to have genetic counseling and 
family planning. It is also critical for cases involving 
treatable neurometabolic disorders or rare neurological 
diseases with a narrow therapeutic window. Treatable 
NGS panels or rapid WES/WGS are being used for early 
identification of critically ill patients, such as those in the 
neonatal intensive care unit or pediatric intensive care 
unit.

2.5 � Therapeutic modalities in rare neurological diseases
Although the treatments are currently available in about 
5–10% of total RD, there has been progress in therapeutic 
strategies, such as genetic therapy including gene trans-
fer or gene editing [23]. Progress in molecular genetics of 
rare neurological diseases can lead to the establishment 
of personalized medicine, including newly approved 
treatments or emerging therapeutic options [13, 24]. 
Approved gene therapies include onasemnogene abepar-
vovec-xioi (Zolgensma) for the treatment of SMA in 2019 
and eladocagene exuparvovec (Upstaza) for the treat-
ment of aromatic L-amino acid decarboxylase deficiency 
in 2022 [25]. There are also two marketed intrathecally 
administered antisense oligonucleotides, nusinersen and 
tofersen, which were approved for the treatment of SMA 
and amyotrophic lateral sclerosis, respectively [26]. Other 
strategies, such as N of 1 clinical trial or drug repurpos-
ing, are being studied for rare neurological diseases [27].

3 � Conclusion
Advanced new technologies led to the improvement of 
diagnostic yield in rare neurological diseases. Even in 
the genomics era, phenotyping is key to both making a 
clinical diagnosis and properly selecting the genomic test. 
Long-read WGS can be used for unknown repeat expan-
sion disorders or undiagnosed neurological diseases 
with complex genetic features, that are not detected by 
standard NGS techniques. Molecular diagnosis can facil-
itate clinical management and the development of per-
sonalized treatments for patients with rare neurological 
diseases.
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