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Abstract

The ability to sequence entire exomes and genomes has revolutionized 
molecular testing in rare movement disorders, and genomic sequencing 
is becoming an integral part of routine diagnostic workflows for these 
heterogeneous conditions. However, interpretation of the extensive 
genomic variant information that is being generated presents 
substantial challenges. In this Perspective, we outline multidimensional 
strategies for genetic diagnosis in patients with rare movement 
disorders. We examine bioinformatics tools and computational 
metrics that have been developed to facilitate accurate prioritization of 
disease-causing variants. Additionally, we highlight community-driven 
data-sharing and case-matchmaking platforms, which are designed 
to foster the discovery of new genotype–phenotype relationships. 
Finally, we consider how multiomic data integration might optimize 
diagnostic success by combining genomic, epigenetic, transcriptomic 
and/or proteomic profiling to enable a more holistic evaluation of 
variant effects. Together, the approaches that we discuss offer pathways 
to the improved understanding of the genetic basis of rare movement 
disorders.
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In this Perspective, we highlight genomic analysis strategies 
and bioinformatic variant prioritization approaches in the context  
of rare hereditary movement disorders. We describe the principles of 
whole-exome sequencing (WES) and whole-genome sequencing (WGS) 
with a focus on the variant detection tools that are most relevant to 
movement disorders. We go on to discuss computational metrics and 
software designed to facilitate the clinically oriented filtering of vari-
ants. In addition, we outline the necessity of large-scale data sharing, 
including online case-matchmaking initiatives, and data integration 
between clinical care and research to improve diagnosis. Finally, we 
examine the promise of multiomics.

Genomic sequencing and bioinformatics
WES and WGS are the main unbiased NGS techniques1,2,24 (Fig. 1). WES 
targets the entire protein-coding regions (around 20,000 genes), com-
prising 1–2% of the human genome. This approach is highly efficient 
at detecting disease-associated mutations in exonic and nearby splice 
site sequences, which are currently thought to harbour the majority 
(around 85%) of known pathogenic genomic variations2.

The diagnostic yield of WES in movement disorders has been 
extensively investigated across diverse phenotypes and cohorts11. In the 
broad group of ataxias, for example, 23–52% of patients were estimated 
to receive a specific diagnosis through exome-wide variant profiling15,25. 
WES-driven discovery has also resulted in the identification of numer-
ous new disease-associated genes, as exemplified by the description of 
more than ten previously undefined monogenic aetiologies for isolated 
dystonia between 2015 and 2023 (refs. 26,27). Typically, the detection 
rates of causative variants differ according to patient characteristics 
in each movement disorder category, with generally higher chances of 
finding diagnoses in children with multisymptomatic manifestations 
than in adults with less complex, often multifactorial conditions7,14,28. 
However, WES has also been an invaluable tool for deciphering broad 
phenotypic spectra with the same genetic basis, for example, in GNAO1-
linked conditions, in which presentations of both infantile dyskinetic 
encephalopathy and late-onset focal abnormal movements have been 
revealed29,30.

Despite its widespread implementation as a diagnostic tool in 
movement disorders, WES has two key limitations1,2: first, inconstant 
depth of sequencing coverage focused on exons hinders comprehen-
sive detection of some clinically relevant mutation types such as certain 
structural variants, and second, sequence alterations in non-coding 
DNA regions cannot be examined. These drawbacks can be overcome 
by adopting a WGS approach. WGS substantially reduces the likelihood 
of missing disease-related variants by offering uniformity of target 
coverage and providing analytical access to nearly all of the approxi-
mately three billion nucleotides in the genome of an individual31. The 
benefits of WGS over WES have not yet been systematically explored 
in the context of rare movement disorders, but pilot studies on large 
heterogeneous disease populations have documented diagnostic 
uplifts and demonstrated the effectiveness of this approach32,33.

WES and WGS both generate extensive amounts of data (in the 
petabyte range for larger collections) and, therefore, require computa-
tionally sophisticated processing workflows1,2,20. Up to 30,000 variants 
can be found in an individual exome, and WGS usually yields around 
3–4 million variant positions that differ from a reference genome1,2. 
Dedicated bioinformatics pipelines have an essential role in the genetic 
laboratory, starting with WES or WGS raw data mapping and calling 
of variants. The Genome Analysis Toolkit is currently the gold stand-
ard for identification of single nucleotide variants (SNVs) and short 

Introduction
Next-generation sequencing (NGS) has revolutionized human genetic 
analysis by allowing simultaneous screening for variants in hundreds of 
disease-related genes1. NGS-based massive parallelization of sequenc-
ing reactions can determine the entire nucleotide sequence of the 
genome of an individual in a single-analysis instrument run for less than 
US$ 1,000 (ref. 2). The technique is particularly suitable for molecular 
studies of heterogeneous Mendelian conditions, enabling specific 
diagnoses to be made across a wide range of phenotypes, including 
movement disorders1–3.

Movement disorders encompass a vast category of neurological 
diseases that are frequently characterized by progressive disability4. 
Many of these conditions have an underlying genetic basis, ranging 
from monogenic causation to complex multifactorial aetiologies. 
Many subgroups exist, defined by variable expression of ataxia, chorea, 
dystonia, myoclonus, parkinsonism and tremor as well as phenotypi-
cally mixed syndromes, including non-movement-related symptoms, 
which are often individually rare and difficult to categorize on clinical 
grounds4. NGS has been instrumental in identifying the monogenic 
causes of rare movement disorders on a broad scale3,5–7 and in establish-
ing an expanding catalogue of genotype–phenotype relationships8,9. 
For example, dystonia can be related to monoallelic or biallelic variants 
in over 500 different genes as currently documented in the Online 
Mendelian Inheritance in Man database10. Clinicians might be unfa-
miliar with many of the associated diseases as they have only been 
reported in a few cases worldwide. In such cases, the precise molecular 
diagnosis can unlock important information from the literature that 
could be fundamental to optimizing management or offering access 
to disorder-specific support organizations1,2,5.

Although many genomic data sets have been produced across 
different movement disorder indications since NGS became commer-
cially available in 2011, the diagnostic rates are still capped at around 
20–50%11–15. A major hindrance to a relevant increase in molecular 
aetiological yield is our inability to interpret a substantial proportion 
of the sequencing information that has been generated1,2. Individual 
genomes contain many thousands of ultra-rare and so-called ‘pri-
vate’ variants, that is, sequence changes that are found exclusively 
in a single studied individual. Assigning clinical relevance to such 
variants remains challenging, even when they are discovered in known 
disorder-associated genes1,2. Limitations in the discovery power of 
NGS approaches are especially evident in the field of movement dis-
orders because of marked contributions of variable expressivity and 
reduced penetrance as well as the high levels of allelic heterogeneity8,9:  
movement disorder-causing variants encompass a diverse spectrum of 
mutation types, including substitutions, deletions or duplications 
of single nucleotides, multi-nucleotide insertions and deletions, 
structural variants, repeat expansions, and mitochondrial DNA 
alterations10,16,17.

To address the interpretative challenge presented by NGS, pow-
erful computational methods have been developed to support the 
identification and prioritization of disease-associated variants and 
genes18–21. However, it is increasingly difficult for movement disorder 
specialists to oversee meaningful application of these analytics algo-
rithms as they are being introduced at a fast pace and are not always 
readily usable in existing pipelines. Moreover, we recognize that the 
NGS diagnostic process is likely to benefit considerably from integra-
tion of other omic data, such as epigenetic signatures, transcriptomics 
and proteomics22,23, into the routine care of patients with movement 
disorders.
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(1–50 bp) insertions and deletions (indels)20,34, which represent the 
majority of recognized movement disorder-causing mutations. Several  
NGS studies of patients with ataxia, dystonia, mixed hyperkinetic syn-
dromes or other rare movement disorders have shown that SNVs and 
indels account for the majority (85–95%) of molecular diagnoses6,12,14,15, 
although these numbers might be biased owing to incomplete  
assessment of other variant types, especially in earlier work.

WES and WGS data can also be exploited to assess copy num-
ber variations (CNVs), for which an increasing battery of detection 
algorithms is being developed35,36. Tools that identify CNVs in short 

reads from NGS machines can be coverage-based callers (for example,  
ExomeDepth or CNVnator) or callers using integrated paired-end 
and split-read analysis strategies (for example, DELLY or Manta)37,38, 
which can detect deletion and duplication events with high sensitivity 
and specificity. CNVs represent a relevant class of genomic altera-
tions that contribute to movement disorder manifestations, and with 
the growing adoption of CNV screening tools in NGS pipelines, we 
are identifying intriguing ‘new’ roles for ‘old’ deletion syndromes in 
movement disorders such as 22q11.2 microdeletions (DiGeorge syn-
drome) in parkinsonism and hyperkinetic phenotypes39,40. Importantly,  

Data sharing 
(for example, MME 

platform or 
GeneMatcher)
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Fig. 1 | Next-generation sequencing data production and analysis workflow. 
Different variant types called from individual exome or genome raw data files are 
subjected to stepwise filtration, involving the integration of diverse web-based 
bioinformatic repositories and functional annotation sources. The filtering and 
prioritization steps highlighted in green are especially suitable for the analysis 
of single nucleotide variants (SNVs) and short insertions and deletions (indels) 
but might also aid the assessment of other genomic mutations such as structural 
variants, mitochondrial DNA variants and repeat expansions. The workflow 
has some technical limitations that can hinder reliable detection of certain 

genotypic abnormalities, such as single-exon copy number variations (CNVs), 
as well as larger or non-coding repeat expansions. Once a shortlist of candidate 
genetic alterations has been identified, an expert review is conducted to allow the 
determination of rare variants that have high levels of evidence for association 
with the disease. ACMG, American College of Medical Genetics and Genomics; 
gnomAD, Genome Aggregation Database; MME, Matchmaker Exchange; OMIM, 
Online Mendelian Inheritance in Man; pLI, probability of being loss-of-function 
intolerant.
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WGS offers the opportunity to screen genomes for a range of structural  
variations beyond those identifiable by WES41; for example, WGS has 
been successful in uncovering a pathogenic inversion disrupting QDPR42 
(encoding dihydropteridine reductase), a gene that has been impli-
cated in tetrahydrobiopterin deficiency-related movement disorders. 
Most CNV-calling algorithms have limited efficacy for the discovery of 
small CNVs, particularly those containing only one or two exons. These  
events are identified as single aberrant signals in the data with often sub-
optimal intensity and unwanted noise, creating challenges in routine  
clinical applications owing to false negatives and false positives43.

Another important development for WES and WGS data analysis 
in patients with movement disorders is the introduction of methods 
that allow scrutiny of mitochondrial DNA mutations and pathological 
repeat expansions44–46. With respect to mitochondrial DNA muta-
tions, so-called ‘off-target reads’ generated during standard WES or 
WGS experiments and processed in the bioinformatics pipeline can 
be reliably utilized for molecular diagnosis44. Bespoke processing 
workflows in genetic laboratories can integrate off-capture sequenc-
ing results that derive from the enrichment of DNA fragments outside 
the intended target regions, including the mitochondrial genome47.  
A retrospective evaluation of 11,424 WES data sets reported the detection  
of pathogenic mitochondrial DNA variants in 11 individuals, including 
patients with ataxia, dystonia or myoclonus48. Despite their practi-
cal applicability, off-target read-based mitochondrial DNA variant 
screens can only be performed in WES or WGS studies to determine 
diagnoses when the capture-target kit supports the interrogation of 

the mitochondrial genome (for example, in the form of a spike-in panel 
with the core nuclear exome)49.

With respect to pathological repeat expansions, a specific tool 
named ExpansionHunter Denovo50 is gaining popularity. This tool is 
suitable for performing hypothesis-free, genome-wide repeat profiling 
and has high diagnostic accuracy. In families with late-onset cerebel-
lar ataxia, a comparatively prevalent but often genetically intractable 
syndrome, application of this tool pinpointed a new repeat expansion  
disorder — an adult-onset cerebellar ataxia syndrome known as ATX-FGF14  
(ref. 51). Furthermore, a systematic assessment of the test perfor-
mance of ExpansionHunter-supported repeat expansion profiling 
for 13 neurological disorders caused by these mutation types showed 
that WGS could distinguish between expanded and non-expanded 
alleles with 97.3% sensitivity and 99.6% specificity46. By contrast, WES 
has restricted ability to find causative expanded sites in patients with 
repeat expansion-associated movement disorders because this method 
cannot accurately calculate the size of alleles larger than the com-
monly used read length of 100 bp and cannot capture non-coding 
parts of disease-related genes (for example, intron 1 of the FXN gene 
(encoding frataxin), which harbours the Friedreich ataxia-linked GAA 
repeat)2. WES-based molecular diagnostics for movement disorders 
might therefore require additional testing for pathogenic repeats on 
alternative platforms, depending on the phenotypic characteristics 
of the examined patient.

Other rare complex mutational events underlying monogenic 
movement disorders have begun to be unravelled using NGS data and 

Glossary

Coverage-based callers
Copy number variant detection tools 
that determine the presence of a 
deletion or duplication by comparing 
the read coverage in the affected 
genomic interval with the rest of the 
sequenced exome or genome. Higher 
sequencing depth is necessary for 
reliable analysis.

Digenic inheritance
A mechanism whereby the expression 
of a disease phenotype is determined 
by the presence of genetic pathologies 
in two different loci, often associated 
with epistatic interactions between 
these loci (encoded proteins might act 
in the same pathway).

Generative artificial 
intelligence
Algorithms that can be used to produce 
new content, including synthetic data.

Integrated paired-end and 
split-read analysis strategies
Paired-end mapping approaches can 
define copy number variants on the 

basis of alterations in the insert size of 
paired-end reads, whereas split-read 
approaches are helpful for predicting 
copy number changes by assessing 
unaligned discordant reads that were 
split and mapped separately from the 
reference genome.

Mapping certainty
A measure of the accuracy of alignment 
of sequencing reads to the correct 
location in the genome. Can be 
confounded by DNA characteristics 
such as repetitive regions.

Massive parallelization
A high-throughput approach used in 
next-generation sequencing studies, 
which allows analysis of millions of  
short reads (usually containing  
100–150 bp) in an automated 
miniaturized fashion. This approach 
differs from traditional capillary Sanger 
analysis in terms of time-effective mass 
production of sequencing outputs.

Mendelian conditions
Clinical diseases that are caused by 
high-effect rare variants in single genes, 
in contrast to polygenic or multifactorial 
diseases, which are associated with 
many common variants with low effect 
sizes at various genomic loci and  
are influenced by other non-genetic 
factors.

Missense constraint
A measure of genetic intolerance 
to amino acid substitutions, which 
can aid prioritization of gene 
candidates involved in missense 
mutation-associated diseases.

Mobile element
Genomic sequences that can move 
between chromosomes, for example, 
through cut-and-paste mechanisms 
in DNA transposons. These elements 
have a role in genome evolution, and 
their integration into disease-associated 
genes can disrupt the open reading 
frame and cause clinical phenotypes.

Penetrance
A measure of the proportion of carriers 
of a specific monogenic disease 
predisposition who present with clinical 
features of the associated condition.

Phenotypic pleiotropy
A phenomenon whereby variants in a 
disease-related gene are associated 
with multiple (similar or divergent) 
phenotypic abnormalities.

Simplex cases
Individuals with a disease phenotype 
who have no relatives affected by the 
same condition.

Spike-in panel
A protocol that dynamically 
incorporates specific DNA segments 
into the sequencing analysis; for 
example, complementary interrogation 
of all base pairs of the mitochondrial 
genome in addition to the nuclear 
coding sequences in the form of 
a mitochondrial spike-in panel in 
diagnostic exome studies.

http://www.nature.com/nrneurol
https://github.com/Illumina/ExpansionHunterDenovo
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modern analytical methodologies, including mobile element inser-
tions in NKX2-1-linked childhood-onset chorea52. In daily practice, 
genetic data analysts greatly benefit from the simultaneous integra-
tion of multiple independent variant callers in their pipelines, and 
these systems should ideally offer the possibility to incorporate newly 
emerging tools once their diagnostic sensitivities and specificities 
have been validated.

Variant prioritization and pathogenicity 
assessment
Genomic sequencing, in particular WGS, produces an abundance of 
variant data, posing a challenge to determine which of the sequence 
changes have a causal role in the phenotype of an individual1,2. To 
address this diagnostic bottleneck, automated workflows have been 
developed, which support analysts in the assessment of the patho-
genic role of variants. The process follows a series of computational 
mutation-filtration steps that depend heavily on a range of online 
resources and bioinformatics tools18–20 (Fig. 1).

A primary filtering strategy involves cross-referencing of 
patient-derived variants to catalogues of variants that are found in 
population controls; this step helps to filter out benign alterations that 
are observed in individuals who are not affected by the disease53,54. The 
Genome Aggregation Database (gnomAD), which contains information 
from over 120,000 exomes and over 15,000 genomes of various geo-
graphical origins, is commonly used for this purpose21. In the context of 
movement disorders, an important caveat needs to be considered when 
deploying variant exclusion with gnomAD data (Box 1), namely, that the 
data set is not depleted for alleles associated with adult neurological  
conditions and reduced penetrance1. For example, the pathogenic 
p.Glu303del variant in TOR1A (encoding torsin 1A), which causes autoso-
mal dominant generalized dystonia27 (penetrance around 30%), is pre-
sent in 30 heterozygous gnomAD carriers21. Moreover, we increasingly  

observe that variants linked to newly discovered autosomal recessive 
movement disorder phenotypes, such as specific WARS2 (encoding 
tryptophan–tRNA ligase, mitochondrial) or SHQ1 (encoding protein 
SHQ1 homologue) mutations in parkinsonism and myoclonus55,56, are 
found in a homozygous state in gnomAD participants21, highlighting the 
need for careful literature-informed evaluation. Additional web-based 
curated reference catalogues exist for CNVs, including the Database of 
Genomic Variants57 and dbVar58, which host structural variation data 
from healthy populations (Database of Genomic Variants) or both 
controls and individuals with clinical phenotypes (dbVar).

The inheritance of variants, ideally based on recognizable famil-
ial transmission patterns, should also be included in the filtering 
criteria53,54. For simplex cases, parent–patient trio analysis has proved 
to be a highly efficient strategy to reduce the analytical burden by 
enabling straightforward detection of de novo variants through a bio-
informatics ‘subtraction’ approach59. Studies show that de novo muta-
tional events, including recurrent hits observed in multiple patients 
(for example, ADCY5-related dyskinesia)60, constitute a major cause 
of early-onset movement disorders7,14. Of note, new challenges in the 
filtering of variants based on documented inheritance modes in move-
ment disorders arise from the observation that a growing number of 
genes are being linked to both dominant and recessive phenotypes61.

A further step is to prioritize variants according to their functional 
consequence and assumed deleteriousness53,54, using powerful compu-
tational metrics and software packages19,20. Currently, it is advisable to 
focus on protein-changing variants, which consist of two broad classes: 
predicted loss-of-function (LoF) variants (that is, nonsense, frameshift 
and splice site alterations) and missense variants. In theory, LoF vari-
ants should be excellent candidates for disease causation because 
they are expected to disrupt the reading frame of the gene. However, 
these variants are abundant in the population and each genome carries 
around 100 such alterations2.

Box 1

Limitations of bioinformatic metrics and online tools
Several limitations must be considered when analysing variants 
associated with rare monogenic movement disorders.

Genome Aggregation Database (gnomAD)
•• Owing to reduced penetrance, pathogenic or likely pathogenic 
variants linked to autosomal dominant movement disorders might 
be found among unaffected gnomAD participants.

•• Homozygous carriers of certain pathogenic or likely pathogenic 
variants linked to autosomal recessive disorders might also be 
found among unaffected individuals because these mutations 
represent hypomorphic alleles; examples include variants in 
WARS2 and SHQ1.

•• Loss-of-function variants in genes with low scores in the 
probability of being loss-of-function intolerant can be causative 
for rare movement disorders owing to reduced penetrance or 
imprinting phenomena; examples include variants in VPS16 and 
SGCE.

•• Missense variants in genes with low missense z-scores can  
be causative for rare movement disorders if the gene has high 

rates of benign missense variation; examples include variants  
in ANO3.

Local missense constraint metrics
•• Missense variants located outside conserved domains or 
constrained regions can be causative for rare movement disorders 
owing to their site-specific mutational effects.

In silico pathogenicity predictions
•• Variants evaluated as benign can be causative for rare movement 
disorders, for example, when they occur at amino acid positions 
with poor evolutionary conservation; examples include variants  
in PRKRA and EIF2AK2.

GeneMatcher
•• Most GeneMatcher entries refer to paediatric cases with 
syndromic diseases and therefore it is often more difficult to find 
matches for candidate genomic findings from patients with rare 
movement disorders.

http://www.nature.com/nrneurol
https://gnomad.broadinstitute.org/
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http://dgv.tcag.ca/dgv/app/home
https://www.ncbi.nlm.nih.gov/dbvar/
https://genematcher.org/
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To distinguish genes in which LoF variants are tolerated from 
those that are LoF intolerant, the gnomAD data-based ‘probability of 
being LoF intolerant’ (pLI) score has been introduced21 (Fig. 2a). This 
metric, which is calculated based on a comparison of observed versus 
expected LoF variants for each gene in gnomAD participants, provides a 
statistically robust method for the prioritization of LoF mutations that 
are likely to be clinically relevant21 and has facilitated the establishment 
of many genotype–phenotype associations in patients with movement 
disorders14. The pLI score has aided the discovery of KMT2B (encoding 
histone–lysine N-methyltransferase 2B) haploinsufficiency as a cause  
of childhood-onset dystonia62 and has assisted in the identification of  
genes in which LoF variants are generally considered to be irrelevant 
to movement disorder traits (for example, LoF variants in LRRK2  

(encoding leucine-rich repeat serine–threonine-protein kinase 2)  
do not underlie hereditary Parkinson disease63,64).

For missense variants, a similar measure, the gnomAD-derived 
missense z-score21, is available. This score allows filtering of WES 
and WGS data for genes in which missense variants are significantly 
under-represented among control individuals. Missense substitu-
tions in such genes should be carefully evaluated as the probability 
of pathogenicity is likely to be high. A typical example of a movement 
disorder-related gene with severe missense constraint is ATP1A3 (ref. 21)  
(encoding sodium–potassium-transporting ATPase subunit α3), 
which is linked to dystonia–parkinsonism and infantile dyskinetic 
syndromes65. Constraint-based approaches for missense variant pri-
oritization have also been developed at the levels of protein domains 

a
KMT2B canonical transcript ENST00000222270
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SNVs
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b
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Fig. 2 | Mutational constraint metrics to aid variant interpretation.  
a, Sequencing information from over 120,000 exomes and over 15,000 genomes in 
the Genome Aggregation Database (gnomAD) is used to provide constraint scores 
for a given mutation type such as loss-of-function (LoF) variation, for example, 
nonsense and splice site mutation-inducing single nucleotide variants (SNVs)21. 
The probability of being LoF intolerant (pLI) metric (range 0.0–1.0) is calculated 
for each gene in gnomAD based on the number of observed versus expected 
rare LoF SNVs, taking into account the length and nucleotide sequence of the 
gene. Genes with pLI scores ≥0.9 are considered to be under severe constraint 
against LoF mutations. The figure shows the LoF variant-constrained gene KMT2B 
(encoding histone–lysine N-methyltransferase 2B), mutations of which cause 
dystonia 28, childhood-onset62 (Online Mendelian Inheritance in Man #617284). 
In gnomAD controls, KMT2B has significantly fewer LoF SNVs than expected (pLI 
score 1.0), indicating a high degree of evolutionary selective pressure. Consistent 
with this finding, heterozygous LoF KMT2B variants are responsible for highly 

penetrant paediatric dystonia syndromes; the distribution of such mutations 
registered in ClinVar as of May 2023 is depicted below the KMT2B transcript17.  
b, The degree of regional missense mutation constraint can also be estimated using 
gnomAD data21,66,67. For example, NR4A2 (encoding nuclear receptor subfamily 
4 group A member 2), a gene linked to a neurodevelopmental disorder with 
dystonia and parkinsonism (Online Mendelian Inheritance in Man #619911)69–71, 
contains a coding sequence with significantly fewer missense variants than 
expected. Missense variants that map to the area with local missense intolerance 
might be regarded as high-priority candidates for disease causation. In ClinVar, 
disease-related missense mutations cluster within this region17, which encodes 
a functionally important protein domain. Computational tools, such as the 
MetaDome web server67, offer user-friendly visualization of missense-constrained 
protein regions inferred from gnomAD data as illustrated in the bottom panel. 
Specific pathogenic and likely pathogenic NR4A2 missense variants are shown 
based on ClinVar data accessed in May 2023 (ref. 17).

http://www.nature.com/nrneurol
https://www.ncbi.nlm.nih.gov/clinvar/
https://stuart.radboudumc.nl/metadome/
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and individual genomic positions (that is, at the codon level)66–68 where 
such mutations can occur (Fig. 2b). These computational methods 
exploit the fact that certain regions of genes and their products 
show mutational invariability in the general population66,67. It is pos-
sible to specifically screen for missense variants that map to these 
mutation-intolerant sites and are, thus, more likely to have a deleterious 
effect. For example, in NR4A2-associated neurodevelopmental disorder 
with dystonia and parkinsonism69–71, nearly all pathogenic missense 
variants are located in a protein motif that shows minimal functional 
variation in population controls72. Box 1 highlights limitations in the 
use of mutational constraint parameters for the interpretation of LoF 
and missense variant pathogenicity in rare movement disorders.

Additional information for filtering missense variants includes 
predicted effects on protein structure and evolutionary conserva-
tion, both of which can be assessed by several commonly available in  
silico classifiers19,20,73. Some recently introduced tools combine mul-
tiple outputs from different published algorithms to estimate the 
functional deleteriousness of a given amino acid change74. These 
so-called ‘metapredictors’ can assist with missense variant evaluation 
and generate high positive predictive values, but their results need to 
be interpreted in conjunction with the peculiarities of the relevant 
disease-associated proteins (Box 1).

An additional stage, which is useful when variants are pre-filtered 
as described above, involves the implementation of candidate gene 
lists obtained based on the phenotypic characteristics of a patient53,54. 
This ‘virtual panel’ approach narrows the list of selected variants to 
those affecting genes that have an established association with the 
presenting clinical features. In 2019, a regularly curated virtual gene 
panel catalogue known as PanelApp was launched through a publicly 
available platform75. Alternatively, gene lists can be downloaded from 
Online Mendelian Inheritance in Man10, although not all entries might 
be up to date.

For any prioritized variant, a standardized framework for clinical 
interpretation, such as the five-tier classification system provided 
by the American College of Medical Genetics and Genomics, must be 
applied76. To reduce inter-rater variability and the risks of subjective 
evaluation of variants, software tools that provide automated American 
College of Medical Genetics and Genomics guideline-based interpre-
tative outputs for filtered variants, such as InterVar77, are becoming 
available.

Despite considerable advances in bioinformatics-driven variant 
categorization, many sequence changes remain of undetermined clini-
cal significance (so-called variants of uncertain significance (VUSs)).  
A major controversy is whether variants for which a consensus cannot 
be reached on disease causality should always be reported back to refer-
ring clinicians and the affected families78. The classification criteria 
for VUSs are conservative and designed to prevent potential harm 
that could result from erroneous pathogenicity assignments based on 
insufficient evidence76. Reporting of these variants can trigger mani-
fold patient responses and should follow careful guidelines to avoid 
enhanced medical uncertainty and negative psychosocial impact79.

One important strategy for dealing with VUSs is to reanalyse unre-
solved WES and WGS data at periodic intervals80. Reanalysis of existing 
NGS data, including integration of updated database annotations, 
consideration of more detailed phenotype information, and searches 
for the latest published gene–disease and variant–disease relation-
ships, was shown to increase the diagnostic yield by 6–47% through 
various measures, including VUS upgrading81. However, VUS reclas-
sification through reanalysis might be difficult to achieve for patients 

from understudied geographical areas who display distinct allelic 
architectures with specific rare variants, including founder mutations 
that are not registered in available reference databases. Global efforts 
are needed to generate ancestry-specific allele data sets as conducted 
for a large population from the Middle East82. As WGS becomes more 
widely deployed in the field of monogenic movement disorders, we are 
likely to see exponential growth in the number of difficult-to-interpret 
variants in non-coding genomic regions, which will further increase the 
quantity and complexity of VUS information.

Identification of variants that are unequivocally causal for move-
ment disorders remains a difficult challenge because of the genetic 
heterogeneity and clinical variability associated with these conditions. 
In an example of extreme phenotypic pleiotropy, independent groups 
have implicated genes of the nucleotide excision DNA repair pathway, 
which were previously linked to hereditary skin disorders with photo-
sensitivity and cancer, in rare movement disorders characterized by 
chorea, dystonia and/or ataxia83,84.

Data sharing
Over the past few years, it has become clear that genomic data pro-
duced by individual laboratories are frequently insufficient to generate 
compelling evidence for causality of VUSs in known disease-associated 
genes or candidate variants in potential, new disorder-relevant loci85. 
In rare movement disorders, only a very few individuals seen at a single  
institution are affected by a specific syndrome, and the vast major-
ity of sequenced individuals in each local database do not share the 
same variant hits. Establishment of mutation recurrence in inde-
pendent similarly affected individuals and identification of multiple 
patients with variants in the same gene are necessary to firmly define  
genotype–phenotype correlations86.

The challenge posed by VUSs and the situation of having identified 
one single family with a promising but unconfirmed gene candidate —  
termed the ‘n-of-1 problem’ — can be overcome by sharing observa-
tions regarding rare molecular findings with the broader genetics 
community85,87. Collaborative efforts in global projects have addressed 
this need by developing data-sharing solutions that provide central-
ized repositories for clinically evaluated variants as well as platforms 
for genotype–phenotype matchmaking87,88. Databases that actively 
catalogue sequence changes according to their previously reported 
disease relevance include ClinVar17 and the Human Gene Mutation 
Database89. These sources summarize information on variant patho-
genicity, mostly for SNVs and short indels, that would otherwise be 
dispersed across the literature and private mutation compendia, allow-
ing analysts to quickly judge the pathogenic significance of variants 
identified through WES or WGS.

Similar clinically centred annotation platforms are available for 
CNVs (DECIPHER)90 and mitochondrial DNA variants (MITOMAP)91. 
However, as these databases are human-curated and sometimes filled 
with spurious genotype–phenotype associations, misclassifications 
or conflicting interpretations of variants are not uncommon1. This 
situation is especially problematic in the molecular analysis of rare 
movement disorders because reliably interpreted variant calls are 
generally under-represented in these indications (as compared with, 
for example, intellectual disability), which can increase the burden of 
diagnostic uncertainty. Therefore, genetic laboratories that focus on 
movement disorders should be urged to systematically submit their 
sequencing results to ClinVar and other public knowledge reposi-
tories. Alternative community-based curation platforms, such as 
the Movement Disorder Society Genetic mutation database, have 

http://www.nature.com/nrneurol
https://panelapp.genomicsengland.co.uk/
https://wintervar.wglab.org/
https://www.hgmd.cf.ac.uk/ac/index.php
https://www.hgmd.cf.ac.uk/ac/index.php
https://www.deciphergenomics.org/
https://www.mitomap.org/MITOMAP
https://www.mdsgene.org/


Nature Reviews Neurology | Volume 20 | February 2024 | 114–126 121

Perspective

been launched to promote meaningful exploration of the evidence 
of variant pathogenicity in the context of ataxia, chorea, dystonia 
and other movement disorder presentations92. Nevertheless, a lack 
of diversity in genomic testing among ethnic groups, with marked 
under-representation of certain populations (for example, minority 
groups and people with African ancestry), remains a major hurdle for 
data sharing and interpretation93.

To increase the analytical power of rare disease diagnostics, 
important genotype-driven and phenotype-driven matching algo-
rithms have been established, including the international Matchmaker 
Exchange (MME) service94. Initiated in 2013, MME introduces genetic 
data-sharing mechanisms and tools for phenotypic analysis that are 
incorporated into a federated system with the goal of catalysing con-
nections between clinicians and researchers with an interest in the 
same genes and disorders94.

The MME network is joined by a series of connected nodes, among 
which GeneMatcher is one of the most widely applied tools95. Gen-
eMatcher includes data from thousands of individuals with rare disease 
phenotypes, and is accessible to medical professionals from around the 
globe, thereby facilitating the identification of patients with similar 
genotypic and phenotypic profiles95 (Fig. 3). Using this platform, a sub-
stantial number of cases of rare and ultra-rare movement disorders  
have been matched, leading to characterization of many previously 
unrecognized disease entities96. For example, WES recently revealed a 
private missense variant in ATP5MC3 — a gene that encodes an essential 
component of the mitochondrial respiratory chain complex V — in 
a family in the USA affected by dominantly inherited dystonia and 

spasticity97. Because the variant had never been described before 
in independent cases, it qualified as a VUS and the family remained 
undiagnosed. The finding was entered into GeneMatcher, which ulti-
mately yielded a match through identification of the same mutation 
in a German dystonia pedigree, resulting in the discovery of a novel 
mitochondrial defect-related monogenic movement disorder97.

Several additional data-sharing initiatives that allow comparison 
of sequencing findings, such as platforms that register systematic 
information on de novo variants identified from trio WES and WGS 
analyses98, can aid genetic studies of rare movement disorders. The 
de novo variants are mostly derived from patients with neurodevelop-
mental diseases98, but their consideration can be useful in movement 
disorder diagnostics given that movement disorders and neurodevel-
opmental diseases often share a common genetic basis14. Interoper-
able national and continent-wide data hubs, which offer improved 
pathways to the sharing of ethnically diverse genetic information in 
common databases, are also under development85. For example, the 
European Genome–Phenome Archive and its German hub, the German 
Human Genome–Phenome Archive, support the deposition of genomic 
sequences and phenotypes, including movement disorders, to opti-
mize data reuse and accelerate disease-associated gene discovery99. 
Similarly, efforts are being geared towards the sharing of pan-European 
rare disease data in a systematic manner within the Solve-RD research 
consortium100. Importantly, when data sharing through health profes-
sionals is unable to provide diagnostic clarity, some patient families 
take responsibility and advertise their genetic information on social 
media to make themselves more ‘discoverable’87.
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Fig. 3 | Case matchmaking and disease gene discovery via the GeneMatcher 
platform. A candidate ultra-rare variant in the mitochondrial complex V gene 
ATP5MC3 was detected in a large pedigree affected by dystonia and spasticity 
from the USA state of Ohio120. Despite functional molecular characterization of 
the variant, the definition of a new hereditary disorder was not possible for more 
than a decade because no additional independent case with the same genetic 

defect had been identified. In 2019, the Ohio family was ‘matched’ through 
the GeneMatcher95 node to a German patient who harboured an identical 
ATP5MC3 mutation. Consequently, the ATP5MC3-related monogenic movement 
disorder became firmly established97. HPO, Human Phenotype Ontology; NGS, 
next-generation sequencing; OMIM, Online Mendelian Inheritance in Man; SNP, 
single nucleotide polymorphism; WES, whole-exome sequencing.
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Integration of multiomic studies
DNA-level approaches, such as WES and WGS, are limited in their capac-
ity to clarify the significance of a large proportion of variants in disease 
manifestation1,2. Although re-analyses, predictive algorithms and data 
sharing have improved the prioritization and interpretation of genetic 
findings, these methodologies are often unable to confirm or refute the 
pathogenicity of VUSs and alterations situated in non-coding regions. 
Parallel assessment of additional layers of omics offers an opportunity 
to overcome these hurdles22 (Fig. 4). A growing body of literature is 
linking genomic sequencing results with epigenetic, transcriptomic 
and/or proteomic data to reveal pathophysiological mechanisms and 
uncover diagnoses in previously unresolved monogenic phenotypes23.

At present, strategies for multiomic data integration are not being 
systematically applied to rare movement disorders but early studies 
demonstrate their promise for improving diagnostic performance101, 
and international collaborations, such as the European Joint Pro-
gramme on Rare Diseases, have been put in place to scale their use in 
molecular characterization of patients with dystonia and other indica-
tions. Genome-wide analysis of DNA methylation marks can identify 
biologically meaningful signals that might support the evaluation of 
variant effects102. Initially introduced in the field of neurodevelopmen-
tal diseases, these genomic episignatures were shown to be especially 
useful for investigating conditions linked to genes that are suspected 
to influence DNA methylation status102.
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Fig. 4 | A suggested multiomic-based diagnostic strategy. Multiple components 
of disease-causing molecular lesions, including DNA-level aberrations, disorder-
specific DNA modification patterns, and alterations in RNA and protein expression, 
can be considered in integrated multiomic analyses. DNA methylation marks, 
also known as episignatures, are emerging as powerful tools to characterize the 
significance of variants in relation to rare phenotypes, especially those linked 
to defects of the epigenetic machinery. RNA sequencing (RNA-seq) can detect 
different types of variant-induced transcript pathologies, including aberrant 
expression, defective splicing and monoallelic expression states. Quantitative 
proteomics can be used to find protein expression outliers caused by aetiologically 

involved variants and to characterize associated protein complex disturbances. 
‘Standard’ peripheral blood-derived DNA is suitable for the study of episignatures 
but other patient-specific biological samples might be more useful for other 
analyses such as RNA-seq or proteomics. Skin fibroblast cultures have been found  
to represent an optimal biomaterial for such multiomic approaches107. Alternatively,  
whole-blood RNA-seq can be a robust strategy for the profiling of disease-relevant 
transcript expression and splicing defects in patients with monogenic diseases108. 
The different analytical dimensions of multiomic tests can be assessed separately  
or in parallel to maximize molecular diagnostic yields. ACMG, American College  
of Medical Genetics and Genomics; VUS, variant of uncertain significance.
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Studies have been undertaken to develop accurate episignature- 
based classifiers for variants in the dystonia-linked gene KMT2B, 
which encodes a histone methyltransferase involved in epigenetic 
modifications103,104. In one publication, a blood-derived, disorder- 
specific episignature on 113 DNA methylation sites was used to 
re-classify four VUSs in KMT2B, three of which newly qualified as 
disease causing, leading to optimization of diagnostic outcome and 
therapy-relevant results, given that KMT2B-related dystonia is highly 
responsive to deep brain stimulation103. Moreover, DNA methylation 
profiling seems to enable predictions of age of onset and disease 
severity in patients with KMT2B mutations103.

The study of transcriptomes by RNA sequencing (RNA-seq) repre-
sents another complementary assay to WES and WGS analyses105. This 
technique examines RNA levels in an unbiased manner, both qualita-
tively (integrity of transcripts) and quantitatively (expression levels), 
and can provide a broad view of transcription-related pathological 
events105. RNA-seq data are particularly important for the interpreta-
tion of non-coding variations but can also be used to assess the effects 
of synonymous variants that can affect splicing22. Most RNA-seq pilot 
studies performed on patients with heterogeneous rare disease pres-
entations have aimed to decipher the roles of uncertain WES or WGS 
findings by focusing on the detection of splicing mutation-induced 
aberrant transcripts and/or aberrant expression states105,106. The poten-
tial diagnostic value of this approach in individuals with movement 
disorder features was demonstrated by a large-scale combined WES–
WGS–RNA-seq study107, which described missplicing and pathologically 
decreased expression of the complex I assembly factor gene TIMMDC1 
as a result of deep intronic variants in patients with ataxia and dyski-
netic movements.

In multiomic studies, further diagnostically useful information 
can be derived from proteomic investigations22. Proteomics assist in 
rare disease variant interpretation by identifying instances where VUSs 
have resulted in abnormal upregulation or downregulation of pro-
tein expression. Though still in its infancy in rare movement disorder 
diagnostics, a quantitative proteomic approach was recently applied 
successfully in a child with dyskinetic epileptic encephalopathy for 
functional validation of candidate variants in ATP5PO (encoding ATP 
synthase subunit O, mitochondrial), not only establishing the diagnosis 
but also characterizing a new recessive neurogenetic syndrome101.

Tissue-specific expression is an important aspect that needs to be 
considered in both transcriptomic and proteomic studies23. Brain tissue 
is rarely available for such studies, and samples are routinely extracted 
from patient-derived skin fibroblasts, in which thousands of RNAs 
and proteins can be reliably assessed107. An alternative approach is to 
investigate blood transcriptomes, which allows non-invasive diagnostic 
identification of RNA defect-related molecular drivers of disease108. Ide-
ally, the results of the different omic analyses should not be evaluated 
separately but should be processed through a unifying bioinformatic 
framework, or multiomics pipeline, which allows superimposition of 
all layers of information to maximize power for functional annotation 
of variants. Further omic methods beyond those described above — for 
example, metabolomics — might also be incorporated into diagnostic 
workflows for rare movement disorders.

Conclusions and future opportunities
The advent of NGS with its associated computational analytical tools 
has opened up a new era in diagnostics for rare movement disorders. 
WES and WGS will undoubtedly become the cornerstone for molecular 
analysis of most if not all patients affected by these conditions. In this 

scenario of broad application across diverse disease subgroups, it will 
be vital to establish broadly accepted standards for incorporation 
into daily routine and interdependent training of movement disorder 
specialists and neurogenetics experts, who should work together to 
implement clinically meaningful genomic medicine to benefit patients 
with rare movement disorders (Box 2).

Evidence-based diagnostic pathways towards a genomic 
analysis-first approach must be developed for individual movement 
disorder indications. For example, in the field of dystonia, a predictive 
clinical scoring system has been proposed that incorporates genomics 
into routine care14. Moreover, improvements are needed in the analysis 
of technically difficult-to-identify mutations, VUS assessment and the  
integration of information from multiple omics sources to realize 
the full potential of large genomic data sets87,88. Concerted efforts 

Box 2

Incorporating genomic-driven 
diagnostics into clinical practice
Genome-informed care is emerging as a major focus for patient- 
centred precision medicine in the field of rare movement disorders  
and, therefore, a roadmap for inclusion of transformative techno
logical advances in clinical practice is needed. The question of 
how best to design coherent clinical implementation models 
across different national and international health systems remains 
unresolved. Human geneticists provide expertise in the analysis 
and primary interpretation of genomic data, whereas movement 
disorder neurologists serve as specialists for the clinical assessment 
of affected families.

In an optimal scenario, physicians from the various movement 
disorder specialty areas would be directly trained in the everyday 
implementation of genomic-guided patient evaluation and inter
pretation of genetic results. Standardized knowledge-building 
programmes would be desirable for clinicians who choose to 
specialize in this domain, providing guidance on how to consider 
diagnostic yields and technological limitations, assess the patho
genicity status of genomic findings, and communicate the meaning  
of relevant identified variants to families. However, current health- 
care policies in many countries favour general neurological care 
over specialty care, even in major academic centres, thereby 
hampering the development of practice strategies in which 
physicians can act as both movement disorder and neurogenetic 
experts. In these settings, close collaboration and interdisciplinary 
case conferences will be essential, engaging teams of interacting 
movement disorder neurologists, laboratory genomics specialists 
and clinical genetics analysts.

Clinicians in the rare movement disorders community cannot 
afford to ignore the unprecedented insights that genomics can 
provide into the aetiologies of the conditions that they treat. 
We have aimed to highlight the necessity of understanding 
the processes and diagnostic importance of new genomic 
technologies, envisaging a future in which health-care providers 
can integrate these technologies into clinical workflows and 
support the education of dedicated genomics specialists.
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of the neurogenomics community, which is composed of clinicians, 
human geneticists, scientists and bioinformaticians, will be necessary 
to design or update technologies and software to increase diagnostic 
power.

The introduction of third-generation long-read sequencing offers 
a promising route to advanced investigation of complex genomic 
variations, including balanced structural variants and chromosomal 
rearrangements87. Long-read approaches, such as single-molecule 
real-time sequencing and nanopore sequencing, can analyse genomes 
at the individual nucleotide level without conventional amplification 
steps and are thought to enhance mapping certainty and enable detec-
tion of mutations in repetitive DNA segments and pseudogenes109. 
Long-read sequencing is also effective at sequencing through large 
expanded repeats, providing a prospective tool for the study of repeat 
expansion-related movement disorders with superior performance 
in terms of accuracy and speed compared with traditional PCR-based 
strategies110. In addition, sophisticated software algorithms are being 
developed to support the clinical annotation of variants in non-coding 
DNA regions, for example, splice-disrupting intronic variants and 
mutations that alter regulatory functions111.

Genomic techniques are also enabling the systematic evaluation 
of movement disorder-associated variants with less severe phenotypic 
impact and reduced penetrance. Examples include the description of 
TBP (TATA-box-binding protein) repeat expansions coexisting with 
pathogenic SNVs in STUB1 (encoding E3 ubiquitin-protein ligase CHIP) 
in patients with ataxia, suggestive of digenic inheritance112, and the 
establishment of a comprehensive database of GBA risk variants that 
contribute, with varying effect sizes, to Parkinson disease113. Another 
important development is the introduction of scalable approaches for 
functional mutation outcome measurements with translational poten-
tial for treatment. In the field of rare monogenic LRRK2-associated 
parkinsonism, high-throughput experimental assays have been set 
up to determine the biochemical consequences of any SNV identified 
from the genomic sequencing data set of a patient, including VUSs, 
paving the way for more efficient therapy trials114.

In parallel with these advances, large-scale collaborative research 
initiatives are addressing the challenges of producing complete cata-
logues of monogenic phenotypes and increasing our understand-
ing of how particular mutations relate mechanistically to disease 
biology. In the USA, the NIH Undiagnosed Diseases Network aims to 
improve discovery of the underlying aetiology of undiagnosed rare 
conditions by implementing pipelines for genomics, multiomics and 
functional model studies115. The latter studies represent an additional 
essential component for the characterization of unique variants and 
novel gene discoveries as modelling in flies, worms, zebrafish, mice, 
or patient-derived neuronal cells and organoids can yield unparal-
leled insights into the pathophysiological consequences of individual 
genotypic abnormalities54. A further complementary approach that 
might be used to evaluate rare gene defects in movement disorders 
in the future is systems biology, which can uncover mechanistically 
relevant genomic and multiomic signatures and overarching patho-
genic drivers through network analyses and other computational 
methodology-based frameworks116.

We should also continue to invest in the development of arti-
ficial intelligence-based approaches, including generative artificial 
intelligence, as well as corresponding standards for application in 
movement disorder diagnostics. Such approaches will be vital to opti-
mizing the prioritization of different variant types, generating accu-
rate pathogenicity predictions and enabling widespread applicability 

of multiomic analyses88. Correlation of these data with output from 
‘real-world’ learning digital tools, such as wearable sensors, could offer 
additional transformative opportunities to objectively evaluate the 
role of certain patient-specific molecular alterations in rare movement 
disorders. Ongoing data-sharing activities constitute another driving 
force behind the scaling of clinically sound variant interpretations and 
additional disease-associated gene discoveries85, and investigators 
should promote ethnic diversity within genomic approaches117. A world-
wide data-sharing platform for genetic ataxias is being launched118 
and could serve as a blueprint for similar initiatives targeting other 
rare movement disorder subtypes. Such efforts should focus on the 
generalizability of knowledge for patients with heterogeneous demo-
graphic characteristics such as geographical origin, sex and age. In the 
context of data sharing, it will also be important to establish strategies 
to enhance the transfer of clinical information in the research setting, 
thereby facilitating bidirectional integration of insights between the 
clinic and the scientific arena.

Ultimately, further insights into the molecular causes of rare move-
ment disorders will yield unique opportunities for aetiology-directed 
therapeutic interventions and n-of-1 trials by uncovering novel treat-
ment targets or highlighting possibilities for drug re-purposing1. Some 
inspiring examples are emerging, such as the demonstration of caffeine 
administration as a rational effective approach to the therapy of ADCY5-
related dyskinesia119. NGS-identified ADCY5 mutations were shown to 
induce gain of protein function, which could be specifically reversed 
by adenosine A2A receptor antagonists such as the natural compound 
caffeine119. With continued progress in NGS and bioinformatic appli-
cations in rare movement disorders, we can look forward to a future 
in which many patients can expect a precise genetic diagnosis and, 
hopefully, personalized therapy.

Published online: 3 January 2024
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